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Abstract

A detailed understanding of the nucleon and its excitation spectrum is inevitable
for the investigation of the underlying strong interaction in the non-perturbative
regime. Unfortunately, it is still poorly understood and the agreement between pre-
dicted and experimentally observed excited states is still unsatisfactory. For most
quantum numbers, many more states are predicted than were experimentally iden-
tified. This is known as the problem of missing resonances. It is still unknown
whether these discrepancies between theoretical predictions and experiment result
from an inappropriate consideration of the internal degrees of freedom of the nu-
cleon in the models or from experimental bias in the measurements. In the past,
mostly pion-induced reactions were used to investigate the excitation spectrum of
the nucleon. However, such experiments are only sensitive to excited states that
couple significantly to Nπ, while other states would remain undiscovered. On the
other hand, higher excited nucleons might decay via a cascade of intermediate states
and with the emission of multiple mesons thereof, such that these states are only
accessible using multiple meson production.
In the last few years, several new developments from the theory side in the non-
perturbative regime have led to very promising results and are accompanied with a lot
of experimental efforts using meson photoproduction, which include measurements of
sequential decays via intermediate nucleon resonances. However, the measurements
are complicated by the huge amount of broad and overlapping resonances, such that
the identification of the individual contributions requires an elaborate partial wave
analysis of the measured spectrum. Depending on the meson of interest, the situa-
tion can though be simplified. For example, in η photoproduction (as the η meson
has isospin zero), contributions from isospin 3/2 (∆) resonances are excluded and
only isospin 1/2 (N∗) resonances can contribute to the nucleon excitation spectrum.
On the other hand, single π0 photoproduction is complicated by contributions from
∆ resonances, but eliminates a lot of background contributions, since photons only
couple weakly to neutral mesons. Investigations of π0π0 or ηπ0 share the mentioned
properties, but in addition allow for the investigation of higher lying resonances, R,
by a cascade of decays via intermediate resonances, R′ , and the subsequent emission
of meson m1 and meson m2: γN → R→ R

′
m1 → Nm1m2.

Experiments on neutrons are especially important, as a distinct isospin decompo-
sition of pion photoproduction requires the measurement on the neutron, which is
only feasible with quasi-free neutrons bound in the deuteron. Due to the compli-
cation of the reaction and the non-trivial detection of neutrons, such data is so far
sparse. In the last years, numerous developments on the experimental side rendered
experiments with the coincident neutron detection possible and the availability of
deuterated butanol targets even allows for the measurement of observables from po-
larized neutrons.
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In this work, single and double π0 photoproduction from unpolarized and polar-
ized neutrons bound inside the deuteron was studied throughout the second and third
resonance region of the nucleon. The experiments were carried out within the A2 and
CBELSA/TAPS Collaborations at the electron accelerator facilities MAMI in Mainz,
Germany, and ELSA in Bonn, Germany. Data was taken with circularly polarized
tagged photon beams, unpolarized liquid deuterium targets, and longitudinally po-
larized deuterated butanol targets. The experimental setups mainly comprised of
the electromagnetic calorimeters Crystal Ball and TAPS at A2 and Crystal Barrel
and MiniTAPS at CBELSA/TAPS, which both almost cover the full solid angle.
The present data revealed significant differences in the production mechanisms of
single and double π0 photoproduction from protons and neutrons. Furthermore, it
was found that significant nuclear effects result in a suppression of the single (double)
π0 photoproduction cross section for quasi-free protons of 35% (15%) with respect
to the free proton. This indicates that a direct deduction of the results for the free
neutron from those of the quasi-free neutron is not possible. Influences from nuclear
Fermi motion have been removed by a complete reconstruction of the final state. A
correction for the effects from nuclear final state interaction has been established by
a comparison of the cross section from quasi-free protons to the results from free
protons and was used to estimate the results on the free neutron. Thereby, the cor-
rection is based on the assumption that the nuclear effects are similar for protons
and neutrons.
For the first time, results for the unpolarized and helicity dependent differential and
total cross sections for single and double π0 photoproduction from free and quasi-free
nucleons have been extracted with high statistical quality. The results are compared
to the latest available predictions from reaction models and partial-wave analyses
that are based on data from other isospin channels. The impact of the present re-
sults from single π0 photoproduction from the free neutron will be demonstrated by
the results of a new analysis in the framework of the Bonn-Gatchina coupled-channel
partial-wave analysis, which included the present data. A detailed investigation of
the contributions from sequential decays to double π0 photoproduction discloses the
different nature of the corresponding cross section on the proton and the neutron.
The first time measurements of unpolarized and polarized observables in single and
double π0 photoproduction from the neutron provide substantial input for the partial-
wave analyses and will put stringent limits on the resonance contributions to the
excitation spectrum of the nucleon.
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1
Introduction

1.1 The Structure of Matter

Until the beginning of the 20th century, it was controversial whether matter is a con-
tinuum of infinite substructure or is rather made of finite sized building blocks, that
can not be further decomposed into smaller substructures. Such particles initially
were denoted atoms (from Greek átomos, the indivisible) and it was the chemist
John Dalton who around 1800 first established the term within science [1]. He repre-
sented the opinion that all elements consist of the same type of particles, the atoms,
which are responsible for the various forms and reactivities of the known elements
and molecules. These atoms were thought of as the fundamental particles of matter,
until Antoine Henri Becquerel in 1896 and later Marie and Pierre Curie in 1898 dis-
covered radioactivity [2]. They showed that atoms have a substructure and consist
of an atomic shell of electrons and an atomic nucleus, which itself consists of pro-
tons and neutrons. Thereupon, electrons, protons, and neutrons were considered as
elementary particles.
After the discovery of cosmic radiation and the first experiments with particle ac-

celerators, pions, kaons, muons, positrons, and other particles followed. In the 1950s,
the particles were subdivided into particles that are held together by the strong force
(hadrons), and others, which do not undergo strong interactions (leptons). Nowa-
days, leptons are still considered elementary particles, but in the 1970s hadrons were
further decomposed into quarks [4]. The interaction among the different elemen-
tary particles is based on the fundamental forces of physics : the gravitational, the
electromagnetic, the weak, and the strong force. These four fundamental types of in-
teractions are responsible for all physical processes, independent of space and time.
The gravitational (described by the law of gravity) and electromagnetic (described by
quantum electrodynamics, QED) force act over an infinite distance and are respon-
sible for most of the every day phenomena. In contrast, the weak force (described by
quantum flavordynamics, QFD) and strong forces (described by quantum chromo-
dynamics, QCD) are short ranged and irrelevant for distances larger than roughly
the size of an atomic nucleus. Even though they are not directly noticeable, their
effect is crucial. The strong interaction holds the quarks, and by that the hadrons,

1



2 Chapter 1. Introduction

Figure 1.1: Chart of the elementary particles according to the standard model
of physics. The elementary particles are subdivided into two main groups: the
fundamental fermions (half-integer spin particles: quarks, antiquarks, leptons,
and antileptons) and the fundamental bosons (integer-spin particles: gauge
bosons and the Higgs boson). Figure taken from [3].

such as protons and neutrons, together. It is thus responsible for the existence of
stable nuclei and the existence of matter in general. The weak interaction is respon-
sible for the radioactive decay of subatomic particles and plays an essential role in
nuclear fusion, such as the fusion of hydrogen to helium, the relevant process for
the generation of light in the sun. The electromagnetic, weak and strong force are
modeled as discretized quantum fields and are mediated by elementary particles, the
gauge bosons (γ, Z0, W±, and gluons). The description of gravity as a quantum
field is still outstanding and hypothesizes another elementary particle, the graviton
[5]. Additionally, the standard model requires the lately discovered Higgs-boson to
break the electroweak symmetry, which is necessary in order to give mass to the Z0

and W± bosons. The Standard Model is the quantum field theory that describes
all different kind of interactions (besides gravity, for which a quantum field theoret-
ical description was not yet achieved) and classifies the elementary particles. It is
summarized in Figure 1.1.

1.1.1 The Structure of the Nucleon

Nucleons, i.e. protons and neutrons, are the building blocks of atomic nuclei. The
properties of the atomic nuclei and the elements thereof strongly depend on the
structure of the nucleons. As previously mentioned, protons and neutrons were
initially interpreted as elementary particles before it was discovered that they exhibit
an internal substructure. First evidence of an internal structure of the nucleon was
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Abbildung 7.1. Spektrum der gestreuten Elektronen bei Elektron-Proton-
Streuung, aufgenommen bei einer Elektronenenergie E = 4.9 GeV unter einem 
Streuwinkel 9 = 10' (nach [Ba68]). 

7.1 Angeregte Nukleonzustände 

In Abschn. 5.5 haben wir gesehen, dass bei der Streuung von Elektronen an 
Atomkernen neben dem Maximum der elastischen Streuung weitere Maxima 
auftauchen, die von Anregungen des Kerns herrühren. Wenn man Elektronen 
nun an Nukleonen streut, beobachtet man ein ähnliches Verhalten. 

In Abb. 7.1 ist ein Spektrum für die Elektron-Proton-Streuung gezeigt. 
Dieses Spektrum wurde Ende der 60er Jahre am DESY bei einer Elektron-
energie E = 4.9 GeV unter einem Streuwinkel 0 = 10' aufgenommen, indem 
man bei einem magnetischen Spektrometer die akzeptierte Streuenergie in 
kleinen Schritten variierte. Neben einem scharfen MaximlUll, das von der ela-
stischen Streuung herrührt (und in der Abbildung zur besseren Übersicht um 
einen Faktor 15 herunterskaliert wurde), beobachtet man bei kleinen Streu-
energien eine Reihe von Maxima, die von inelastischen Anregungen des Pro-
tons herrühren. Diese Maxima entsprechen angeregten N ukleonzuständen, 
die man Nukleonresonanzen nennt. Die Tatsache, dass es angeregte Zustände 
des Protons gibt, ist bereits ein Hinweis darauf, dass das Proton ein zusam-
mengesetztes System ist. Nachfolgend werden wir diese Resonanzen mit Hilfe 
des Quarkmodells deuten und in Kap. 16 ausführlich diskutieren. 

Die invariante Masse dieser Zustände bezeichnet man mit W. Sie be-
rechnet sich aus den Viererimpulsen des ausgetauschten Photons q und des 
einlaufenden Protons P gemäß 

W 2C2 = p I2 = (P + q)2 = M 2c' + 2Pq + q2 = M 2c' + 2Mv _ Q2, (7.1) 

Elastic Scattering 
(divided by 15)

Figure 1.2: Spectrum of the scattered electrons in electron-proton scattering
at an electron beam energy of E = 4.9 GeV and for scattering angles of θ = 10◦.
Figure adapted from [6].

already found in 1933, when R. Frisch and O. Stern [7] measured the magnetic
moment of the nucleons. The magnetic moment of the proton was expected to
correspond to that of a charged, pointlike spin-1/2 particle, such as the electron, i.e.
µN = e~/(2mpc), denoted as the nuclear magneton, where ~ is the reduced Planck
constant, mp is the mass of the proton, and c is the speed of light. Furthermore,
the magnetic moment of the neutron was expected to be zero. In contradiction
to expectations, an anomalous large magnetic moment of the proton and a nonzero
magnetic moment of the neutron with a different sign compared to that of the proton,
were observed. The present values of µp = 2.792 ·µN and µn = −1.913µN [8] confirm
the observations and prove that the nucleon does have a structure.

In 1964, Gell-Mann postulated quarks as the building blocks of the hadrons [4],
since he found evidence of a possible substructure of the nucleons while arranging the
different particles due to their properties. He proposed baryons to be composed of
three quarks and mesons of a quark-antiquark pair. In 1968, scattering experiments
with electrons on nucleons at DESY1 [10] revealed further evidence for the internal
structure of the nucleon. In the energy range of W = 1.0 − 2.0 GeV, the scatter-
ing cross section (see Figure 1.2) exhibits distinct maxima, which correspond to the
excited states of the nucleon. At higher energies, i.e. W & 2.5 GeV, no distinct
resonances are visible anymore, since in this energy range, scattering occurs not on
the nucleon as a whole, but on its constituents, the postulated quarks.

1DESY: Deutsches Elektronen-Synchrotron in Hamburg, Germany
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Figure 3: Summary of measurements of αs as a function of the re-
spective energy scale Q. The respective degree of QCD perturbation
theory used in the extraction of αs is indicated in brackets (NLO: next-
to-leading order; NNLO: next-to-next-to leading order; res. NNLO:
NNLO matched with resummed next-to-leading logs; N3LO: next-to-
NNLO). Figure taken from [1].

Notwithstanding these open issues, a rather stable
and well defined world average value emerges from the
compilation of current determinations of αs:

αs(MZ) = 0.1184 ± 0.0007 .

The results also provide a clear signature and proof of
the energy dependence of αs, in full agreement with
the QCD prediction of Asymptotic Freedom. This is
demonstrated in Fig. 3, where results of αs(Q2) obtained
at discrete energy scales Q, now also including those
based just on NLO QCD, are summarized.
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Figure 1.3: Overview of the measurements of the strong coupling constant
αs as a function of the respective energy scale Q. The curves are the QCD
predictions for the combined world average of αs. Figure taken from [9].

The interactions among quarks are described by the gauge theory of the strong
interaction, quantum chromodynamics (QCD). Contrary to quantum electrodynam-
ics (QED), which describes the interaction among electrically charged particles with
photons, the force carriers of QCD are the gluons and the analog to the electric charge
are the three color charges: red, blue, and green. The gluons carry a color charge
itself and hence can interact with each other. For this reason, the coupling constant
of the strong interaction αs increases with decreasing momentum transfer Q2 (large
distances). This is the opposite behavior of the electromagnetic coupling constant
αem, which as a result of the screening due to the vacuum polarization, increases
with increasing Q2 (small distances). The dependence of αs is illustrated in Figure
1.3 and shows the two main features of the strong interaction: First, large values
of the strong coupling constant correspond to large distances. This phenomenon is
referred to as confinement of quarks and denotes that free quarks are non-existent.
The potential energy between two quarks increases linearly with the distance until
the energy is sufficient to produce another quark-antiquark pair. As a consequence,
only color neutral particles can be observed in nature. Secondly, small distances
correspond to small coupling constants, which is referred to as asymptotic freedom of
quarks. This means that quarks, which are bound in a hadron, behave as free parti-
cles. This characteristic behaviour is responsible for the stable nuclei and matter as
a whole.

The theoretical description of the hadrons, and by that of the nucleons, is com-
plicated by the size of the strong coupling constant. Depending on the energy range
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parameters a, b, mn and gnn, λ fixed from the ∆-spectrum and the ∆− N splitting, all the excited resonances of the
N∗-spectrum are now true predictions. In the subsequent subsection 7.3 we will then illustrate in some more detail,
how instanton-induced effects due to ’t Hooft’s quark-quark interaction are in fact responsible for the phenomenology
of the N∗-spectrum.

7.2 Discussion of the complete N-spectrum

Figures 9 and 10 show the resulting positions of the positive- and negative-parity nucleon resonances with total spins
up to J = 13

2 obtained in model A and B, respectively. These are compared with the experimentally observed positions
of all presently known resonances of each status taken from the Particle Data Group [37]. Again, the resonances in
each column are classified by the total spin J and the parity π, where left in each column the results for at most ten
excitations in model A or B are shown. In comparison the experimental positions [37] are displayed on the right in
each column with the uncertainties of the resonance positions indicated by the shaded boxes and the rating of each
resonance denoted by the corresponding number of stars and a different shading of the error box. In addition we also
display the determined resonance positions of the three new states that have been recently discovered by the SAPHIR
collaboration [54,56,52,53]. These states are indicated by the symbol ’S’.
In the following, we turn to a shell-by-shell discussion of the complete nucleon spectrum. According to their assignment
to a particular shell, we additionally summarized the explicit positions of the excited model states in tables 11, 12,
14, 15, 16 and 17.

π
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Fig. 9. The calculated positive and negative parity N-resonance spectrum (isospin T = 1
2

and strangeness S∗ = 0) in model
A (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group [37] (right part of
each column). The resonances are classified by the total spin J and parity π. The experimental resonance position is indicated
by a bar, the corresponding uncertainty by the shaded box, which is darker the better a resonance is established; the status of
each resonance is additionally indicated by stars. The states labeled by ’S’ belong to new SAPHIR results [54,56,52,53], see
text.

Figure 1.4: Overview of the positive and negative parity nucleon resonance
spectrum predicted by Löring et al. [11] compared to the experimentally ob-
served resonances. The results from the model calculations are shown as blue
lines and the experimentally observed resonances are indicated with by the
yellow to red bars. The size of the bars corresponds to the experimentally
determined position and the color of the bar denotes the uncertainty of the
resonance. The darker the color, the more reliable is the resonance. The sta-
tus of the resonance is also indicated by stars, where one star denotes evidence
of existence is poor and four stars denote existence is certain, and properties
are at least fairly well explored. Figure taken from [12].

of interest, the equations of the theoretical description from the standard model in
general can not be solved exactly, such that the solution has to be achieved by a
perturbative consideration of the problem. Thereby, the size of the coupling con-
stant is relevant for the necessary number of orders that have to be considered in
the perturbative series. Small coupling constants, i.e. α � 1, result in fast con-
vergence and exact results, which works satisfactorily for QED calculations, where
αem ≈ 1/137. However, for QCD at the rather low energies, sufficient precision of
the results can only be achieved by the consideration of higher order terms in the
calculation, which is not feasible at present due to the computationally intensive
calculations. Instead, one makes use of chiral perturbation theory, which is based on
hadronic rather than gluonic degrees of freedom. At present, both approaches still
fail on the energy scale of the nucleon, especially for the description of the higher
lying excited states. Therefore, the description relies on lattice gauge calculations or
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phenomenological quark models. Whereas the former shows promising results but
is still in a very early stage, the latter has no general agreement about the effective
degrees of freedom or how to properly account for the quark-quark interactions. For
this reason, the models results are all of comparable quality. Additionally, even the
models with the fewest effective degrees of freedom predict a larger number of states
than are experimentally confirmed. An example for such a model which achieves
rather satisfactory results is the model from Löring et al. [11]. The model is based
on the three-fermion Bethe-Salpeter equation, which describes the bound states of a
system consisting of three fermions and is able to account for the main features of the
light baryon spectrum up to excited nucleon states with spin J = 13/2 by means of
seven degrees of freedom only. The results are shown in Figure 1.4 (solid blue lines)
and show an overall remarkable agreement with the experimentally observed states
(colored bars). Especially at low energies, the number and the position in general is
in reasonable agreement with the observations, except for the well-known Roper res-
onance (N(1440)1/2+) and the N(1535)1/2−, which exhibit significant differences.
With higher energies, disagreement between the position and numbering of the ex-
cited states increases and is often referred to as the problem of missing resonances.
It is still unknown, whether this significant discrepancy is due to a wrong consid-
eration of the effective degrees of freedom, the modeling of the interactions among
the quarks, or if its simply due to experimental bias. Since most of the well estab-
lished nucleon resonances were observed in elastic pion scattering from the nucleon,
resonances that couple only weakly to Nπ states would be suppressed and hence not
observed. For this reason, investigation of the excitation spectrum of the nucleon via
photon-induced reactions drew a lot of attention and nowadays are among the most
promising programs in the search for the missing resonances.

1.1.2 The Excited States of the Nucleon

As mentioned in Section 1.1.1, besides the prominent maximum (see Figure 1.2),
which is related to elastic scattering, the cross section of electron-proton scattering
exhibits distinct maxima at low scattering energies. These maxima correspond to
the excited states of the nucleon and are called nucleon resonances. The mass of the
resonance at an incident photon energy of roughly 4.2 GeV is W = 1232 MeV and is
denoted as the ∆(1232)3/2+ resonance. Thereby the notation stands for R(mR)JP ,
where R is the resonance (resonances with isospin I = 1/2 are referred to as N∗-
and resonances with I = 3/2 as ∆-resonances), mR is its mass in the center of mass
(cm) frame in units MeV/c2, J is its total angular momentum, and P is its parity.
The width of this resonance is roughly Γ∆ ≈ 120 MeV and is only slightly larger
than the typical width of nucleon resonances of Γ ≈ 100 MeV. According to Heisen-
berg's uncertainty principle, τ · Γ ≈ ~, the resonances have a very short lifetime of
τ∆ ≈ ~/Γ = 5.5 · 10−24s, due to the rather large width, which corresponds to the
timescale of the strong interaction [6]. The nucleon resonances then dominantly de-
cay to the nucleon ground state via the emission of mesons. The number and type
of the emitted meson(s) thereby depends on the intrinsic properties (mass, charge)
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1.1.1 Nucleon Resonances

At first glance, the excitation spectrum of an atom and a nucleon may look very simi-
lar, but there are crucial differences. A first very obvious difference is that the density
of states of the excitation spectrum of the nucleon is much higher than that seen for the
atoms. Furthermore, the energy differences between the various states of the nucleon
spectrum are similar to the nucleon mass and therefore orders of magnitude larger
than for the spectra of atoms. The resonances have a decay width of 100-200 MeV and
decay via the strong interaction by the emission of mesons (compared to the emission
of ⇠eV photons for the excited states of atoms). Resonances have different quantum
numbers and thus emit different mesons. This is illustrated in Fig. 1.1, where the total
photoabsorption cross section and its decomposition into the different final states is
shown. The cross section for each meson (double meson) final state has its own char-
acteristic shape. This shape is a result of single nucleon resonances, their interference
and the contribution of non-resonant background terms (Fig. 1.7 shows the contribut-
ing Feynman diagrams in the case of h photoproduction). As already mentioned, the
nucleon resonances are in general very broad, meaning they have a large width, and
thus overlap with other nearby resonances. Therefore, it can be quite challenging to
disentangle different resonance contributions. However, this is crucial for the com-
prehension of the internal structure of the nucleon. The situation is highlighted in Fig.
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Figure 1.1: Total photoabsorption cross section and the decomposition into the different
meson final states for the reaction on the free proton. Figure taken from [5].
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Figure 1.5: Total photoabsorption cross section from the free proton (black
circles) and the individual contributions from different single and double meson
final states (colored symbols). Figure taken from [13].

and the quantum numbers (spin, parity) of the individual resonance.

Besides inelastic electron scattering, nucleon resonances can also be produced by
pion scattering or by photon-induced reactions. An example of the latter is shown
in Figure 1.5. It shows the total photoabsorption cross section from the free proton
(solid black circles) and the individual contributions from the different single and
double meson final states (colored symbols). At incident photon energies of Eγ ≈ 340
MeV, the dominant contribution from the ∆(1232)3/2+ resonance that was already
seen in the electron-proton scattering spectrum (see Figure 1.2), is clearly visible.
This region denotes the first resonance region of the nucleon excitation spectrum.
At higher energies, two smaller but well defined maxima can be observed, which
correspond to the second and third resonance region. The cross section for each
specific meson photoproduction reaction has its characteristic shape, which depends
on the production threshold and the contributing resonances, interferences among
them, non-resonant background contributions, and possible nuclear effects (meson-
meson, meson-nucleon and nucleon-nucleon final state interaction effects).

Even though different resonances contribute to the individual cross sections, their
identification, as well as the extraction of their intrinsic properties, is difficult, since
the resonances are broad and overlapping. Figure 1.6 illustrates the different res-
onance contributions for single π0 photoproduction (left-hand side) and η photo-
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problematic if one wants to study weakly excited resonances. In the second res-
onance region, comprising the P11(1440), the D13(1520) and the S11(1535) reso-
nance, the situation is already very elaborate. The widths of these resonances on
the nucleon is ∼ 350 MeV (P11) and ∼ 220 MeV (D13), consequently they all over-
lap as shown on the left-hand side of figure 1.2. To extract their decay properties
from pion photoproduction one therefore needs complicated multipole analyses.
In the second resonance region such analyses indicate a strong dominance of the
D13(1520) resonance. Hence the analysis of, for example, the lowest lying S11 res-
onance, which is only weakly excited in photonuclear reactions, is very tough. In
this case one could overcome this problem by looking at different decay channels
of the resonance. The dominant decay of this resonance to the ground state is
via η-emission with a branching ratio of ∼ 50%, which is much larger than for
any of the other resonances, as can be seen on the right-hand side of figure 1.2.
This strong coupling to the Nη-channel allows a study of this S11(1535)-resonance
which is almost free of background. [2]

0

10

20

30

40

500 1000

σ
[µ

b]
γp→pπo

D13

P11
S11

F15

0

5

10

15

20

500 1000

γp→pη
S11(1535)

S11(1650)

photon energy [MeV]

Figure 1.2: Contribution of resonances to π0 and η photoproduction. Illustrated is
the cross section for γp → pπ0 (left-hand side) and for γp → pη (right-hand side)
as a function of the photon energy in MeV. A lot of overlapping resonances can be
seen: The dominant ∆-resonance P33(1232) (dashed blue line), P11(1440) (full black
line), D13(1520) (full green line), S11(1535) (full red line), F15(1680) (dashed black
line), S11(1535) (full red line) and S11(1650) (dash-dotted black line). [27]

Compared to the charged pion channels, the investigation of the neutral pion
channel is particularly interesting because background terms as pion-pole terms
or Kroll-Rudermann terms are suppressed, since the photon couples weakly to
neutral mesons, so that only Born terms mix with the resonance excitation. On the
other hand, photoproduction of charged pions close to threshold, is dominated by
background terms, in particular the Kroll-Rudermann term. [1]
Photoproduction from the free proton alone tells us nothing about the isospin
structure of the electromagnetic transitions, since this requires the investigation
of the same reactions on the neutron. Due to the fact that free neutron targets do
not exist, the only realizable way is to switch to photoproduction from light nu-
clei. From this alternative one basically has two possibilities to learn about the
isospin structure. First, coherent production can serve as an isospin filter and
secondly, photoproduction from quasi-free nucleons may be used to extract the
neutron cross section. [1]
A remarkable target nucleus among the light nuclei is the lightest nucleus, the
deuteron. Since the binding energy inside this nucleus is, compared to others,
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Figure 1.6: Schematic overview of the different resonance contributions (col-
ored lines) to γp→ π0p (left-hand side) and γp→ ηp (right-hand side) in the
first and second resonance region. Figure taken from [14].

production (right-hand side) from the free proton in the first and second resonance
region. It demonstrates that a careful choice of the final state allows for the inves-
tigation of specific resonances. The resonances are labeled with the corresponding
partial wave:

L2I2J(W ) , (1.1)

where L denotes the angular momentum of the nucleon-meson system, W is the
mass in MeV/c2, I is the isospin, and J is the total angular momentum of the ex-
cited state. As seen in the left-hand side of Figure 1.6, single π0 is ideally suited for
the extraction of the properties of the ∆(1232)3/2+ resonance (dashed blue line),
since it dominates the spectrum at these low energies and contributions from other
resonances are sparse. On the other hand, the extraction of the properties of the
N(1535)1/2− excited state of the nucleon (solid red line labeled as the S11 partial
wave) from the same reaction is not feasible and requires elaborate model analy-
ses, since the resonance contributes only weakly to the excitation spectrum and is
strongly overlapped by the other resonances. In contrast, the η photoproduction
cross section is completely dominated by contributions from the N(1535)1/2−, such
that its investigation with this reaction is straightforward. Furthermore, compared
to the π0 meson which has isospin I = 1, the η meson has isospin I = 0 and can only
originate from decays with ∆I = 0. As a consequence, only N∗ resonances contribute
to the nucleon excitation spectrum, such that the η photoproduction cross section is
free of contributions from ∆ resonances, which simplifies the interpretation.

The investigation of higher lying excited states is complicated by the presence
of decays via intermediate excited states, which is accompanied by the emission of
multiple mesons. Such states can therefore be explored by double or triple meson
photoproduction. Thereby the probability of decays via intermediate states increases
with the nucleon excitation energies. Nevertheless, already low lying excited states
have significant decay branching ratios to intermediate states, as shown in Figure 1.7.
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Fig. 2. Left hand side: contributions of different nucleon resonances to γp → pπ0 and
γp → pη (schematic). Right hand side: low energy excitation scheme of the nucleon. Isospin
I = 1/2 N⋆ resonances left and isospin I = 3/2 ∆-resonances right. Typical decays are
indicated.

decays of excited states is very incomplete. As indicated in the nucleon ‘level-scheme’
in Fig. 2 already states at moderate excitation energies can have substantial decay
branching ratios to intermediate states and for higher excitation energies such de-
cay modes will become more probable. Therefore multi-meson production reactions
have also moved into the focus. Double pion production has recently been studied
up to incident photon energies of 1.8 GeV [18,19,20]. Also in this case polarization
observables are urgently needed to constrain the model analyses. First measurements
of the beam-helicity asymmetry I⊙ have revealed severe problems in the reaction
models [21,22]. More recently, also the ηπ-channel has been studied, which has the
additional advantage of isospin selectivity (η-mesons are only emitted in N⋆ → N (⋆)

and ∆⋆ → ∆(⋆) transitions). First results point to a dominant contribution of one
resonance at threshold [23,24,25,26,27], and possibly a parity doublet around W ≈1.9
GeV [28].

In summary, an intensive experimental program is currently under way in partic-
ular at the CLAS facility at Jlab, the Crystal Barrel/TAPS experiment at ELSA, and
the Crystal Ball/TAPS experiment at MAMI to measure differential cross sections,
single and double polarization observables with polarized beams and polarized targets
for many different single and double meson production reactions off the proton. The
last missing degree of freedom in the experiments is the isospin dependence of the
cross sections.

The electromagnetic interaction does not conserve isospin. The electromagnetic
transition operator Â can be split in an isoscalar part Ŝ and an isovector part V̂ , giving
rise to three independent matrix elements [29] in the notation ⟨If , If3|Â|Ii, Ii3⟩:

AIS = ⟨1

2
, ±1

2
|Ŝ|1

2
, ±1

2
⟩, ∓AIV = ⟨1

2
, ±1

2
|V̂ |1

2
, ±1

2
⟩, AV 3 = ⟨3

2
, ±1

2
|V̂ |1

2
, ±1

2
⟩ .

(1)
Photoproduction of isovector mesons like pions involves all three matrix elements,
while only AIS and AIV contribute in the case of isoscalar mesons like the η. Nev-
ertheless, in both cases at least one reaction on a neutron target must be measured
for a unique isospin decomposition of the multipole amplitudes (see e.g. [30] for de-

Figure 1.7: Low energy excitation scheme of the nucleon. Left column:
isospin I = 3/2 ∆-resonances. Right column: isospin I = 1/2 N∗-resonances.
Arrows: typical decays. The width corresponds roughly to the decay branching
ratio. Blue: π0 decays. Red: η decays. Figure taken from [14].

In summary, meson photoproduction is ideally suited to study the excitation
spectrum of the nucleon. The measurement of different final states allows for the
investigation of specific resonances and multiple meson photoproduction gains ac-
cess to the higher lying excited states of the nucleon. However, differential cross
section data often does not sufficiently constrain the model descriptions, such that
the measurement of single and double polarization observables is necessary for an
unambiguous identification of the different resonance contributions, which is essential
for the understanding of the excitation spectrum of the nucleon.

1.2 Meson Photoproduction

The problem of the missing resonances gave rise to a world wide experimental pro-
gram for the investigation of the nucleon excitation spectrum with meson photopro-
duction. The relevant processes are illustrated in Figure 1.8 for the example of single
π0 photoproduction, whereas the figure on the left-hand side is valid for any pseu-
doscalar meson2. The general process is the following: a photon with total angular
momentum ~Lγ and parity Pγ couples electromagnetically to the nucleon with spin ~JN
and parity PN to produce a resonance with spin ~JN∗ and parity PN∗ . The resonance
then decays by strong interaction to the nucleon ground state via the emission of

2In principle, also for vector mesons, but since they have spin 1, the notation would have to be
changed from LP

m to JP
m.
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(a) (b) (c) (d)

(e) (f) (g) (h) (i)

Figure 4.6: Diagrams contributing to pion photoproduction: (a)− (d): Born terms,
i.e. (a) direct, (b) crossed nucleon pole term, (c) pion pole, (d) Kroll-Ruderman
term; (e) and ( f ) isobar excitation, (g) triangle anomaly (photon pole, vector meson
exchange), (h) square anomaly, (i) rescattering. [42]

Referring to the isospin decomposition from equation (4.35), the isoscalar and

isovector E0,±
0+ amplitudes entering the neutral and charged pion photoproduction

can be written as [35]

E−0+ =
e f

4πmπ

1

1 + µ

[
1 + O(µ2)

]

E+,0
0+ =

e f

8πmπ

1

1 + µ

[
−µ + µ2µV,S

N + O(µ3)
] (4.43)

where µ = mπ
MN

and µV,S
N = 1

2 (µp ± µn) = (0.440, 2.353) are the isoscalar and
isovector magnetic moments of the nucleon. Then, the corresponding E0+ multi-
poles for the different channels of pion photoproduction (see equation (4.35)) are
given by [35]

E0+(γp→ nπ+) =
√

2
(

E
(0)
0+ + E

(−)
0+

)
=

e f

4πmπ

1

1 + µ

√
2
[
1− 1

2 µ + O(µ2)
]

E0+(γn→ pπ−) =
√

2
(

E
(0)
0+ − E

(−)
0+

)
=

e f

4πmπ

1

1 + µ

√
2
[
−1− 1

2 µ + O(µ2)
]

E0+(γp→ pπ0) = E
(0)
0+ + E

(+)
0+ =

e f

4πmπ

1

1 + µ

[
−µ + 1

2 µ2µp + O(µ3)
]

E0+(γn→ nπ0) = −E
(0)
0+ + E

(+)
0+ =

e f

4πmπ

1

1 + µ

[
− 1

2 µ2µn + O(µ3)
]

(4.44)
This suppression of the amplitude in the neutral channels by a factor µ = mπ

MN
≃ 1

7
is demonstrated in figures 4.7 and 4.8. The energy dependence of the cross section
γp → pπ0 (left-hand side of figure 4.7) approximates the shape of a Breit-Wigner
resonance more than in the case of charged pions (right-hand side of figure 4.7).
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4.4. MULTIPOLE DECOMPOSITION

4.4 Multipole Decomposition

The process of photoproduction of π0-mesons via the intermediate excitation of
nucleon resonances is depicted in figure 4.4, whereas the discussion is valid for
any pseudoscalar meson.

N∗(JP
N∗)

γ(LP
γ)

N(JP
N)

π0(LP
π0)

N(JP
N)

Figure 4.4: Photoproduction of π0-mesons via excitation of nucleon resonances.

The analysis requires an angular momentum decomposition of both initial and
final state into multipole components. In the initial state the photon has orbital
momentum l relative to the target nucleon and carries spin sγ = 1 with helicity λ
(λ = ±1 for the real (transverse) photon and λ = 0, ±1 for the virtual (longitudinal
or transverse) photon). Hence its total angular momentum is given by Lγ = l + sγ.
The photon wave function can be characterized by vector spherical harmonics [35]

Yl ′LM = ∑
µ

⟨1l′λµ | LM⟩eλYl ′µ(Ω) (4.22)

where L determines the multipolarity of the transition. Transverse helicities (λ =
±1) lead to electric (EL) and magnetic (ML) multipole transitions, whereas longi-
tudinal helicities lead to longitudinal or, equivalently, Coulomb (scalar) transitions
(CL) and hence do not contribute to photoproduction. The photon then couples
electromagnetically to the nucleon with spin JN = 1

2 and parity PN = +1 to pro-
duce a resonance with spin and parity JP

N∗ . The electric (EL) and magnetic (ML)
multipoles with angular momentum L have parity

Pγ =

{
(−1)L EL

(−1)L+1 ML
(4.23)

Hence, the process obeys the following selection rules for the initial state

|Lγ − JN | ≤ JN∗ ≤ |Lγ + JN|
|Lγ − 1

2 | ≤ JN∗ ≤ |Lγ + 1
2 | (4.24)

Pγ · PN = PN∗

Pγ = PN∗ (4.25)

Afterwards, the resonance decays by strong interaction to the nucleon ground
state via emission of the π0 with spin 0, parity Pπ0 = −1 and relative orbital
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Figure 1.8: Left-hand side: Feynman diagram for π0 photoproduction via
excitation of nucleon resonances. Right-hand side: Feynman diagrams con-
tributing to pion photoproduction. (a)-(d) Born terms. (a) Direct term. (b)
Crossed nucleon pole. (c) Pion pole. (d) Kroll-Ruderman term. (e),(f) Isobar
excitations. (g) Triangle anomaly (photon pole, vector meson exchange). (h)
Square anomaly. (i) Rescattering terms.

a pseudoscalar meson m with spin 0, relative orbital angular momentum Lm, and
parity Pm.

Photoproduction experiments have several advantages: on the one hand they
might be sensitive to resonances that are not visible in pion scattering experiments
and hence could solve the missing resonance problem. On the other hand, in addi-
tion to the dominant hadronic decay modes, they provide access to the informative
electromagnetic transition amplitudes. Nevertheless, there are also a few drawbacks:
the electromagnetic cross sections are significantly smaller than hadronic ones and
the reaction mechanism is accompanied by substantial non-resonant background con-
tributions, such as nucleon Born terms or vector meson exchange, as shown on the
right-hand side of Figure 1.8. For this reason, photoproduction of neutral mesons is of
special interest, since they do not couple directly to photons, such that non-resonant
background contributions as pion-poles and Kroll-Ruderman terms are suppressed.
This again emphasizes the importance of the measurements of multiple final states.
On the one hand it ensures that no bias from the coupling of the excited nucleon
states to specific decay channels is present. On the other hand it allows for a more
quantitative extraction of the individual resonances, as specific reactions are better
suited for the extraction of certain resonances than others or are differently influenced
by non-resonant background contributions.
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1.2.1 Kinematics of the Reaction

Single meson3 photoproduction from a free nucleus can be described by the following
reaction:

γ(k) +N(pi)→ m(q) +N(pf ) , (1.2)

where a photon, γ, with four-momentum k impinges onto a free target nucleon, N ,
with initial state four-momentum pi, and final state momentum pf , to produce a
meson, m, with four-momentum q. For a scattering process involving two initial
and two final state particles, the kinematics are fully determined by use of the three
Lorentz-invariant Mandelstam variables s, t, and u. They are defined as:

s = (k + pi)
2 = (q + pf )

2

u = (k − pf )2 = (q − pi)2

t = (q − k)2 = (pi − pf )2 ,

(1.3)

under the constrain that the sum of the variables is equal to the squared masses of
the participating particles, i.e. s + t + u = 2m2

N + m2
m + k2. From the Mandelstam

variable s, the center of mass energy W =
√
s is given by

W =
√
s =

√
(k + pi)2 =

√
2EγmN +m2

N , (1.4)

and a resonance in the hadronic final state at a massW occurs at an incident photon
energy of

Eγ =
W 2 −m2

N

2mN

. (1.5)

Photoproduction of mesons from nuclei is mainly characterized by three types
of final states: the coherent, incoherent, and quasi-free (breakup) reaction. In the
following, they will be briefly described for the example of single π0 photoproduction
from the deuteron.

Coherent Photoproduction

In the coherent reaction, the incident photon (wiggly line) interacts with the target
nucleus, A, to produce a π0 meson. Thereby, the nucleus in the final state remains
intact and in the ground state. The process is illustrated in Figure 1.9.

4.2. KINEMATICS OF THE PRODUCTION OFF NUCLEI

Hence

⇒ Eγ =
W2 −m2

N

2mN
(4.9)

From this equation (4.9) the threshold for the photoproduction of the π0 meson
according to the reaction (4.1) can be easily calculated. At threshold the energy in
the cm frame has to be large enough to produce the masses of the particles in the
final state

W2 = 2EγmN + m2
N

!
= (mπ0 + mN)2 (4.10)

From this it directly follows that

Ethresh
γ =

(mπ0 + mN)2 −m2
N

2mN
= mπ0 +

m2
π0

2mN
(4.11)

In case of π0-photoproduction off the proton, the threshold, after (4.11) where
mN = mp, is given by

E
thresh, f ree
γ = mπ0 +

m2
π0

2mp

= 144.685 MeV

(4.12)

4.2 Kinematics of the Production off
Nuclei

There are three different types of reactions concerning photoproduction of pseudo-
scalar mesons, e.g. the π0, off nuclei. These are coherent production, incoherent
production and quasi-free production.

4.2.1 Coherent Photoproduction

In the coherent reaction, the photon interacts with the entire nucleus. The nucleus
remains intact and in the ground state, as illustrated in figure 4.1.

A A

π0

Figure 4.1: Coherent Photoproduction

Therefore the meson is produced while the nucleus is unaffected by the reaction.
Hence the coherent reaction is described by the following two-body reaction

γ + A→ π0 + A (4.13)

Compared to the photoproduction on the free target nucleon, the production thresh-
old in the coherent production off a nucleus is slightly smaller. This is due to the
fact, that the recoil nucleus in the coherent reaction has less energy as in the free
reaction, since it has a higher mass as the free nucleon. As a consequence the
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Figure 1.9: Schematic diagram of the coherent photoproduction process.

3This also applies for multiple meson photoproduction, if the final state mesons are combined
to a quasi-meson.
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Since the center of mass energy of the reaction has to be large enough to produce
the π0 and the recoil deuteron, i.e. W ≥ mπ0 + md, the threshold for coherent π0

photoproduction can be determined from Equation (1.5):

Ethresh,coherent
γ = mπ0 +

m2
π0

2md

≈ 139.83 MeV . (1.6)

However, in the energy range of interest, i.e. above incident photon energies of 400
MeV, the coherent reaction cross section for single (and double) π0 photoproduction
is negligible and thus will not be considered in this work.

Incoherent Photoproduction

Incoherent photoproduction corresponds to the process where the final state nucleus,
A, remains intact, but is in a excited state, A′. It then usually decays to the ground
state by the emission of γ-radiation. The process is illustrated in Figure 1.10.

CHAPTER 4. THE PHOTOPRODUCTION OF MESONS

photons need less energy to produce the meson. Using (4.11) and mN = md, the
threshold for coherent π0-photoproduction is given by

Ethresh,coherent
γ = mπ0 +

m2
π0

2md

= 139.833 MeV

(4.14)

4.2.2 Incoherent Photoproduction

The incoherent photoproduction is similar to the coherent reaction. The only dif-
ference is that the target nucleus is affected by the reaction and is in an excited
state after the reaction. The process is depicted in figure 4.2

A A′
π0

Figure 4.2: Incoherent Photoproduction

This process is described by the following reaction

γ + A→ π0 + A′ (4.15)

Later on the nucleus decays electromagnetically to its ground state by the emission
of a photon.
Using the deuteron as the target nucleus offers a special case, since it exhibits no
excited state. Hence the incoherent photoproduction off the deuteron can only
result in a break-up of the deuteron, which means that one of the two nucleons is
knocked out of the nucleus and a three-body reaction takes place. Since the break-
up reaction on the deuteron also occurs in the so-called quasi-free reaction, one
has to conclude that there is no difference between the incoherent and quasi-free
reaction on the deuteron. Thus, all break-up reactions are assumed to follow the
quasi-free process that will be discussed in the following paragraph.

4.2.3 Quasi-Free Photoproduction

The quasi-free photoproduction is described by the so-called participant-spectator-
model. It says that the meson is produced off one nucleus, the participant, of the
target nucleus. The remaining nucleons, the spectators, are considered not to take
part in the reaction. The scattered participant is then being knocked out of the
target nucleus, as illustrated in figure 4.3

P

S

p f

−p f

P

S

π0

−p f

Figure 4.3: Quasi-Free Photoproduction
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Figure 1.10: Schematic diagram of the incoherent photoproduction process.

This reaction allows for additional identification criteria, such as spin- and isospin
filters, by selecting the final state quantum numbers. However, due to the small cross
sections, these reactions are still unexplored. Furthermore, since the deuteron has no
excited state and hence only exists in its ground state, the incoherent process results
in a breakup of the nucleus. As a consequence, for the reaction on the deuteron this
process is identical to the quasi-free process.

Quasi-Free Photoproduction

The quasi-free photoproduction is described by the participant-spectator model, in
which the incident photon only interacts with one nucleon, the participant. The
remaining nucleon, the spectator, is assumed not to be part of the reaction. The
scattered participant is then knocked out of the target nucleus, as illustrated in
Figure 1.11.
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Later on the nucleus decays electromagnetically to its ground state by the emission
of a photon.
Using the deuteron as the target nucleus offers a special case, since it exhibits no
excited state. Hence the incoherent photoproduction off the deuteron can only
result in a break-up of the deuteron, which means that one of the two nucleons is
knocked out of the nucleus and a three-body reaction takes place. Since the break-
up reaction on the deuteron also occurs in the so-called quasi-free reaction, one
has to conclude that there is no difference between the incoherent and quasi-free
reaction on the deuteron. Thus, all break-up reactions are assumed to follow the
quasi-free process that will be discussed in the following paragraph.

4.2.3 Quasi-Free Photoproduction

The quasi-free photoproduction is described by the so-called participant-spectator-
model. It says that the meson is produced off one nucleus, the participant, of the
target nucleus. The remaining nucleons, the spectators, are considered not to take
part in the reaction. The scattered participant is then being knocked out of the
target nucleus, as illustrated in figure 4.3

P

S

p f

−p f

P

S

π0

−p f

Figure 4.3: Quasi-Free Photoproduction

70 Photoproduction of π0-Mesons off Quasi-Free Protons and Neutrons

Figure 1.11: Schematic diagram of the quasi-free photoproduction process.
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Compared to free nucleon targets, the participant in quasi-free kinematics is not
at rest, but exhibits a Fermi momentum according to the probability distribution of
the corresponding nucleus (see Figure 3.9 for a few examples). As a consequence, the
threshold of quasi-free π0 photoproduction is not a well-defined value and depends on
the Fermi momentum of the participant nucleon. However, the production threshold
can be approximated by the coherent threshold increased by the amount of the
binding energy Ebind of the nucleus (Ebind ≈ 2.225 MeV for the deuteron):

Ethresh,quasi-free
γ = Ethresh,coherent

γ + Ebind ≈ 142.06 MeV . (1.7)

1.2.2 Multipole Decomposition

The process of photoproduction of π0-mesons via the intermediate excitation of nu-
cleon resonances is shown on the left-hand side of Figure 1.8. The determination of
the multipole amplitudes requires an angular momentum decomposition of both the
initial and final state. The photon in the initial state has an orbital momentum ~l′

relative to the target nucleon and carries spin ~sγ (sγ = 1) with helicity λ (λ = ±1
for real (transverse) photons and λ = 0,±1 for virtual (longitudinal or transverse)
photons). Hence its total angular momentum is given by ~Lγ = ~l′ + ~sγ. The photon
wave function can be characterized by vector spherical harmonics [15]:

~Yl′LM =
∑

µ

〈1l′λµ | LM〉~eλYl′µ(Ω) , (1.8)

where L determines the multipolarity of the transition. Transverse helicities (λ =
±1) lead to electric (EL) and magnetic (ML) multipole transitions, whereas longi-
tudinal helicities lead to longitudinal or, equivalently, Coulomb (scalar) transitions
(CL). However, only real photons are of interest for photoproduction, such that
CL terms do not contribute. The photon then couples electromagnetically to the
nucleon with spin JN = 1

2
and parity PN = +1 to produce a resonance with spin

JN∗ and parity PN∗ . The electric (EL) and magnetic (ML) multipoles with angular
momentum L have parity

Pγ =

{
(−1)L (EL)
(−1)L+1 (ML)

. (1.9)

The total spin and the parity of the initial state has to be equal to the total spin
and the parity of the intermediate resonance, such that the following selection rules
apply:

|Lγ − JN | = |Lγ − 1
2
| ≤ JN∗ ≤ |Lγ + 1

2
| = |Lγ + JN |

Pγ · PN = Pγ
!

= PN∗ .
(1.10)

The resonance then decays by the strong interaction to the nucleon ground state via
emission of the π0 meson with spin 0, parity Pπ0 = −1 and relative orbital angular
momentum Lπ0 . The total spin and the parity of the excited state have to be equal
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to those of the final state, which, equivalently to Equation (1.10), yields:

|Lπ0 − JN | = |Lπ0 − 1
2
| ≤ JN∗ ≤ |Lπ0 + 1

2
| = |Lπ0 + JN |

PN · Pπ0 · (−1)Lπ0 = (−1)Lπ0+1 !
= PN∗ .

(1.11)

The comparison of the conditions from Equations (1.10) and (1.11) yields:

JN∗ = |Lγ ± 1
2
| = |Lπ0 ± 1

2
|

PN∗ = Pγ = (−1)Lπ0+1 ,
(1.12)

where the two conditions ± are independent from each other. Finally, conserva-
tion of angular momentum and parity from Equations (1.9) and (1.12) restricts the
possibilities for the electric and magnetic multipoles to:

EL : L = Lπ0 ± 1

ML : L = Lπ0 .
(1.13)

Thereby, conservation of angular momentum does not allow monopole radiation (L =
0). Examples for the lowest order multipoles for photoproduction of pseudo-scalar
mesons are given in Table 1.1.

photon IS ImS FS
L M-Pole (LPγ , J

P
N ) State JPN∗ (JPN , L

P
π0)

M-Pole (k∗/q∗)dσ/dΩ

1 E1 (1−, 1
2

+
) 1

2

−
(1

2

+
, 0−) E0+ |E0+|2

3
2

−
(1

2

+
, 2−) E2−

1
2
|E2−|2(5− 3x2)

M1 (1+, 1
2

+
) 1

2

+
(1

2

+
, 1+) M1− |M1−|2

3
2

+
(1

2

+
, 1+) M1+

1
2
|M1+|2(5− 3x2)

2 E2 (2+, 1
2

+
) 3

2

+
(1

2

+
, 1+) E1+

9
2
|E1+|2(1 + x2)

5
2

+
(1

2

+
, 3+) E3−

9
2
|E3−|2(1 + 6x2 − 5x4)

M2 (2−, 1
2

+
) 3

2

−
(1

2

+
, 2−) M2−

9
2
|M2−|2(1 + x2)

5
2

−
(1

2

+
, 2−) M2+

9
2
|M2+|2(1 + 6x2 − 5x4)

Table 1.1: Lowest order multipole amplitudes for photoproduction of pseudo-
scalar mesons. IS: initial state. ImS: intermediate state. FS: final state. M-
Pole: multipole. The last column indicates the differential cross section in the
center of momentum frame in terms of the CGLN-amplitudes, decomposed into
multipole amplitudes, according to Equation (1.17), where x = cos θ∗.



1.2. Meson Photoproduction 15

For example, the ∆(1232) resonance with JPN∗ = 3
2

+ can be excited by M1 and
E2 radiation. Its multipoles are denoted by M1+ and E1+, respectively. The first
index characterizes the orbital momentum of the meson (l = Lπ0 = 1), the second
one (+) indicates that the spin of the nucleon has to be added to l to yield the total
angular momentum JN∗ of the intermediate state. In contrast to resonances with
JN∗ = 1

2
, which can only be excited by one multipole (E0+ for negative parity states

and M1− for positive parity states), resonances with J > 1
2
can be excited by one

electric and one magnetic multipole. As also visible in the last column of Table 1.1,
a pair of multipoles (El+, M(l+1)− and El−, M(l−1)+) always have the same angular
distribution, which is known as the Minami ambiguity.

1.2.3 CGLN Amplitudes

The general structure of the transition current for the production of a pion on a
nucleon is ruled by Lorentz invariance. The hadron current operator Jµ, which has
to be a pseudo-four-vector in order to ensure the negative parity of the pion, can be
written as [16]:

Jµ =
(
Aγ̃µ +BP̃µ + Ckµ

)
γ5 +

(
Dγ̃µ + EP̃µ + Fkµ

)
γ5/q , (1.14)

where ãµ = aµ − (a · q/q2)qµ is the explicitly gauge-invariant (transverse) vector
representation of the four independent four-vectors (γµ, qµ, kµ and pµ = 1

2
(pµi + pµf ))

of the kinematics, and A-F are the invariant amplitudes that depend on the three
independent scalar quantities s, t, and Q2. By evaluating Equation (1.14) between
two-component Dirac spinors, one can give an equivalent form of Equation (1.14) in
terms of Pauli matrices σ and the unit vectors k̂ = k̂CM and q̂ = q̂CM of the inde-
pendent momenta in the center of mass system. This defines the structure functions
Fi, also referred to as the CGLN-amplitudes [17]:

J =
4πW

m

(
iσ̃F1 + (σ · k̂)(σ × q̂)F2 + ik̃(σ · q̂)F3

+ ik̃(σ · k̂)F4 + iq̂(σ · q̂)F5 + iq̂(σ · k̂)F6

)

ρ =
4πW

m

(
i(σ · k̂)F7 + i(σ · q̂)F8

)
=
q · J
ω

,

(1.15)

where σ̃ = σ − (σ · q̂)q̂ and k̃ = k − (k · q̂)q̂ . These structure functions depend
on three independent variables: the square of the four-momentum transfer Q2 and
on two of the Mandelstam variables (s, t, or alternatively the threshold laboratory
energy ωLab and θCMπ ). The structure functions F1, F2, F3, and F4 describe the
transverse current, F5 and F6 describe the longitudinal component [16].
Gauge invariance assumes that the charge can be replaced by the longitudinal current
or vice versa. The coincidence cross section for electroproduction can be expressed
by the six structure functions F1, ..., F6 describing the transition current, whereas in
the case of photoproduction only the four invariants (F1, ..., F4) contribute. Hence,
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in the following, the longitudinal components F5 and F6 will no longer be considered.
Then, the differential cross section in the center of mass frame for an unpolarized
target and an unpolarized photon beam can be written as [18]:

k∗

q∗
dσ

dΩ
=

[
|F1|2 + |F2|2 +

1

2
|F3|2 +

1

2
|F4|2 +Re(F1F

∗
3 )

]

+ [Re(F3F
∗
4 )− 2Re(F1F

∗
2 )] cos θ∗

−
[

1

2
|F3|2 +

1

2
|F4|2 +Re(F1F

∗
4 ) +Re(F2F

∗
3 )

]
cos2 θ∗

− [Re(F3F
∗
4 )] cos3 θ∗ ,

(1.16)

where q∗ and k∗ are the meson and photon cm momenta and θ∗ is the polar angle
of the meson in the cm system. Due to the strong interaction in the πN system,
these structure functions have complex values. Thus, in general, there are six abso-
lute values and five relative phases (four absolute values and three relative phases
in case of photoproduction) which have to be determined in each kinematical sit-
uation. Because the number of independent structure functions depends on the
spin degrees of freedom of the interacting particles, a complete determination of the
structure functions requires additional measurements from the four S-type exper-
iments (the differential cross section dσ/dΩ, the photon beam asymmetry Σ , the
target asymmetry T , and the recoil nucleon polarization P ) and in addition from
the double-polarization experiments (out of the three groups: BT (beam-target),
BR (beam-recoil), and T R (target-recoil)). The question of how many observables
from which sets allow for a unique determination of the amplitudes, which would re-
sult in the complete experiment, is not trivial and will be discussed in Section 1.3.2.
However, in general, it is not possible to do such an ideal experiment. As a result,
the analysis of meson photoproduction depends on reaction models. Nevertheless,
concerning the analysis close to production threshold, where only a few partial waves
contribute, useful information can already be obtained by measuring the differential
cross sections.

The structure functions Fi (see Equation (1.15)) can be decomposed into a mul-
tipole series in the form of derivatives of the Legendre polynomials Pl = Pl(cos(Θ∗))
[16]:

F1(W, θ∗) =
∑

l≥0

{(lMl+ + El+)P ′l+1 + [(l + 1)Ml− + El−]P ′l−1}

F2(W, θ∗) =
∑

l≥1

[
(l + 1)Ml+ + lMl−

]
P ′l

F3(W, θ∗) =
∑

l≥1

[
(El+ −Ml+)P ′′l+1 + (El− +Ml−)P ′′l−1

]

F4(W, θ∗) =
∑

l≥2

(Ml+ − El+ −Ml− − El−)P ′′l .

(1.17)

This points out the importance of the CGLN-amplitudes. As the angular distri-
butions reflect the quantum numbers of the nucleon resonance, the CGLN amplitudes
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directly relate the measured angular distributions to the parity and angular momen-
tum of the resonance. However, the extraction of the multipole amplitudes is not
unique, since (due to the Minami ambiguity) the results exhibit a certain symmetry.
This is visible in Table 1.1 where for example the excitation of the ∆(1232)3/2+

resonance with the M1+ multipole exhibits the typical (5 − 3 cos θ∗) shape of the
differential cross section, but the same characteristic distribution would also result
from a state with opposite parity and the excitation with a E2− multipole. This am-
biguity is obvious, as the differential cross sections depend on the combination of the
spin of the resonance and the order of the multipole and not on the combination of
the parities of the resonance and the multipole. The extraction of distinct resonance
properties therefore requires the measurement of polarization observables.

1.2.4 Helicity Amplitudes

A different approach for the description of the transition matrix element can be re-
alized with the information about the initial and final state helicity. It is convenient
to work with helicity amplitudes, as the helicity of hadrons is conserved in the limit
where quark masses or off-shell effects can be neglected. They are defined in the
center of mass system when the initial and final spins are quantized along the direc-
tions of the incident photon momentum and the final pion momentum as depicted
in Figure 1.12.

4.6. HELICITY AMPLITUDES

The treatment of isospin shows up to be a complication of meson photoproduc-
tion. The characterization of the photoproduction amplitudes for both isovec-
tor and isoscalar mesons requires measurements off the neutron, as follows from
equation (4.38). This in turn means that one has to rely on meson photoproduc-
tion from light nuclei which in addition introduces uncertainties due to nuclear
effects. There are in principal two possibilities to learn about the isospin compo-
sition via photoproduction from nuclei. Photoproduction from bound nucleons
in quasi-free kinematics may be used to extract the cross section on the neutron.
In this case the meson is produced on one nucleon which is afterwards knocked
out of the nucleus whereas the other nucleons only act as spectators. This singles
out the deuteron as an remarkably important target nucleus because of its small
binding energy and the relatively well understood nuclear structure. [2]

4.6 Helicity Amplitudes

The helicity of hadrons is conserved in the limit where quark masses or off-shell
effects can be neglected. Hence it is convenient to work with helicity amplitudes.
They are defined in the cm system when the initial and final spins are quantized
along the directions of the incident photon momentum and the final pion momen-
tum as depicted in figure 4.5.

π

N′

γν N

λπ = 0

λN′ = ± 1
2

λγ = ±1 λN = ± 1
2

θπ

Figure 4.5: Helicities in single-pion photoproduction on a nucleon.

This results for the initial and final nucleon helicity in the values λN,N′ = ± 1
2 . As

explained in appendix A.2.5, the photon can be transverse (λγ = ±1) or longitu-
dinal (λγ = 0). The total helicity of the initial state is then λ = λγ−λN = ± 1

2 , ± 3
2 .

Since the pion has no spin, the final state helicity is λ′ = λπ − λN′ = −λN′ . The
2× 2× 3 = 12 helicity amplitudes Aλ,λ′ = ⟨λN′ | Jλγ | λN⟩ are not independent,
since the helicity amplitudes with λγ = +1 can be related to those with λγ = −1
by parity symmetry. Thus, there are 6 independent (complex) matrix elements left
[35]

Hi = ⟨λN′ | Jλγ
| λN⟩

=
{
⟨− 1

2 | J+1 | − 1
2 ⟩, ⟨− 1

2 | J+1 | + 1
2 ⟩, ⟨+ 1

2 | J+1 | − 1
2 ⟩, ⟨+ 1

2 | J+1 | + 1
2 ⟩,

⟨+ 1
2 | J0 | + 1

2 ⟩, ⟨− 1
2 | J0 | + 1

2 ⟩
}

(4.39)

Manuel Dieterle 77

Figure 1.12: Helicities in single-pion photoproduction on a nucleon.

This results for the initial and final nucleon helicity in the values λN,N ′ = ±1
2
.

As previously mentioned, the photon can be transverse (λγ = ±1) or longitudinal
(λγ = 0). The total helicity of the initial state is then λ = λγ − λN = ±1

2
,±3

2
.

Since the pion has no spin, the final state helicity is λ′ = λπ − λN ′ = −λN ′ . The
2×2×3 = 12 helicity amplitudes Aλ,λ′ = 〈λN ′ | Jλγ | λN〉 are not independent, since
the helicity amplitudes with λγ = +1 can be related to those with λγ = −1 by parity
symmetry. Thus, there are 6 independent (complex) matrix elements remaining [15]:

Hi = 〈λN ′ | Jλγ | λN〉
=
{
〈−1

2
| J+1 | −1

2
〉, 〈−1

2
| J+1 | +1

2
〉, 〈+1

2
| J+1 | −1

2
〉,

〈+1
2
| J+1 | +1

2
〉, 〈+1

2
| J0 | +1

2
〉, 〈−1

2
| J0 | +1

2
〉
}
,

(1.18)

where the first four amplitudes apply for transverse and the latter two for longitudi-
nal photons. By combining the helicities of the incoming nucleon and of the photon,
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the helicity of the excited state can be determined. The first and third term cor-
respond to an overall helicity of λ = 1

2
and the second and fourth term to helicity

λ = 3
2
. The two longitudinal contributions have helicity λ = 1

2
, but they do not

contribute to the photoproduction with real photons and will be omitted.

Using the following notation for the remaining four matrix elements:

H1 = H+1/2,+3/2 = +H−1/2,−3/2 H2 = H+1/2,+1/2 = −H−1/2,−1/2

H3 = H−1/2,+3/2 = −H+1/2,−3/2 H4 = H+1/2,−1/2 = +H−1/2,+1/2 ,
(1.19)

the helicity amplitudes can be expanded in terms of derivatives of Legendre polyno-
mials Pl = Pl(cos θ∗) [18]:

H1(θ∗, φ) =
1√
2
eiφ sin(θ∗) cos(θ∗/2)

∑

l≥1

(
Bl+ −B(l+1)−

) (
P ′′l − P ′′l+1

)

H2(θ∗, φ) =
√

2 cos(θ∗/2)
∑

l≥0

(
Al+ − A(l+1)−

) (
P ′l − P ′l+1

)

H3(θ∗, φ) =
1√
2
e2iφ sin(θ∗) sin(θ∗/2)

∑

l≥1

(
Bl+ +B(l+1)−

) (
P ′′l + P ′′l+1

)

H4(θ∗, φ) =
√

2eiφ sin(θ∗/2)
∑

l≥0

(
Al+ + A(l+1)−

) (
P ′l + P ′l+1

)
,

(1.20)

where the transverse partial wave helicity elements Al± and Bl± correspond to tran-
sitions with nucleon-meson relative orbital angular momentum l, final state total
angular momentum J = l ± 1

2
, and γN initial state helicity 1

2
for Al± and 3

2
for

Bl±. The relation between the helicity amplitudes and the CGLN amplitudes can be
found in Ref. [18]. The helicity elements from the partial wave expansion are linear
combinations of the electromagnetic multipoles [15]:

Al+ =
1

2
[(l + 2)El+ + lMl+]

Bl+ = El+ −Ml+

A(l+1)− =
1

2

[
−lE(l+1)− + (l + 2)M(l+1)−

]

B(l+1)− = E(l+1)− +M(l+1)− ,

(1.21)

which points out the advantage of the helicity amplitudes. Due to their connection
to the electromagnetic couplings of the resonances A1/2 and A3/2 via:

A1/2 =
√

2πα/k∗〈N∗, Jz = +1/2|Jem|N,Sz = −1/2〉
A3/2 =

√
2πα/k∗〈N∗, Jz = +3/2|Jem|N,Sz = +1/2〉 ,

(1.22)

the electromagnetic multipoles can be brought into relation with the electromagnetic
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couplings, according to [19]:

A1/2 = ∓(1/CNm)

√
(2J + 1)π

q∗

k∗
MR

mN

Γ2
R

Γm
Im {Al±(W = MR)} (1.23)

A3/2 = ±(1/CNm)

√
(2J + 1)π

q∗

k∗
MR

mN

Γ2
R

Γm

√
(2J − 1)(2J + 3)/16 Im {Bl±(W = MR)} ,

where a Breit-Wigner shape was assumed for the resonances, J , MR, and ΓR are the
total angular momentum, the mass and the width of the resonance, respectively, Γm
is the partial width of the decay channel, and CNm is the Clebsch-Gordan coefficient
for the decay of the resonance into the relevant Nπ state. Equation (1.23) shows that
for spin J = 1/2, the term (2J − 1) in Equation (1.23) vanishes. As a consequence,
resonances with spin J = 1/2 have only a A1/2 electromagnetic coupling, whereas
resonances with J ≥ 3/2 have A1/2 and A3/2 couplings.

1.2.5 Isospin Amplitudes

A very important aspect of meson photoproduction, the treatment of isospin, was not
yet considered in the discussion. For photoproduction of mesons via the excitation of
nucleon resonances, as depicted in Figure 1.8, the isospin is violated at the electro-
magnetic vertex and conserved at the hadronic vertex, such that the electromagnetic
current contains isoscalar (∆I = 0) and isovector (∆I = 0,±1) components. As a
consequence, each multipole amplitude has to be reconstructed from the different
isospin contributions.
The transition amplitude A for pion production in isospin space can be decomposed
in terms of the Pauli isospin matrices τ0 ≡ τ3 and τ± = 1

2
(τ1 ± iτ2). The initial state

is described by the target nucleon with isospin I = 1
2
. The nucleon couples to the

electromagnetic current, which behaves like an isoscalar (∆I = 0) plus the third com-
ponent of an isovector (∆I = 0,±1), i.e. Jµ = JSµ +JVµ τ0. In the final state, the pion
is an isovector particle and is described by the field φ, where φ± = 1√

2
(φ1± iφ2) cre-

ates a π± and φ0 creates a π0. By assuming that isospin is conserved in the hadronic
system, the interaction in isospin space has the form τ ·φ = τ0φ0 +

√
2(τ+φ−+τ−φ+).

One can then arrange the isospin content of the interaction of the nucleon with the
photon and pion in a symmetrical form, to produce three independent combinations
[15, 16]:

I(+) =
1

2
(τατ0 + τ0τα) = δα0

I(−) =
1

2
(τατ0 − τ0τα) = −ατα

I(0) = τα ,

(1.24)

where α = 0,± is the isospin index of the pion (α = ± for the charged pions π±,
α = 0 for the neutral pion π0). In turn, one defines three isospin amplitudes A(+),
A(−), and A(0) as follows: [15]

A = A(+)δα0 + A(−)(−α)τα + A(0)τα . (1.25)
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From this, the physical amplitudes are given by:

A(γp→ nπ+) =
√

2(A(0) + A(−))

A(γn→ pπ−) =
√

2(A(0) − A(−))

A(γp→ pπ0) = A(0) + A(+)

A(γn→ nπ0) = −A(0) + A(+) .

(1.26)

The initial nucleon state is an eigenstate χµ of the total isospin with I = 1
2
and third

component I3 = µ = ±1
2
, while the final πN system has isospin eigenstates with

I = 1
2
, 3

2
:

| I, I3〉 =
∑

µ,ν

〈1
2
1µν | II3〉χµφν . (1.27)

From Equation (1.27), the corresponding isospin states are given in Table 1.2:

I I3 Eigenstate
1
2

+1
2

1√
3
| pπ0〉 −

√
2√
3
| nπ+〉

−1
2

√
2√
3
| pπ−〉 − 1√

3
| nπ0〉

3
2

+3
2

| pπ+〉

+1
2

√
2√
3
| pπ0〉+ 1√

3
| nπ+〉

−1
2

1√
3
| pπ−〉+

√
2√
3
| nπ0〉

−3
2

| nπ−〉

Table 1.2: Isospin states of the πN system.

The isoscalar amplitude A(0) always results in a final state with isospin I = 1
2
.

The isovector transition amplitudes A(±) can be expressed in terms of the amplitudes
A(2I), where I = 1

2
, 3

2
indicates the final isospin states, as:

A(1) = A(+) + 2A(−)

A(3) = A(+) − A(−) .
(1.28)

Then the multipole amplitudes of the four possible photoproduction reactions (Equa-
tion (1.26)) can be expressed in terms of these isospin amplitudes as:

A(γp→ nπ+) =
√

2(A(0) + 1
3
A(1) − 1

3
A(3))

A(γp→ pπ0) = A(0) + 1
3
A(1) + 2

3
A(3)

A(γn→ pπ−) =
√

2(A(0) − 1
3
A(1) + 1

3
A(3))

A(γn→ nπ0) = −A(0) + 1
3
A(1) + 2

3
A(3) .

(1.29)
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In literature, the isospin amplitudes (Equation (1.29)) are often expressed in terms
of the three independent matrix elements: isoscalar AIS = 〈1

2
,±1

2
|Ŝ|1

2
,±1

2
〉, isovec-

tor AIV = 〈1
2
,±1

2
|V̂ |1

2
,±1

2
〉, and isospin changing AV 3 = 〈3

2
,±1

2
|V̂ |3

2
,±1

2
〉, in the

notation 〈If , If3|Â|Ii, Ii3〉 [20]:

A(γp→ nπ+) = −
√

1

3
AV 3 +

√
2

3
(AIV − AIS)

A(γp→ pπ0) = +

√
2

3
AV 3 +

√
1

3
(AIV − AIS)

A(γn→ pπ−) = +

√
1

3
AV 3 −

√
2

3
(AIV + AIS)

A(γn→ nπ0) = +

√
2

3
AV 3 +

√
1

3
(AIV + AIS) ,

(1.30)

where A0 = −
√

1/3 · AIS, A1 =
√

3 · AIV and A3 =
√

3/2 · AV 3 were used.

The treatment of isospin shows up to be a complication of meson photoproduc-
tion. Photoproduction from isovector mesons, such as the π0 meson, depends on all
three isospin amplitudes. However, the situation is different for N∗- and ∆-states,
which follows directly from Equation (1.30). ∆-resonances only involve the isospin
changing amplitudes AV 3, which results in an identical contribution for protons and
neutrons. On the other hand, N∗ resonances depend on isoscalar AIS and AIV am-
plitudes, such that the electromagnetic couplings for protons and neutrons in general
are different. In contrast, for isoscalar mesons, such as the η meson, only the AIS
and AIV amplitudes contribute. Nevertheless, the characterization of the photopro-
duction amplitudes for both reactions requires measurements off the neutron, which
follows from Equation (1.29) or (1.30). This means that one has to rely on meson
photoproduction from light nuclei, which in addition introduces uncertainties due
to nuclear effects, such as Fermi motion, rescattering processes, and final state in-
teractions (FSI). The cross section on the neutron then has to be extracted from
the measurement of photoproduction from bound nucleons in quasi-free kinematics
(see Section 1.2.1). In this case, the meson is produced on the participant nucleon,
which is knocked out of the nucleus afterwards, whereas the other nucleons act as
spectators. This singles out the deuteron as a remarkably important target nucleus.
Due to its small binding energy and the relatively well understood nuclear structure
the investigation of the nuclear effects is less complicated as it is the case with more
complex nuclei.

1.3 Single and Double Polarization Observables

As discussed in Section 1.2, profound knowledge about the nucleon excitation spec-
trum is essential for the understanding of the underlying strong interaction. However,
theoretical predictions for the excitation spectrum are not straightforward, since the
relevant energy range of a few GeV is too low for a sufficiently accurate perturbative
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treatment of QCD and too high for reliable predictions from lattice gauge calculations
or chiral perturbative approaches. Therefore, one has to rely on phenomenological
approaches from quark models. As a consequence, the results of the different meth-
ods are not consistent among each other and also in very poor agreement with the
experimental observations, which is known as the problem of missing resonances. It
is not known whether the discrepancy is due to wrong considerations in the models
or rather due to experimental bias in the data. Whereas there are several promising
developments from the theory side, a lot of experimental effort using photon-induced
meson production aims for the discovery of the missing resonances. However, the
nucleon resonances are broad and overlapping, such that the extraction of the corre-
sponding quantum numbers is not straightforward. The differential cross sections are
related to four CGLN amplitudes, which can be expressed in Cartesian (Fi), spherical
or helicity (Hi), or transversity (bi, not discussed, see e.g. Ref. [21] for information)
representations from which the electromagnetic multipoles can be extracted under
the proper consideration of the isospin amplitudes. Nevertheless, a multipole decom-
position of the differential cross sections, especially for energies above the reaction
threshold, does not yield unambiguous results, such that the measurement of more
observables, i.e. single and double polarization observables, is necessary.

1.3.1 The General Cross Section

In contrast to experiments with unpolarized beam and target from which the unpo-
larized cross section σ0 can be extracted, experiments with polarized beam and/or
target allow for the additional extraction of single and double polarization observ-
ables. As briefly mentioned in Section 1.2.3, these can be divided into groups of sin-
gle polarization observables (S-type experiments) or double polarization observables
(BT - (beam-target), BR- (beam-recoil) and T R- (target-recoil) type experiments).1. S. Barker et al. /Pseudoscalar photoproduetion 

y=y' 

// 

y ( k )  t ~ - z  

349 

Fig. 1. Definition of axes. lf  k is the incoming pho ton  m o m e n t u m a n d  q the outgoing mesonmo-  
m e n t u m ( b o t h  in the c.m. sy s t em ) the n  the axes are defined by 

z=k/Ik[, y =k×q/Ik×ql, x =y×z ,  
z'= q/Iql, y '=y,  x '=y  ×z'. 

Table 1 
Observables 

Usual Helicity Transversity Experiment  Type 
symbol representat ion representat ion required a) 

do/dt 

X da/dt 

Tdo/dt 

Pdo/dt 

INI2+ ISll2+1S212+1DI 2 

2Re(S~S2 - ND*) 

2lrn(Sl N* - S2D* ) 

21m(S2N* - S1D*) 

-21m($1S2 * + ND*) 
-2 Im(S1D* + $2 N*)  
IS2I 2 - IS l l  2 - ID[2+  IN[ 2 
2Re(S2D* + S I N * )  

G d a / d t  
Hdo/dt 
Edcr/dt 
Fde/dt 

Ib l12 + lb212 + lb a12 + lb 412 

Ibl12 + Ib2[ 2 - Ib312 - Ib412 

Ibll 2 -tb212 -Ib312 + Ib412 

Ibll 2 -Ib212+ [b312 - Ib4[  2 

2Im(blb~  + b2b4*) 
- 2 R e ( b i b 3 *  - b2b4*)  
- 2 R e ( b l b 3 *  + b2b4*)  
2 I m ( b l b 3 *  - b2b4* ) 

~- ;  - ;  - )  
(L~½.,o); -; -)  
(-;y;y) 
(-;?,; -) 
(L(~,~,o); O;y) 
( - ; - ; y )  
(L(~Tr,0); y ; - )  
(L~_+~.);z;-) 
(te-,~,O; x; - )  
(c;z;-) BT 

Oxdo/dt - 2 I m ( S 2 D *  + SIN*) - 2 R e ( b i b 4 *  - b2b3*)  (L(-+-ln); - ; x ' }  
Ozda/dt - 2 I m ( $ 2 S 1 "  +ND*) - 2 l m ( b l b 4 *  + b2b3* ) (L(+-llr); - ; z ' )  
Cxdu/dt -2Re(S2N* + SID*)  2I ra(b ib4* - b2b3*)  {c; - ;  x ' )  
Czdo/dt IS212-1Sll2-~12+1DI 2 -2Re(blb4 * + b2b3 *) ( c ; - ; z ' )  
Txda/dt 2Re(S1S 2 * + ND*) 2Re(b ib  2 .  - bab 4.) (-; x; x ' )  
Tzdo/dt 2Re(S]N*-S2D*) 2Im(blb2*-b3b4*) ( - ; x ; z ' )  
Lxda/dt 2Re(S2N* - S1D*) 2 Im(b lb2*  + b3b4*)  ~ - ;  z; x ' )  
Lzda/dt ISI[2.~IS212-1NI2-IDI 2 2Re(blb2 * + bab4* ) ( - ;  z; z ' )  

BR 

TR 

a) Notat ion is (P3'; PT; PR ) where: 
P3' = polarisation of  beam, L(O) = beam linearly polarised at angle 0 to scattering plane, 
C = circularly polarised beam; 
PT = direction of target polarisation; 
PR = componen t  of  recoil polarisation measured. 
In the case of the single polarisation measurements  we also give the equivalent double 

polarisation measurement.  

Figure 1.13: The coordinate system used for the definition of the polarization
observables from Equation (1.35). The axis are defined with respect to the
momentum of the incoming photon ~k and the momentum of the outgoing
meson ~q: ~x = ~y×~z, ~x′ = ~y×~z′, ~y = ~k× ~q/|~k× ~q|, ~y′ = ~y, ~z = ~k/|~k|, ~z′ = ~q/|~q|.

Whereas photon beams are either circularly or linearly polarized (elliptically po-
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larized photons have contributions of both), the target and the recoil nucleon can be
polarized in any of the three orthogonal directions (x, y, or z). Therefore, in addi-
tion to the unpolarized cross section and the three single polarization observables,
18 different double polarization observables can be measured, from which, due to
symmetry reasons in the xy-direction, only 12 are relevant. The 16 possible observ-
ables (labeled in red) are presented in Table 1.3. However, the single polarization
observables can also be measured with double-polarization (labeled in green) and the
double polarization observables with triple polarization (labeled in blue).

The most general form of the cross section, including all 32 observables, is given
in Equation (1.35) [22]. Thereby the observables Â denote profile functions and not
observables (i.e. not the observable itself, but the product of observable and cross
section Â = A · dσ0), since this form is most simply determined by the CGLN am-
plitudes. ~P T and ~PR denote the target and recoil polarization vector according to
the coordinate system introduced in Figure 1.13, ~P γ

c (~P γ
L) is the polarization vector

of the circularly (linearly) polarized photon, and φ is the angle of the transverse
polarization with respect to the reaction plane.
The experiments that have been carried out in this work used a circularly polarized
photon beam of polarization P γ

c and a longitudinally polarized target of polarization
P T
z (the direction of polarization is the direction of the beam, i.e. the z-direction)

with the aim to extract the double polarization observable E. As the recoil po-
larization was not measured and the amount of linear beam and transverse target
polarization is assumed to be negligible, the expression for the general cross section
in this case is reduced to

dσ(P γ
c , P

T
z ) =

1

2
dσ0

[
1− EpγcpTz

]
. (1.31)

The double polarization observable E is defined as the asymmetry between the
helicity dependent cross sections σ1/2 and σ3/2:

E =
σ1/2 − σ3/2

σ1/2 + σ3/2

(1.32)

where the index 1/2 denotes the antiparallel, and 3/2 the parallel configuration of
photon and nucleon spin. In order to determine the properties of the contributing
nucleon resonances, the corresponding amplitudes have to be extracted from the dou-
ble polarization observable E. For this purpose, the double polarization observable
E can be expressed in terms of the CGLN amplitudes as follows [22]:

Ê = +Re
{
F ∗1F1 + F ∗2F2 − 2 cos θ∗F ∗1F2 + sin2 θ∗(F ∗2F3 + F ∗1F4)

}
ρ0 , (1.33)

and in terms of the helicity amplitudes Hi according to [23]:

Ê =
1

2

{
|H2|2 + |H4|2 − |H1|2 − |H3|2

}
ρ0 , (1.34)

where ρ0 = q/k is the phase space factor.
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Table 1.3: Polarization observables in pseudoscalar meson photoproduction.
All observables occurs twice in the table. Red: observables of leading polar-
ization dependence in the general cross section (see Equation (1.35)). Green:
nominal single polarization observables that can also be measured with double
polarization. Blue: unpolarized cross section and 12 nominal double polariza-
tion observables that can also be measured with triple polarization.
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1.3.2 The Complete Experiment

From Equation (1.35), it can be seen that the general cross section depends on 16 ob-
servables, of which one is the unpolarized cross section, three are single polarization
observables, and 12 are double polarization observables. However, the cross section
in this way is overdetermined and as mentioned in Section 1.2.3, knowledge of the
four complex functions Fi and three of the four phases (the overall phase is arbitrary)
is sufficient for an unambiguous determination of the cross section. Therefore, seven
independent real values as a function of two kinematical variables (W and θ∗ for
example) have to be measured. The question of which set of observables allows for
an unambiguous determination of the amplitudes (the complete experiment) is not
trivial and was, and is still considered controversial.
In 1975 Barker, Donnachie, and Storrow [21] showed that the four S-type experi-
ments and five double polarization observables (at least one of each BT ,BR, T R-
type) allow for an unambiguous determination of all amplitudes. This is referred to
as the BDS-rule and implies that in total nine of 16 observables have to be mea-
sured. In 1996, Keaton and Workman [24] stated that the BDS-rule is not sufficient
for a distinct extraction of the amplitudes, as certain combinations of double polar-
ization observables do not eliminate all discrete ambiguities. However, Chiang and
Tabakin [25] showed in 1997 that in addition to the four S-type experiments, knowl-
edge of already four carefully chosen double polarization observables are sufficient for
an unambiguous identification of the amplitudes. As a consequence, the complete
experiment requires the measurement of at least eight observables. Very recently,
Wunderlich and coworkers [26] showed that a complete measurement in a truncated
partial-wave analysis (TPWA) with maximum angular momentum lmax = 4 is pos-
sible with only five measurements, i.e. the four S-type and the double polarization
observable F , G or any other from the recoil observable groups BRandT R.
However, depending on the incident photon energy and especially at threshold, where
only a few partial waves contribute, the knowledge of a few observables may already
provide sufficient information for the extraction of the resonance contributions.

1.4 Previous Results on Single and Double π0 Pho-
toproduction

Among the different final states in photoproduction experiments, single and double
π0 always played a special role. Single pion photoproduction was widely used to
study the properties of the first excited state of the nucleon, the ∆(1232)3/2+ res-
onance. The ∆-resonance is the best known excited state of the nucleon and has
been studied with many different reactions on the free proton and on bound nu-
cleons. Thereby neutral pion photoproduction has the advantage that non-resonant
background terms (Kroll-Ruderman and pion pole terms, see diagrams (c) and (d) in
Figure 1.8) are suppressed, since the photon couples only weakly to neutral mesons.
This is especially beneficial, as only the ∆-resonance contributes significantly to the
first resonance region of the nucleon excitation spectrum.
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In the higher energy range of the nucleon, more and more higher lying excited states
contribute to the nucleon excitation spectrum. These states decay via intermediate
resonances and the subsequent emission of mesons to the ground state and hence
can only be measured in multiple meson photoproduction. Even though the reaction
cross section of double π0 photoproduction in the second and third resonance region
is smaller than for the mixed-charge and double-charge pion pairs, it is still sizable.
Furthermore, as for single π0 photoproduction, the non-resonant background in the
neutral channel is suppressed. In addition, in contrast to the other isospin channels,
the production of ρ-mesons does not contribute to the final state, as the ρ0-meson
only decays into π+π− and not into π0π0. This makes the π0π0 ideally suited for the
investigation of sequential decays of s-channel resonances.

In contrast to the reactions on the proton, data on the neutron is sparse. This
work presents the first time measurement of unpolarized and helicity dependent
differential and total cross sections from single and double π0 photoproduction from
the neutron.
In the following sections, the results of the single and double polarization observables
from previous works measurements of single and double π0 photoproduction will be
briefly summarized.

1.4.1 Status of Single π0 Photoproduction

Most of the previous experiments for single π0 photoproduction focused on the ex-
traction of angular distributions for the reaction on the free proton [27–33] and
abundant data is available for the full angular range from threshold up to photon
energies of Eγ = 3 GeV. In the last years, the first results from the single polariza-
tion observable Σ [28, 34] and the double polarization observables G [34] (linearly
polarized beam, longitudinally polarized target), E [35] (circularly polarized beam,
longitudinally polarized target) and Cx′ [36] (circularly polarized beam, recoil nu-
cleon polarization) were reported.
The results are summarized in Figure 1.14 and are compared to the predictions from
the MAID, SAID, and BnGa partial wave analyses. Overall, the models are in good
agreement with the data, but significant differences between the different solutions
are visible. On the first sight this is astonishing, as all models predict the same total
cross section, as illustrated in the upper right insert of Figure 1.15. This points out
the significant impact of the data on the theoretical models and demonstrates that
the knowledge of several observables is necessary for an appropriate extraction of
the resonance properties. The polarization data confirmed the dominant contribu-
tion of the N(1535)1/2− and the N(1520)3/2− resonances in the second resonance
region and of the N(1680)5/2+ resonance in the third resonance region. However,
different strengths of the N(1440)1/2+, the N(1535)1/2−, and the N(1520)3/2− res-
onances (all rated with four stars in the RPP [37]) and a significant contribution of
the N(1700)3/2− were reported.

As discussed in Section 1.2.5, the isospin decomposition of pion photoproduction
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The extracted C!
x results show little sensitivity to the value

taken for P, which gives a typical systematic uncertainty of
∼0.01. Background processes passing the analysis cuts
were assessed through simulation to contribute less than
3.5% to the yield.
In Fig. 3 the new C!

x data are presented as a function of
incident photon energy for a range of fixed pion angles
alongside the existing measurements from JLab [2]. The
JLab data are limited in kinematic coverage because of
the small acceptance of the polarimeter but are precise. The
new data and JLab measurements are consistent where they
overlap, providing a convincing verification of the new
technique.
The data cover a center-of-mass energy (W) range of

1275–1870 MeV, and therefore give new constraints on the
properties of a substantial section of the nucleon excitation
spectrum. Further interpretation of the results is obtained
from comparison with the MAID [39], SAID [36,37], and
Bonn-Gatchina (BnGa) [38] PWA. The last two analyses
include the full available database of meson photoproduc-
tion reactions and meson-nucleon scattering data. Currently
two parametrizations of SAID are available that describe
the world database with similar accuracy but use different
PWA formalism. From Fig. 3 it is clear that our C!

x data are
better described by the new Chew-Mandelstam formalism
[36] (CM12) over that of SN11 [37], with a respective χ2

per degree of freedom of 1.7 and 3.9. The CM12 formalism
includes rescattering effects in the meson photoproduction
amplitude, which influences the extracted nucleon reso-
nance properties [36]. The current MAID and Bonn-
Gatchina [38] solutions are also shown in Fig. 3. These
solutions agree with the overall trends in the new C!

x data,
although with clear discrepancies for certain kinematic
regions.
Future PWA will clearly benefit from the constraints

provided by these new data, which highlight the importance
of new polarization observables in providing a stringent test
of PWA, even in kinematic regions where a large number of
cross section andpolarization observables are alreadypresent
in theworld database. An accurate partial wave analysismust
ultimatelydescribea complete set of observables.Thecurrent
data and future experiments exploiting these polarimetry
developments at large-acceptance detectors will be a key part
to achieving this completemeasurement. In this regard future
experiments to measure the spin polarization of neutrons are
already planned at MAMI [40].
In summary, a new polarimeter concept has enabled the

first large-acceptance measurement of the spin polarization
of protons produced in nuclear reactions. This novel, cost
effective method for large-acceptance spin polarimetry
could also find application at many other facilities with
large-acceptance particle detectors such as ELSA, Jefferson
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nucleon polarization [18]. An average polarization of
PT ≈ 0.71 was obtained.

Particles produced by photoproduction off the tar-
get were detected in a 4π geometry using several sub-
detectors. The target was surrounded by an inner scintil-
lating fiber detector designed to detect charged particles
[19], and by the CsI(Tl) Crystal Barrel detector [20]. A
forward calorimeter of 90 CsI(Tl) crystals and a TAPS
wall of 216 BaF2 crystals [21] completed the calorime-
ter setup in the forward direction. For charged parti-
cle detection, both forward calorimeters were equipped
with plastic scintillation counters in front of the crystals.
With this setup, the four-momenta of neutral mesons de-
caying into photons could be determined by measuring
their energies and directions from the target center to
the shower center. The reaction γp → pπ0 → pγγ was
reconstructed by a series of kinematic cuts. Events with
exactly two photons and a proton were used. The latter
was demanded in order to suppress background from re-
actions off neutrons. For the proton candidate, only a hit
in one of the charged particle detectors was required to
include also low energy protons, which did not reach the
calorimeter. The invariant mass of the two photons and
the missing mass was calculated and a ±2σ cut around
the π0 and the proton mass was applied. The azimuthal
angle between the direction of proton and meson was
asked to be 180◦ within a ±2σ window (coplanarity).
To remove untagged events originating from photons be-
low the tagging threshold (due to random coincidences),
the beam photon energy was also calculated from the
reaction and compared to the measured photon energy.
Finally, a time coincidence was required between the tag-
ger hit and the reaction products and random time back-
ground was subtracted.

The helicity-dependent differential cross section for
photoproduction of neutral pions off longitudinally po-

larized protons can be written as

dσ

dΩ
=

dσ0

dΩ
(1 ± PT P⊙E) . (3)

When a butanol (C4H9OH) target is used, unpolar-
ized (u) free protons (f) as well as nucleons bound
(b) in carbon or oxygen contribute to the count rate,
in addition to the polarized (p) free protons. For the
same number of beam photons for both photon helici-
ties, and under the assumption that (unpolarized) nu-
cleons bound in carbon have the same response to im-
pinging photons as nucleons bound in oxygen, we get
for beam and target polarized in the same direction the
yield N3/2 = Nf,p

3/2 +Nf,u + N b and in opposite direction

N1/2 =Nf,p
1/2 +Nf,u + N b, which leads to

E =
N1/2 − N3/2

N1/2 + N3/2
· 1

d
· 1

P⊙PT
. (4)

The bound nucleons are taken into account by the di-

lution factor d = Nf

Nf +Nb . It was determined by an ad-
ditional measurement using a carbon foam target with
approximately the same density, size, and environment
as the carbon and oxygen part of the butanol target.
The fraction of carbon (and oxygen) in butanol was then
determined using two alternative methods [22]: by fitting
a) the missing mass and b) the coplanarity distribution
outside of the signal of the free protons. The resulting
scaling factor s(Eγ) for each energy bin was then used to
determine

d(Eγ , θπ) =
NC4H9OH(Eγ , θπ) − s(Eγ) · NC(Eγ , θπ)

NC4H9OH(Eγ , θπ)
.

(5)
Fig. 1 shows on the left the total cross section σ0

and its decomposition into the two helicity components
σ0 = 1/2(σ1/2 + σ3/2). The latter cross sections were cal-
culated from the values for E reported below - and
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Figure 4. The double-polarization observable G as a function
of energy for two selected bins in θπ. Curves: see fig. 2. For
comparison the positions of several resonances are marked.

900 MeV. At 1000 and 1100MeV, BnGa, MAID and
SAID give a reasonable description, even though MAID
is higher at 1000 MeV. These conclusions are supported
by fig. 4 where G is shown as a function of Eγ for two
scattering angles and compared to PWA predictions. At
low energies, SAID deviates strongly from the data; in
the 900− 1000MeV range, the consistency between data
and MAID or SAID predictions is poor. Above, none of
the partial wave analyses reproduces the data.

We have studied possible reasons for the discrepant re-
sults. In this discussion, the two electric multipoles E0+

and E2− play a leading role. If we replace the BnGa E0+

and E2− multipoles by the corresponding SAID multi-
poles, we reproduce the SAID results for Σ and G over a
wide energy range, and the same observation holds true
for MAID. The reason for the deviation between data and
MAID and SAID is obviously traced to these two multi-
poles. All other multipoles can be exchanged without a
large impact.

Resonances with no angular momentum between pro-
ton and π0 (lπ = 0) contribute to the E0+ multipole
which is sensitive to the N(1535), ∆(1620) and N(1650)
resonances. The resonances N(1520) and ∆(1700) with
lπ = 2 and total spin J = 3/2 contribute to the E2−

multipole. Indeed, the three partial wave analyses BnGa,
MAID, and SAID give significantly different helicity am-
plitudes for these resonances, in particular for the A1/2

amplitude of N(1535) and for A3/2 of N(1520) (see Ta-
ble I).

In the medium energy range, in the third resonance
region, the γp → pπ0 cross section is dominated by the
JP = 5/2+ N(1680) resonance. In this regime, there is

E
0+

N(1535)1/2− N(1650)1/2− ∆(1620)1/2−

Solution A1/2 A1/2 A1/2

BG2011-02 105 ± 10 33 ± 7 52 ± 5

MAID-2007 66 33 66

SAID-2011 99 ± 2 65 ± 25 64 ± 2

E
2− N(1520)3/2− ∆(1700)3/2−

Solution A1/2 A3/2 A1/2 A3/2

BG2011-02 −22 ± 4 131 ± 10 160 ± 20 165 ± 25

MAID-2007 −27 161 226 210

SAID-2011 −16 ± 2 156 ± 2 109 ± 4 84 ± 2

Table I. Helicity amplitudes of low-lying negative-parity N
and ∆ resonances contributing to the E0+ and E2− multipoles

(in GeV− 1
2 10−3).

good agreement between the three predictions. The prop-
erties of this resonance are obviously well defined: For
the leading A3/2 helicity amplitude, BnGa finds 135 ± 6,

MAID 134, and SAID 141 ± 3 (in GeV− 1
2 10−3).

In the high energy region, increasing differences be-
tween the predictions can be observed for some angles.
This is the so-called fourth resonance region where many
resonances exist with questionable evidence for their exis-
tence and, if they exist at all, with at least poorly defined
properties. New data on G in this energy region will help
to disentangle the spectrum of nucleon resonances [21].

Summarizing, we have reported the first measurement
of the double-polarization observable G in the reaction
γ⃗p⃗ → pπ0 in a wide range of energies and covering the full
solid angle. The new data on G resolve the discrepant re-
sults on the helicity amplitudes of low-lying four-star nu-
cleon resonances obtained from BnGa, MAID, and SAID
and are an important step towards a complete data base
which will define unambiguously the nucleon excitation
spectrum.
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Figure 2. (Color online) a) A typical φπ-distribution with a fit using eq. (2). b,c) The beam asymmetry Σ as a function
of cos θπ for Eγ = 800 MeV and for Eγ = 1100 MeV. Black dots show our data, red squares GRAAL data [20]. The curves
represent predictions from different partial wave analyses. Solid (black) curve: BnGa [24]; dashed (red): SAID [22]; long-dashed
(black): BnGa with E0+ and E2− amplitudes from SAID; dotted (blue): MAID [23]; dashed-dotted (black): BnGa with E0+

and E2− amplitudes from MAID. Gray area shows the systematic error due to interactions on nuclei and uncertainty in the
photon polarization.

forward calorimeter crystals. Additionally all events are
removed, if the calculated beam photon energy (under
the assumption that the reaction occurred on a proton)
falls below the tagging threshold. With these cuts the
reconstruction efficiency for reaction (1) on free protons
in the butanol target exceeds 60%.

Fig. 1b shows the resulting distribution of missing
masses for events passing the selection criteria, with bu-
tanol, carbon, or hydrogen as target material. By proper
scaling, the sum of distributions from hydrogen and car-
bon reproduces very well the distribution obtained with
the butanol target. The missing mass distributions show
a peak at the proton mass and a tail due to events where
an additional meson was produced but escaped detec-
tion. A final cut is now applied on the missing mass at
mp ± 50MeV. The resulting cos θπ distribution of these
events is exhibited in fig. 1c. Again, the sum of distribu-
tions from hydrogen and carbon match the distribution
obtained with the butanol target; there is no new scaling
factor involved.

For the double-polarization observable G the correc-
tion factor for reactions on nuclei is the dilution factor,
displayed in fig. 1d. Due to the kinematic cuts, the di-
lution factor depends on both the photon energy Eγ and
the π0 scattering angle θπ. For a backward π0, the proton
momentum is high and therefore detected in the crystals
with a high efficiency.

A typical distribution of the measured φπ-dependent
data yields with a fit using eq. (2) is shown in fig. 2a.
Obviously, there is a large cos 2φπ contribution but the
data are not symmetric with respect to φπ = 0: there
is a significant sin 2φπ contribution from which the de-
sired observable G is deduced. Fig. 2b,c show the beam
asymmetry Σ extracted from this and other similar plots
for two energy bins. The systematic error due to reac-
tions on nuclei are shown as gray bars. The new Σ data
are in excellent agreement with earlier measurements of
GRAAL [20].

The observable G is determined from eq. (2), as well
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Figure 3. (Color online) The polarization observable G as a
function of cos θπ from Eγ = 800 MeV up to Eγ = 1100 MeV.
Systematic errors are shown in gray bars. Curves: see fig. 2.

as by reversing the target polarization, or changing the
photon polarization plane by ±π/4. The results are con-
sistent, their spread is used to determine the systematic
errors. These include the systematic uncertainty in the
dilution factor, errors due to background in cos θπ > 0.9,
the relative uncertainty in the target polarization of ±2%,
and the relative uncertainty in the photon polarization
of ±5% [21]. Fig. 3 shows the angular distribution of
the polarization observable G for selected photon energy
ranges. The error bars give the statistical errors, the
systematic errors are shown as gray bars.

The new data on Σ and G are compared to the predic-
tions from the SAID (SN11) [22], MAID [23], and BnGa
[24] partial wave analyses. The results are surprising.

Already at rather low energies, in the region of the
four-star resonances N(1440), N(1535) and N(1520),
very significant differences in the predictions can be ob-
served (see figs. 2 and 3). At 800 and 900 MeV, the
SAID prediction is incompatible with the data on Σ and
G, MAID disagrees with the data on Σ and on G at
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Figure 2. (Color online) a) A typical φπ-distribution with a fit using eq. (2). b,c) The beam asymmetry Σ as a function
of cos θπ for Eγ = 800 MeV and for Eγ = 1100 MeV. Black dots show our data, red squares GRAAL data [20]. The curves
represent predictions from different partial wave analyses. Solid (black) curve: BnGa [24]; dashed (red): SAID [22]; long-dashed
(black): BnGa with E0+ and E2− amplitudes from SAID; dotted (blue): MAID [23]; dashed-dotted (black): BnGa with E0+

and E2− amplitudes from MAID. Gray area shows the systematic error due to interactions on nuclei and uncertainty in the
photon polarization.

forward calorimeter crystals. Additionally all events are
removed, if the calculated beam photon energy (under
the assumption that the reaction occurred on a proton)
falls below the tagging threshold. With these cuts the
reconstruction efficiency for reaction (1) on free protons
in the butanol target exceeds 60%.

Fig. 1b shows the resulting distribution of missing
masses for events passing the selection criteria, with bu-
tanol, carbon, or hydrogen as target material. By proper
scaling, the sum of distributions from hydrogen and car-
bon reproduces very well the distribution obtained with
the butanol target. The missing mass distributions show
a peak at the proton mass and a tail due to events where
an additional meson was produced but escaped detec-
tion. A final cut is now applied on the missing mass at
mp ± 50MeV. The resulting cos θπ distribution of these
events is exhibited in fig. 1c. Again, the sum of distribu-
tions from hydrogen and carbon match the distribution
obtained with the butanol target; there is no new scaling
factor involved.

For the double-polarization observable G the correc-
tion factor for reactions on nuclei is the dilution factor,
displayed in fig. 1d. Due to the kinematic cuts, the di-
lution factor depends on both the photon energy Eγ and
the π0 scattering angle θπ. For a backward π0, the proton
momentum is high and therefore detected in the crystals
with a high efficiency.

A typical distribution of the measured φπ-dependent
data yields with a fit using eq. (2) is shown in fig. 2a.
Obviously, there is a large cos 2φπ contribution but the
data are not symmetric with respect to φπ = 0: there
is a significant sin 2φπ contribution from which the de-
sired observable G is deduced. Fig. 2b,c show the beam
asymmetry Σ extracted from this and other similar plots
for two energy bins. The systematic error due to reac-
tions on nuclei are shown as gray bars. The new Σ data
are in excellent agreement with earlier measurements of
GRAAL [20].

The observable G is determined from eq. (2), as well
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as by reversing the target polarization, or changing the
photon polarization plane by ±π/4. The results are con-
sistent, their spread is used to determine the systematic
errors. These include the systematic uncertainty in the
dilution factor, errors due to background in cos θπ > 0.9,
the relative uncertainty in the target polarization of ±2%,
and the relative uncertainty in the photon polarization
of ±5% [21]. Fig. 3 shows the angular distribution of
the polarization observable G for selected photon energy
ranges. The error bars give the statistical errors, the
systematic errors are shown as gray bars.

The new data on Σ and G are compared to the predic-
tions from the SAID (SN11) [22], MAID [23], and BnGa
[24] partial wave analyses. The results are surprising.

Already at rather low energies, in the region of the
four-star resonances N(1440), N(1535) and N(1520),
very significant differences in the predictions can be ob-
served (see figs. 2 and 3). At 800 and 900 MeV, the
SAID prediction is incompatible with the data on Σ and
G, MAID disagrees with the data on Σ and on G at
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forward calorimeter crystals. Additionally all events are
removed, if the calculated beam photon energy (under
the assumption that the reaction occurred on a proton)
falls below the tagging threshold. With these cuts the
reconstruction efficiency for reaction (1) on free protons
in the butanol target exceeds 60%.

Fig. 1b shows the resulting distribution of missing
masses for events passing the selection criteria, with bu-
tanol, carbon, or hydrogen as target material. By proper
scaling, the sum of distributions from hydrogen and car-
bon reproduces very well the distribution obtained with
the butanol target. The missing mass distributions show
a peak at the proton mass and a tail due to events where
an additional meson was produced but escaped detec-
tion. A final cut is now applied on the missing mass at
mp ± 50MeV. The resulting cos θπ distribution of these
events is exhibited in fig. 1c. Again, the sum of distribu-
tions from hydrogen and carbon match the distribution
obtained with the butanol target; there is no new scaling
factor involved.

For the double-polarization observable G the correc-
tion factor for reactions on nuclei is the dilution factor,
displayed in fig. 1d. Due to the kinematic cuts, the di-
lution factor depends on both the photon energy Eγ and
the π0 scattering angle θπ. For a backward π0, the proton
momentum is high and therefore detected in the crystals
with a high efficiency.

A typical distribution of the measured φπ-dependent
data yields with a fit using eq. (2) is shown in fig. 2a.
Obviously, there is a large cos 2φπ contribution but the
data are not symmetric with respect to φπ = 0: there
is a significant sin 2φπ contribution from which the de-
sired observable G is deduced. Fig. 2b,c show the beam
asymmetry Σ extracted from this and other similar plots
for two energy bins. The systematic error due to reac-
tions on nuclei are shown as gray bars. The new Σ data
are in excellent agreement with earlier measurements of
GRAAL [20].

The observable G is determined from eq. (2), as well
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as by reversing the target polarization, or changing the
photon polarization plane by ±π/4. The results are con-
sistent, their spread is used to determine the systematic
errors. These include the systematic uncertainty in the
dilution factor, errors due to background in cos θπ > 0.9,
the relative uncertainty in the target polarization of ±2%,
and the relative uncertainty in the photon polarization
of ±5% [21]. Fig. 3 shows the angular distribution of
the polarization observable G for selected photon energy
ranges. The error bars give the statistical errors, the
systematic errors are shown as gray bars.

The new data on Σ and G are compared to the predic-
tions from the SAID (SN11) [22], MAID [23], and BnGa
[24] partial wave analyses. The results are surprising.

Already at rather low energies, in the region of the
four-star resonances N(1440), N(1535) and N(1520),
very significant differences in the predictions can be ob-
served (see figs. 2 and 3). At 800 and 900 MeV, the
SAID prediction is incompatible with the data on Σ and
G, MAID disagrees with the data on Σ and on G at
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extrapolated into the unmeasured angular bins by the
BnGa-PWA - and the total cross section σ0 (from the
BnGa-PWA). The figure reveals important details of the
spin structure of the photo-excitation of the proton; σ1/2

and σ3/2 evidence quite different structures. Both cross
sections show a peak at W ≈ 1500MeV in σ1/2 and,
slightly shifted, at W ≈ 1520MeV in σ3/2. The latter
peak can be assigned to the N(1520)3/2− and its large
helicity coupling to h= 3/2. The lower mass peak can-
not be solely due to the N(1535)1/2−: contributions
from other resonances or from background amplitudes,
e.g. in the 1/2− partial wave, must be significant. The
N(1680)5/2+ contributes nearly only to σ3/2, where a
clear peaking structure is observed. A broad structure
at W ≈ 1900MeV is very visible in the σ3/2 excitation
curve and seems to be absent in σ1/2. Photons in the
Eγ ≈ 1500MeV range may excite some of the resonances
with spin J = 1/2, · · · , 7/2 in the W = 1900 - 2000MeV
mass region. Their contribution is also well visible in the
cross section difference σ3/2 - σ1/2 = −E · 2σ in Fig. 1 on
the right. Obviously, they are preferentially excited by
the A3/2 helicity amplitude.

The helicity asymmetry E in eq.(4) is a function of
the pion production angle θπ. Fig. 2 shows selected re-
sults. There are very significant changes in these distri-
butions as a function of energy. Obviously, the quantity
E is very sensitive to the contributions from baryon reso-
nances. The lowest incident photon energy bin covers the
part of the region with positive E. The shape indicates a
strong contribution from the JP = 1/2− and JP = 3/2−

partial waves, with N(1535)1/2− and N(1520)3/2− being
the dominant resonances in this energy range. The asym-
metry in the angular distribution reflects the presence of
several weakly contributing resonances, like N(1440)1/2+

and ∆(1232)3/2+. The next bin, Eγ =960 - 1100MeV,
covers N(1680)5/2+. Together with the JP = 1/2− par-
tial wave, it produces a W-shaped angular distribution.
The strong forward-backward asymmetry signals contri-
butions from other partial waves, among which the D33

partial wave including the ∆(1700)3/2− plays an impor-
tant role. We have split the 4th resonance region from
1350 to 1650MeV into three 100MeV slices. The ba-
sic structure remains over the full energy range, which
suggests a sizeable contribution from a JP = 7/2+ res-
onance, which would lead to a three minima structure
in the angular distribution. There are only relatively
small differences when the three energy bins are com-
pared: ∆(1950)7/2+ seems to be the dominant contri-
bution. The highest mass bin exhibits strong structures
but no clear pattern; several resonances seem to make
comparable contributions to the data.

Next we compare the data in Figs. 1 and 2 with pre-
dictions from SAID (SN11 and CM12 [6, 7]), MAID [8]
and BnGa2011-02 [9]. In addition, a fit to the data within
the BnGa-PWA (BnGa2011-02E) is shown. First we note

that all PWAs give a reasonable description of σγp→pπ0

.

Figure 2: The helicity asymmetry E as a function of cos θπ

for selected Eγ bins. PWA predictions: black dashed curve:
BnGa2011-02, blue solid curve: MAID, red solid curve:
CM12, red dashed curve: SN11. Fit to the data points
(BnGa2011-02E): black solid curve.

But we find large and unexpected discrepancies already
at rather low energies, in the region of the four-star reso-
nances N(1440)1/2+, N(1535)1/2− and N(1520)3/2−. In
the ∆(1950)7/2+ region, MAID and SAID show a strik-
ing enhancement at cos θπ ≈ −0.45. In the MAID online
version, the enhancement disappears when the helicity
couplings of the N(1520)3/2− are reduced by a factor
of 4. The N(1520)3/2−, however, is the only resonance
in this partial wave; hence, such a large effect, which is
presumably due to interference with other partial waves,
is unexpected. In SN11, this structure is smaller than
in MAID, and is further reduced in CM12. The origin
of the structure, also visible in the SAID prediction, re-
mains unclear. None of the fits reproduces the data over
the full angular range. However, BnGa2011-02 required
only a slight adjustment of free parameters to get close to
the data points (solution BnGa2011-02E). For examples
see Table I. It compares selected results on low-mass ex-
citations of the nucleon for MAID and for the two latest
solutions from SAID and BnGa, respectively. One for-
mal difference is remarkable between MAID and SAID

Σ

Figure 1.14: Previous measured polarization observables for single π0 photo-
production from the free proton [34–36]. Observable Σ : black dots: [34]. Red
dots: [28]. Solid (black curve): BnGa [38]. Dashed (red): SAID [39]. Long-
dashed (black): BnGa with E0+ and E2− from SAID. Dotted (blue): MAID
[40]. Observable G: notation as for Σ . Observable E: Solid black: refit of
BnGa [38]. Dashed black: BnGa [38]. Solid blue: MAID [40]. Solid red: SAID
CM12 [39]. Dashed red: SAID SN12 [41]. Observable Cx′ : black circles: [36].
Magenta triangles: [42]. Long-dashed (cyan): SAID CM12 [39]. Short-dashed
(green): [41]. Solid red line: BnGa [38]. Dash-dotted violet: MAID [40].

requires additional measurements of the reaction on the neutron. Due to the absence
of free neutron targets, this has to be realized with quasi-free neutrons bound in light
nuclei, mostly the deuteron. However, this is accompanied by two complications: in
contrast to protons, the detection efficiency and energy resolution of neutrons are
rather low. Furthermore, the results are affected by nuclear effects, such as Fermi
motion, re-scattering, and FSI, which has to be properly considered in the inter-
pretation of the results. As a consequence, the different formalisms and results are
strongly model dependent. This is illustrated by the bottom insert in Figure 1.15.
It shows the available differential cross section data for single pion photoproduc-
tion from the nucleon from the four different isospin channels (see Equation (1.30)).
Whereas abundant data is available for the reactions on the proton (γp → pπ0 or
γp→ nπ+), fewer results for the nπ+ final state and only a few scattered points for
the nπ0 final state have been measured. This is a direct consequence of the difficul-
ties that arise from experiments that involve neutrons. In contrast to γn→ nπ0, the
final state of γn → pπ− does not rely on the detection of any neutral particles and
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lattice calculations support the SUð6Þ ⊗ Oð3Þ excitation
structure of the nucleon, familiar from the constituent quark
model, and second, also have a level counting consistent
with the nonrelativistic quark model [1]. Although these
calculations are in a very early state, the result is interesting
because the agreement between the quark-model results
and the experimentally established excitation spectrum
of the nucleon is not very good. For most quantum
numbers, apart from the first excited state, there are no
counterparts from experiment [2] to the plethora of states
predicted by models. For the identified excited states
electromagnetic couplings to the nucleon ground state
are a very sensitive observable for the test of nucleon
models, because they reflect the spin-flavor correlations in
the wave functions.
This situation has triggered large efforts to improve the

experimental data base for nucleon resonances exploiting
photon-induced meson production reactions. Due to the
progress in accelerator and detector technology, such
reactions can now be studied with comparable or even
better precision than hadron-induced reactions, although
the typical cross sections are smaller by roughly three
orders of magnitude. Although many different final states
are under investigation to avoid bias from the coupling of
the excited nucleon states to specific decay channels, pion
production always was and still is a cornerstone for
the extraction of nucleon resonance properties such as
masses, widths, and electromagnetic couplings [3–12].
In photoproduction reactions, neutral pions are of
special interest because they do not couple directly to
photons so that nonresonant background contributions are
suppressed.
Previous experimental efforts for π0 production have

concentrated on the measurement of angular distributions
and polarization observables for the free proton target
[13–22]. The recent measurements of the double polariza-
tion observables G (linearly polarized beam, longitudinally
polarized target [20]), E (circularly polarized beam,
longitudinally polarized target [21]), and C⋆

x (circularly
polarized beam, polarization of recoil nucleon [22]) for
this reaction had significant impact on the analysis of
nucleon resonance properties. They are important steps
towards a ‘complete’ measurement, which allows a unique,
model-independent extraction of the reaction ampli-
tudes [23].
However, the isospin decomposition of pion photo-

production requires also measurements with neutron
targets, which can only be done with quasifree neutrons
bound in a light nucleus, in most cases the deuteron.
The data base for such reactions is so far scarce.
For isovector mesons like pions three independent
amplitudes contribute to photoproduction, the isoscalar
part AIS, the isospin dependent amplitude AIV , and
the isospin changing amplitude AV3, which are related
by [24]

Aðγp → πþnÞ ¼ −
ffiffiffi
1

3

r
AV3 þ

ffiffiffi
2

3

r
ðAIV − AISÞ

Aðγp → πopÞ ¼ þ
ffiffiffi
2

3

r
AV3 þ

ffiffiffi
1

3

r
ðAIV − AISÞ

Aðγn → π−pÞ ¼ þ
ffiffiffi
1

3

r
AV3 −

ffiffiffi
2

3

r
ðAIV þ AISÞ

Aðγn → πonÞ ¼ þ
ffiffiffi
2

3

r
AV3 þ

ffiffiffi
1

3

r
ðAIV þ AISÞ: (1)

Isospin I ¼ 3=2 Δ resonances are only excited by AV3, so
that their electromagnetic couplings are identical for pro-
tons and neutrons, while I ¼ 1=2 N⋆ states couple differ-
ently to protons and neutrons. Recent analyses of the
helicity amplitudes for resonance excitations on the neutron
are given in [12,25,26]. The comparison of the results from
the different analyses (see, e.g., [25]) reveals large dis-
crepancies. Their absolute magnitudes differ up to two
orders of magnitude, and for several states not even the sign
is fixed. These problems arise from the lack of data for the
γn → nπ0 reaction. The situation is sketched in Fig. 1. The
bottom insert of the figure shows the available data bases
for differential cross sections for all isospin channels [27].
Data are abundant for the pπ0, nπþ, and pπ− final states;
however, for nπ0 only a few scattered points have been
measured. These points come from experiments in the early
1970s [28,29], which could not even eliminate the back-
ground from photoproduction of π0 pairs. Only the beam
asymmetry Σ has been measured precisely for this reaction
by the GRAAL experiment [30].
In principle, the measurement of three reactions out of

γp → pπ0, γp → nπþ, γn → pπ−, and γn → nπ0 should
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FIG. 1 (color online). Main plot: predicted total cross sections
from SAID [4], MAID [6], and the BnGa analysis [25] for
γn → nπ0. Insert, upper right corner: same analyses for
γp → pπ0. Insert at bottom: previously available data base
[27] (each point represents one measurement at W and cosðΘ⋆

πÞ.
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Figure 1.15: Predicted total cross sections for single π0 photoproduction
from protons (upper right insert) and neutrons (main plot). Shown are the
solutions from MAID [40], SAID [39], and BnGa (neutron: [38], proton: [43]).
Insert at bottom: previously available database [39]. Each point represents one
measurement at W and cos(θ∗π0).

hence is less problematic. The few data points from γn→ nπ0 were measured in the
1970s [44, 45] and are of poor quality, since the background from 2π0 photoproduc-
tion could not be eliminated. The only reasonable data from this reaction results
from the measurement of the beam asymmetry at GRAAL in 2009 [46], but angular
distributions were not determined.
However, theoretically, the measurement of three of the four isospin channels is suf-
ficient for a complete determination of the isospin structure of the amplitudes (see
Equation (1.30)) and it could be assumed that the measurement of the neutral chan-
nel γn → nπ0 is redundant. In reality, knowledge of the nπ0 final state is essential,
as the measurement of the charged channels do not only contain contributions from
resonances, but also from the previously mentioned non-resonant background. There-
fore, the results from these channels are affected by contributions from background
terms, e.g. Kroll-Ruderman, pion-poles, diffractive t-channel, and others, that all
have to be properly considered in the analysis and contribute differently to the indi-
vidual isospin channels.

The importance of the neutral nπ0 final state is illustrated in Figure 1.16 on the
example of pion photoproduction in the ∆-resonance region (no data for the nπ0

channel is available). Shown are the total cross sections for the four different isospin
channels. As previously mentioned, only the ∆(1232)3/2+ resonance contributes
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Fig. 5. Pion production in the ∆-resonance region. Data: pπ0 final state [38,39], nπ+ final
state [40], pπ− [36]. Curves: MAID-model [41], solid: full model, dashed: only P33(1232)
resonance.

would be helpful in order to test the model. In more complicated cases, involving
several overlapping N⋆ resonances where all three matrix elements contribute, such
information is almost indispensable.

In general, the extraction of resonance properties from photoproduction reactions
involving neutral mesons profits from the above discussed suppression of background
terms. However, quasi-free measurements of neutral mesons off bound nucleons tend
to suffer more strongly from FSI effects. Here, again pion production in the ∆ re-
gion is a nice example. Figure 6 shows a few typical angular distributions for the
γd → π−pp and γd → π0np reactions close to the ∆-peak. For the π0-channel only
the breakup reaction is considered, coherent contributions to the π0d final state are
removed with kinematical cuts. The results are compared to a model calculation by
Darwish, Arenövel, and Schwamb [42], which takes into account FSI effects in all
two-body subsystems (although it turns out that only NN FSI is important). The
large influence of FSI for the neutral final state is clearly visible. A major effect is

Figure 1.16: Total cross sections for single π0 photoproduction for the four
different isospin channels. Top left: γp→ pπ0. Top right: γp→ nπ+. Bottom
left: γn → pπ−. Bottom right: γn → nπ0. Solid line: MAID [40]. Dashed
line: MAID [40], only ∆(1232)3/2+ resonance.

significantly to the nucleon excitation spectrum in this energy range. If contributions
from the non-resonant background are neglected, only the isospin changing matrix
element AV 3 contributes to the isospin amplitudes in Equation (1.30), and the cross
sections are related by:

σ(γp→ pπ0) = σ(γn→ nπ0) = 2σ(γp→ nπ+) = 2σ(γn→ pπ−) . (1.36)

However, this is only fulfilled by the dashed model curves (MAID [40], only contri-
butions from the ∆(1232)3/2+ resonance). Due to the presence of the non-resonant
background, which is mainly present in the charged channels, the measured data
show a completely different behavior. Therefore, already in this rather simple case
where only one resonance contributes, additional information from the nπ0 final state
is essential for an appropriate extraction of the resonance properties. For higher en-
ergies where several (and also N∗) resonances contribute, knowledge of the reaction
γn→ nπ0 is inevitable.
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1.4.2 Status of Double π0 Photoproduction

Double π0 photoproduction from the free proton from threshold up to the second
resonance region was intensively studied with the DAPHNE [47, 48], TAPS [49–51],
and Crystal Ball/TAPS [52–54] detectors at MAMI. The latter setup was also used
for measurements up to the third energy region [55, 56], for which additional results
were obtained from the GRAAL experiment [57] and with the Crystal Barrel/TAPS
detectors at ELSA [51, 58–61]. Total cross sections and invariant mass distributions
were used to extract the resonance contributions from the different sequential decays
via intermediate N∗- and ∆∗-resonances.

W [MeV]
1400 1600 1800 2000 2200

b]
µ [

σ

1

10
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p0π0πMAID 

p0π0πBnGa 

Figure 1.17: Predicted total cross sections for double π0 photoproduction
from protons and neutrons. Shown are the solutions from MAID [62] and
BnGa (only proton: [43]).

The total cross section exhibits the typical double-hump structure, which corre-
spond to the second and third resonance region of the proton, as can be seen by the
solution from the BnGa coupled-channel partial wave analysis [43] (solid blue line) in
Figure 1.17. The solution from this model currently achieves the best agreement with
the most recent results, which is not surprising, since the result is obtained from a fit
of the model to all of the available data. The comparison with the other model pre-
dictions from the MAID [62] solution demonstrates the huge demand for additional
observables. Significant discrepancies between the two calculations are visible, which
indicates that substantial contributions are missing in this model, mostly in the third
resonance region. However, analyses in the frameworks of other models [63–66] also
revealed discrepancies, even close to threshold, where only a few resonances con-
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Fig. 2. Left: Example of a φ-distribution of the recoiling pion in the region 18◦ ≤ φ∗ ≤ 36◦ for an incoming energy range 970 < Eγ < 1200 MeV. Right: I s
p , Ic

p , I s
π , and Ic

π as 
functions of φ∗ for 1300 < Eγ < 1650 MeV. The four subfigures on the first (second) row show the distributions for events in region I (II) of the Dalitz plot (Fig. 1). Dots: 
I s , Ic ; open circles: mirror points due to symmetry (see text); grey band: syst. errors. The solid curve represents the BnGa PWA fit.

3. Polarization observables

Two-meson production is not restricted to a single plane but 
three planes can be defined: the photon plane, defined by the in-
coming photon and its polarization; the production plane spanned 
by the direction of the incoming photon and one of the outgo-
ing particles; and the decay plane defined using the other two 
final-state particles. The angle between a production plane and the 
photon plane, with an offset of 90◦ , is called φ. The decay plane 
and the production plane enclose an angle φ∗ . With these angles, 
the cross section adopts the form [22]

dσ

d%
=

(
dσ

d%

)

0
{1 + Pl[I s sin(2φ) + Ic cos(2φ)]}. (1)

Here, 
(

dσ
d%

)

0
is the cross section with no polarization, and Pl is 

the degree of linear photon polarization. I s and Ic are extracted 
by a fit to the φ-distributions. Depending on the choice of the 
production plane, the distributions I s

p , Ic
p , I s

π , Ic
π can be derived. 

An example for a φ-distribution is shown in Fig. 2, left. Both, the 
cos(2φ)-modulation due to Ic and the sin(2φ)-modulation due to 
I s – resulting in a displacement of the minima off the dotted line 
– are clearly visible.

I s and Ic fulfill some symmetry requirements which can be 
used to check the consistency of the data. I s , Ic can be written 
as functions of φ∗ [19] in the form I s(φ∗) = ∑

n an sin(nφ∗), and 
Ic(φ∗) = ∑

n bn cos(nφ∗). The transformation φ∗ → 2π − φ∗ yields 
I s(2π − φ∗) = −I s(φ∗) and Ic(2π − φ∗) = Ic(φ∗). In the proton 
recoiling case, due to the indistinguishability of π0 s, additional 
symmetry conditions I s(φ∗) = I s(φ∗ + π) and Ic(φ∗) = Ic(φ∗ + π)
occur. In the data, these requirements are met within the statistical 
uncertainties.

Fig. 2, right, shows these four observables, integrated over 
cos θp and as functions of φ∗ , for the two regions I and II of 
the Dalitz plot (Fig. 1). The four subfigures in the first line show 
the I s and Ic distributions for events in the '(1232) region (re-
gion I, Mpπ0 ≤ m' + 2('/3). The distributions show no significant 
structure, the data points are all close to zero. We interpret this 
observation by assuming that there are many resonances decay-
ing via '(1232)π – leading to different I s

p , Ic
p , I s

π , Ic
π distributions 

with positive or negative sign so that their sum gives a result close 
to zero.

For the present discussion, we are interested in events where 
the N(1520)3/2− resonance contributes to the decay chain as 
an intermediate state. The four subfigures in the second line in 
Fig. 2, right, show I s and Ic for events in region II of the Dalitz 
plot where both proton–pion invariant masses are compatible with 
N(1520)3/2− . These distributions show significant deviations from 

zero. This may indicate that there is one leading partial wave 
which produces this pattern. Hence we study region II more care-
fully.

Fig. 3, left, shows the Ic
p as a function of φ∗ for three bins 

in photon energy and four bins in cos θp . The error bars reflect 
the statistical errors. The systematic uncertainty due to the lack 
of detection efficiency for certain regions of the phase space was 
derived from the difference between predictions of the Bonn–
Gatchina PWA obtained for generated and reconstructed Monte 
Carlo events. This difference was compared to the effect of the 
two dimensional phase space acceptance correction (with φ, φ∗

as coordinates), and the largest effect was taken as the system-
atic uncertainty. Ic

p adopts negative values. In the low energy bins, 
the mean value is close to −0.25; it corresponds to the two-body 
beam asymmetry )p . The better description of the experimental 
data for 1450 < Eγ < 1650 MeV (and cos θp > 0) by fits which 
include the N(1900)3/2+ provides the first suggestive evidence 
for the existence of this resonance. For these two bins we find 
χ2

data = 11/20 (36/20) for the fit with (without) N(1900)3/2+ . 
Note that the dashed curve in the 0 < cos θp < 0.5 bin stays in 
the grey area.

In the 1300 < Eγ < 1650 MeV energy range, the Particle Data 
Group [1] lists N∗ and '∗ resonances with J P = 1/2+, 3/2+, 5/2+,

7/2+, 1/2−, 3/2−, 5/2− . We now identify J P = 3/2+ as dominat-
ing partial wave in this photon energy range. The I s and Ic data 
presented in the second line of Fig. 2, right, are shown repeatedly 
in Fig. 3, right. The data are compared to a series of very simple 
model predictions: Each model assumes that in this photon energy 
range, the reaction γ p → pπ0π0 is due to the production of one 
single resonance produced in the reaction γ p → N(1520)3/2−π0, 
with N(1520)3/2− decaying into pπ0. There are at most two pa-
rameters which determine I s and Ic in this reaction chain: the 
ratio of the two helicity amplitudes A1/2/A3/2 of the chosen res-
onance, and the ratio of the decay amplitudes with high and low 
orbital angular momenta, D/S, F/P, or G/D. For resonances with 
J P = 1/2± , there is only one helicity amplitude, and their contri-
bution to I s and Ic vanishes.

In the two-parameter fit to the data, the χ2 per data point is 
1.2 for the hypothesis that the initial state is purely in the J P =
3/2+ wave and decays into N(1520)3/2−π with D/S = 0.05. For 
this hypothesis, the fit returns a helicity ratio A1/2/A3/2 ≈ −0.47. 
For the other initial waves, the χ2 is per data point is between 
5 and 10. These observations strongly suggest that a baryon res-
onance with J P = 3/2+ quantum numbers is formed. The res-
onance could be N(1900)3/2+ or '(1920)3/2+ . We note that 
N(1900)3/2+ has a negative, '(1920)3/2+ a positive helicity ra-
tio, the RPP [1] lists A1/2/A3/2 ≈ −0.55 and +1.7, respectively. We 

To summarize, the 2!0 photoproduction off the proton
has been measured from 650 up to 1500 MeV, extending
previous data. The total cross section shows evidence of
two prominent peaks: one already seen at 700 MeV and
corresponding to the excitation of the P11!1440" and
D13!1520" resonances and the other at 1100 MeV, seen
for the first time and corresponding to the excitation of
the P11!1710" and D13!1700" states. The sign of the beam
asymmetry and the general trend of the differential cross
section and the beam asymmetry were reproduced satis-
factorily by the Laget model, where the " meson was
involved in two dominant mechanisms, namely, the ex-
citation of P11 resonances which decay by " emission and
the direct emission of the " meson during the initial #
exchange. Our interpretation with the Laget model is
based on a minimum set of resonances whose parameters
lie in the range of accepted values. It has to be confirmed
by a full partial wave analysis requiring a large database
for which our data would represent a significant input. The
2!0 channel not only would provide a powerful filter to
study P11 resonances but also would be an important
source of the " meson. Finally, our conclusions support
a dedicated program of 2!0 photoproduction on heavy
targets, in order to study the propagation of the " meson
in hadronic matter [16–19].
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FIG. 3 (color online). The beam asymmetry ! for the reac-
tion $p ! p!0!0 at four beam energies: (a) 650–780 MeV,
(b) 780–970 MeV, (c) 970–1200 MeV, and (d) 1200–1450 MeV.
On the left, ! as a function of the IM of the system (!0!0) and
on the right, of the IM of the system (p!0). The continuous line
shows the Laget model results. The reaction plane used to
define the % angle in order to extract ! was, on the left, the
plane of the incident photon and the outgoing proton, and on
the right, of the incident photon and any one of the two
outgoing !0’s .

-0.3
0.0

γp→p(πoπo)
(a)

γp→(pπo)πo

(a)

-0.3
0.0

B
ea

m
 A

sy
m

m
et

ry
   

Σ (b) (b)

-0.3
0.0

(c) (c)

-0.3
0.0

0 90

(d)

ΘCM(πoπo)     (Deg.)
0 90 180

(d)

ΘCM(πo)     (Deg.)

FIG. 4 (color online). The beam asymmetry ! for the reac-
tion $p ! p!0!0 at for bins of beam energy in terms of
"CM!!0!0" (on the left) and of "CM!!0" (on the right). The
calculations of Laget (solid line) and the Valencia group
(dashed line) are shown. Notations as in Fig. 3.

P H Y S I C A L R E V I E W L E T T E R S week ending
6 JUNE 2003VOLUME 90, NUMBER 22

222001-4 222001-4

GDH Collaboration, A2 Collaboration / Physics Letters B 624 (2005) 173–180 179

Fig. 5. The helicity-dependent cross sections σ1/2 (open circles) and
σ3/2 (full circles) for the γ⃗ p⃗ → pπ0π0 channel are compared to
the predictions of the Valencia [5,6] and HKT (PV coupling) [8]
models.

By combining $σ with the unpolarized cross sec-
tion, the separate σ1/2 and σ3/2 cross sections can also
be extracted and the resulting values are given in Fig. 5
together with predictions of the Valencia and HKT
(PV coupling) models.
According to both models, the D13(1520) reso-

nance is largely responsible for the observed domi-
nance of the σ3/2 cross section, via the process γN →
D13(1520) → π∆ → ππN . However, as can be seen
in Fig. 5, there is also a non-negligible σ1/2 cross
section, which points to significant non-resonant ef-
fects and to mechanisms involving the intermediate
excitation of additional spin-1/2 resonances, such as
P11(1440).
Measurements of additional polarization observ-

ables, such as the helicity-dependent invariant mass
distributions, are needed to fully disentangle and iden-
tify this contribution.

5. Conclusion

The first measurement of the helicity dependence
of the total cross section for the γ⃗ p⃗ → pπ0π0 reac-
tion has been carried out at incident photon energies
from 400 to 800 MeV within the context of the GDH

experiment at MAMI. A strong helicity dependence
is observed, with a clear dominance of the σ3/2 over
the σ1/2 cross section. This suggests a resonant behav-
ior due to the intermediate excitation of theD13(1520)
resonance. However, the σ1/2 cross section is not neg-
ligible, with an indication of a resonance contribution,
possibly from the P11(1440) excitation. Further mea-
surements are needed to clearly identify the elemen-
tary mechanisms that produce it.
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Figure 1.18: Previous measured polarization observables for double π0 pho-
toproduction from the free proton [48, 57, 60]. Observable Sigma [57]: solid
lines: Laget model [63]. Dashed lines: Valencia model [64–66]. Observable E
[48]: shown are the helicity dependent cross sections σ1/2 (open circles) and
σ3/2 (filled circles). Solid and dashed lines: Valencia model [64–66]. Dotted
and dashed-dotted lines: HKT model (PV) [67]. Observables Is and Ic [60]:
upper row: results for the ∆(1232)3/2+ region. Lower row: results for the
N(1520)3/2− region. Open circles: mirror points of solid circles. Solid lines:
BnGa PWA fit.

tribute. The main difference between the different calculations are the contributions
of the sequential decays via intermediate resonances. Whereas the model by Murphy
and Laget [63] (compared to the total cross section and beam asymmetry Σ (see top
left figure in Figure 1.18) from the GRAAL data in Ref. [57]) assumes significant
contributions from the decay of the Roper resonance N(1440)1/2− → Nσ (where
Nσ corresponds to the N(π0π0)S state with the two pions in a relative s-wave), the
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Fig. 5. Results for I⊙(Φ) for different ranges of W = √
s. Left hand side: (black) stars: free proton, (blue in the web version) triangles: quasi-free proton. (Black) solid curves

(A.F. 05): model results from [29]. (Black) dotted curves (only for two lowest W ranges): model results from [16] (V.K. 12). (Magenta in the web version) dotted curves:
solution BnGa2011-1 from [47], (green in the web version) dash-dotted curves: solution BnGa2011-2 from [47]. Right hand side: data for quasi-free neutrons (red in the web
version) triangles compared to free proton. Dashed (red in the web version) curves: fits to neutron data. Solid (black) curves: model results from [29].

Fig. 6. Coefficients of the fits of the asymmetries from Fig. 5 with Eq. (7) as a
function of cm-energy W . Left hand side: free and quasi-free proton data, right
hand side: comparison of proton and neutron data. Solid curves: model results
from [29]. Dotted curves: solution BnGa2011-1 from [47], dash-dotted curves: so-
lution BnGa2011-2 from [47]. (Blue in the web version) diamonds (only for low
energy region proton data): model results from [16].

For the ordered pion pairs, Eq. (3) is not valid and consequently
also the coefficients with odd numbers can contribute. The coeffi-
cients with even numbers are of course identical (within statistical
fluctuations) to the corresponding coefficients of the analysis with
randomized pions. The asymmetries are shown in Fig. 5, the coef-
ficients are summarized in Fig. 6.

The asymmetries for the free and quasi-free proton are com-
pared at the left hand side of Fig. 5 and their sine-coefficients

are shown at the left hand side from Fig. 6. The comparison does
not reveal any significant discrepancies, demonstrating that the
removal of effects from nuclear Fermi motion via the kinematic
reconstruction works excellently. Thus, the neutron asymmetries
measured this way can be taken as a good approximation of free-
neutron data and can be compared to corresponding model results.

The comparison of the results for π0π0 production off protons
and neutrons in Figs. 5 and 6 shows, over the entire investigated
energy range, a surprising similarity between the asymmetries
of the two isospin channels. At low incident photon energies,
in the so-called second resonance region, one might argue that
the reaction mechanism for double π0 production is similar
for protons and neutrons, because in both cases the sequential
D13(1525) → π0#(1232) → π0π0N decay chain dominates. How-
ever, in the third resonance peak, around W = 1.7 GeV, reaction
models [29] predict dominant contributions from different reso-
nances. Due to the electromagnetic γ N N⋆ couplings, the largest
contribution to the proton cross section is supposed to come
from the F15(1680) → #π0 decay; while for the neutron the
D15(1675) → #π0 decay is stronger [29]. However, the observed
asymmetries are practically identical. Given the predicted large
sensitivity of this observable to even small changes in the am-
plitudes (see for example [30]), this stability is unexpected.

Predictions for the asymmetries have been made by several re-
action models. It has already been shown in [32] that the Valencia
model [26–28,30] does not reproduce the asymmetries in the sec-
ond resonance region. Results at higher incident photon energies
are not available from this model.

The Bonn–Gatchina coupled channel analysis has extracted in a
recent update properties of baryon resonances from a simultane-
ous analysis of many different reaction channels including double
π0 production [47]. With the available data base, they obtain two
classes of solutions, called BnGa2011-01 and BnGa2011-02, which
differ for the resonance contributions in a few partial waves. Pre-
dictions for the beam-helicity asymmetries from the two solutions
are compared to the data in Figs. 5 (left hand side) and 6. The
results shown in Fig. 5 reproduce the measured asymmetries over
the whole energy range reasonably well. More details emerge from
the comparison of the fitted coefficients Ai for model results and
measured asymmetries in Fig. 6. The magnitude and rapid vari-
ation of the A1 coefficient is excellently reproduced by both so-
lutions. The agreement for the A2 parameter is worse. But apart
from the second resonance region below masses of 1.6 GeV, solu-
tion 01 is clearly preferred. The A3 coefficient is obviously not yet
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(A.F. 05): model results from [29]. (Black) dotted curves (only for two lowest W ranges): model results from [16] (V.K. 12). (Magenta in the web version) dotted curves:
solution BnGa2011-1 from [47], (green in the web version) dash-dotted curves: solution BnGa2011-2 from [47]. Right hand side: data for quasi-free neutrons (red in the web
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Fig. 6. Coefficients of the fits of the asymmetries from Fig. 5 with Eq. (7) as a
function of cm-energy W . Left hand side: free and quasi-free proton data, right
hand side: comparison of proton and neutron data. Solid curves: model results
from [29]. Dotted curves: solution BnGa2011-1 from [47], dash-dotted curves: so-
lution BnGa2011-2 from [47]. (Blue in the web version) diamonds (only for low
energy region proton data): model results from [16].
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Fig. 4. The total cross sections of double π0 photoproduction on the quasi-free
neutron (with solid circles) and quasi-free proton (with open circles), compared
to the one on the free proton (with triangles).

one at the 1100 MeV being higher on the neutron. The system-
atic error on these results is estimated to be about 7%. The cross
section on the quasi-free proton is also compared to the cross
section on the free proton (plotted with triangles), showing a
flattening of the peaks and a shifting towards higher incident
energy.

Since the Fermi motions of the neutron and the proton inside
a deuterium target are identical, it is expected that the total cross
section σt scales in an identical way, when one passes from
quasi-free proton to free proton and from quasi-free neutron to
free neutron. So, using the ratio R (quasi-free neutron/quasi-
free proton) measured here and the cross section on free protons
obtained in Ref. [9], we deduced σt on a free neutron as plot-
ted with dots in Fig. 5, which is compared with σt on a free
proton plotted with empty circles. Both cross sections are dom-
inated by two peaks at 1500 and 1700 MeV in the centre of
mass. The peak at 1700 MeV is more important on the neu-
tron, as also illustrated by the ratio R, plotted in the inset of the
figure.

For the interpretation of our present results on the neutron,
the model of J.M. Laget was used to fit the total cross section
results and to predict the beam asymmetry ones [16,17]. The
parameters of the resonances are the same as on the proton [9],
except: (i) the mass of D13(1650) was shifted to 1675 MeV and
that of P11(1720) to 1710 MeV, (ii) the radiative couplings have
been adjusted to fit the data (Γγ = 0.075 MeV for D13(1675),
0.27 for P11(1500) and 0.01 for P11(1710)), and (iii) the sign
of the radiative coupling of the neutron to the D13(1675) is op-
posite to the one in the proton case. In Fig. 5, the results of the
Laget model on the free neutron are plotted by a continuous line
while those on the free proton, taken from Ref. [9] are shown
by a dotted line. The model reproduces the two peaks which
dominate the total cross section, relying on the interference be-
tween the direct emission of the σ meson and the decay of the
P11 resonances into the σN channel.

The Valencia group model includes a large number of di-
agrams and was used to calculate the various observables in
double pion photoproduction on the nucleon for beam energy
from threshold up to 800 MeV [2,3]. When applied to the dou-

Fig. 5. Total cross sections for double π0 photoproduction on the nucleon as
a function of the beam energy. In dots, are the results of the present work for
γn → nπ0π0 on free neutron. In circles, the results previously published for
the free proton [9]. The error bars (≈8%) for neutron results are total errors
coming from statistics, background subtraction, neutron efficiency calculation,
and phase space extrapolation. An additional systematic error of ≈6% not
drawn originates from our use in the acceptance calculation the phase space of
γ d → %0π0p → nπ0π0p reaction by lack of a more realistic one. The lines
show the results of models, the solid lines being on neutron and the non-solid
ones on proton. The dotted and dashed lines of Fix and Arenhövel model are
for positive and negative sign of F15π% coupling respectively. In the inset, on
the upper right side, the quasi-free neutron to quasi-free proton cross section
ratio.

ble π0 photoproduction on the nucleon it reproduces the peak
at 800 MeV in the total cross section on the free proton but un-
derestimates the one on the free neutron. The model includes
P33(1232), P11(1440) and D13(1520) as intermediate bary-
onic states and gives the main contribution from D13(1520).
Recently the model was applied to interpret the helicity de-
pendence of the total cross section of γ⃗ p⃗ → π0π0p reaction
[10] and its results were consistent with the dominance of the
σ3/2.

More recently, Fix and Arenhövel calculated the double pho-
toproduction on the nucleon for photon energies from thresh-
old up to 1.5 GeV, using an effective Lagrangian approach
with resonance and Born terms contributions [4]. A satisfac-
tory description of the total cross section of double pions on
the protons for various charge channels was obtained but the
total cross section of double π0 was underestimated. Never-
theless, the model gives a consistent result with the Valencia
group model in explaining the peak at 800 MeV as due to the
D13(1520) resonance. The calculation predicts a second peak at
1 GeV on both the proton and the neutron target mostly com-
ing from the excitation of the F15(1680). The magnitude of the
peak is higher on proton target and then close to the experi-
mental data when the coupling of the F15π% is taken with a
negative sign.

σ0

Figure 1.19: Previous measured observables for double π0 photoproduction
from quasi-free protons and neutrons [56, 68]. Unpolarized cross sections σ0

[68]: model curves: notations are given in the figure (Laget model [63], Oset
model [64, 65], Fix and Arenhövel [62]). The dashed-dotted curve from Fix and
Arenhövel corresponds to the dotted curve with an inverse sign of the F15π∆
coupling. Observable I�: notations are given in the figure. Model curves from:
A.F. 05 [62], V.K. 12 [55], BnGa 1/2 [38].

MAID [62] and Valencia model [64–66] proposed a significant contribution from the
decay of the N(1520)3/2− resonance via an intermediate ∆(1232)3/2+π0 state. In
2003, the measurement of the helicity dependent cross sections σ1/2 and σ3/2 (see top
right figure in Figure 1.18) excluded a possible dominance of the Nσ state, since σ1/2

is much smaller in the second resonance region.

Another discrepancy between the models was the almost complete absence of
contributions of the ∆(1700)3/2− resonance in the second region, from which in
contrast a substantial contribution was predicted by the BnGa result [51, 59]. They
observed a strong interference of this resonance with the N(1520)3/2− state. In 2012,
Kashevarov et al. [55] obtained significant contributions from resonances with spin
J = 3/2 for energies below the excitation of the N(1520)3/2− resonance. This is still
controversial, but could result either from contributions of the ∆(1700)3/2− or from
rescattering effects, which is not accounted for in most of the other calculations. Re-
cent results from CBELSA/TAPS extended the discussion to energies up to the third
[59] and fourth [58, 60, 61] resonance region and first results for the polarization ob-
servables Is and Ic were obtained with linearly polarized photon beams (see bottom
figure in Figure 1.18). These new results were used for an explicit re-analysis with
the BnGa model [61]. They reported dominant decays into the pπ0π0 final state via
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intermediate ∆(1232)3/2+π0, N(1440)1/2+π0, N(1520)3/2−π0 and N(1680)5/2+π0

states as well as contributions from the light unflavored fi mesons, i.e. pf0(500),
pf0(980), and pf2(1270).

As discussed for single π0 photoproduction in Section 1.4.1, the investigation of
the isospin degree of freedom requires the measurement on the neutron. At present,
cross sections are only available from two inclusive measurements at MAMI [69, 70]
and from one exclusive measurement at GRAAL [68]. In addition, recent MAMI
data was used for the extraction of the beam helicity asymmetry I� [56]. The
GRAAL results for the cross sections for the proton and neutron are shown on the
left-hand side and the beam helicity asymmetry on the right-hand side of Figure
1.19. GRAAL reported similar neutron and proton cross sections in the second
resonance region followed by a sudden excess of the neutron result with respect to
the proton in the third resonance region. This is in agreement with the expectations
from the relevant resonance contributions in this energy range (N(1680)5/2+ for the
proton and N(1675)5/2− for the neutron), but is in contradiction with the obtained
results for the beam helicity asymmetry, which are almost identical for the proton
and neutron. The MAID predictions do not support such a similar behavior of the
beam helicity asymmetry, but on the other side achieve only poor agreement with
the measured cross sections.
Even though only few polarization observables have been measured so far and most of
them on the free proton, the results achieved significant improvement of the models.
However, the identification of the large number of contributing N∗ and ∆(1232)
resonances with the present observables is limited and thus requires the measurement
of polarization observables and the reaction on the neutron.

1.5 Partial Wave Analysis and Reaction Models

For an interpretation of the results obtained in this work, they will be compared
to the most recent model calculations from the MAID isobar model [40] (single π0

photoproduction), the MAID unitary isobar model [62] (double π0 photoproduc-
tion), the SAID partial wave analysis [39] (only single π0 photoproduction), and the
Bonn-Gatchina coupled-channel partial-wave analysis [38, 43] (single and double π0

photoproduction). From the latter, only a prediction for double π0 from the proton
is available and the solution for single π0 photoproduction from the neutron is not
available in the latest calculation [43]. The results of the models for single π0 photo-
production are shown in Figure 1.15 (main plot: neutron, top right insert: proton)
and those for double π0 photoproduction in Figure 1.17.
The following sections summarize the basic principles of the different models.

1.5.1 SAID

The SAID (Scattering Analysis Interactive Dial-in) partial wave analysis [39, 41, 71]
is based at George Washington University and is developed by the CNS Data Analysis
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Center [72] at the George Washington University, Washington DC, USA. It maintains
a database which contains the world data on πN , πd, KN , and NN scattering, as
well as π-, K-, η, and η′-photoproduction data and provides multipole results from
PWA of the data. Since the database contains only single meson photoproduction,
predictions for double π0 photoproduction are not available. Predictions for single
π0 photoproduction are available from production threshold throughout the first,
second, and third resonance region up to Eγ ≈ 2.7 GeV and contains information
on unpolarized and polarized observables. The observables are defined in terms of
both helicity and transversity amplitudes (see Section 1.2.4 and 1.3) as defined in by
Barker, Donnachie, and Storrow [21].

The initial results for meson photoproduction (solution SP06 [71]) mainly result
from a coupled-channel partial wave analysis of πN and ηN data. Later on, pion
photoproduction data (the largest influence on the solution was due to the addition of
the GRAAL data for the beam asymmetry Σ for ~γn→ π−p and for ~γn→ π0n) was
included in the analysis (solution SN11 [41]). In addition, a different approach in the
calculation was developed using the Chew-Mandelstam parametrization described in
[71] (solution CM12 [39]) and was applied to the same database used for the SN11
solution. The latest solution, i.e. CM12, corresponds to the version used for the
comparison of the present data. This version uses fewer parameters than the earlier
versions for the determination of the scattering and reaction amplitudes and was
mainly developed to achieve a unified description of single π photoproduction data
together with that of the π and η hadroproduction and their fit, according to the
authors, achieves a better χ2 than the other available parametrizations or models.
The obtained photo-decay couplings of the CM12 solution in general are in agreement
with the SN11 solution and the PDG values. The largest differences are seen in the
N(1535)1/2− and N(1720)3/2+ resonances.

1.5.2 MAID

The MAID model [73] has been developed at the Johannes Gutenberg University in
Mainz, Germany and provides several models for meson and multiple meson photo-
and electroproduction. The unitary isobar model for pion photo- and electropro-
duction on the nucleon [40, 74] provides predictions for single π0 photoproduction
from protons and neutrons and the isobar model for two-pion photoproduction on
the nucleon [62] provides predictions for double π0 photoproduction from protons
and neutrons.

The MAID Unitary Isobar Model

The unitary isobar model [40, 74] has been developed with the aim to analyze the
world data on pion photo- and electroproduction. The model consists of a common
background and several resonance terms. Whereas the background is unitarized ac-
cording to the K-matrix formalism, the 13 four-star rated resonances with masses
below 2 GeV are described by unitarized Breit-Wigner forms. It provides results for
the transverse and longitudinal helicity amplitudes for the four-star resonances below
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2 GeV, which were obtained by a single-energy and global fit of the world database
of photo- and electroproduction data. According to the authors, the solution pro-
vides confident results for the helicity couplings for the ∆(1232)3/2+, N(1440)1/2+,
N(1535)1/2−, N(1520)3/2−, and N(1680)5/2+ resonances. Due to the lack of results
for polarization observables, the predictions of higher resonances are less confident.

The MAID Isobar Model

The predictions from the MAID Isobar Model [62] are based on an effective La-
grangian approach for the elementary operator including resonance and Born terms.
The model parameters have been fixed by resonance decay widths and multipole anal-
yses of data from single pion photoproduction. For the proton, the model achieves
satisfactory agreement with the mixed-charged and charged channels, but signifi-
cantly underestimates the neutral channel, mainly at threshold. For the predictions
of the reaction on the neutron, the reaction on the deuteron is evaluated with the
same operator in the impulse approximation. Additionally, the model accounts for
effects from nucleon-nucleon rescattering in the final state, but neglects those from
pion-nucleon and pion-pion rescattering.

1.5.3 Bonn-Gatchina

The Bonn-Gatchina (BnGa) model [75] has been developed in collaboration of the
Rheinische Friedrich-Wilhelms-Universität in Bonn, Germany, and the Petersburg
Nuclear Physics Institute in Gatchina, Russia. The model is a coupled-channel re-
action model (with background terms) and simultaneously fits the world baryon
spectroscopy data, including πN scattering and single and multiple meson photo-
production. At present, the latest model, i.e. BnGa14-02 [43], is only available for
the reactions on the proton and for single π0 photoproduction. Therefore, for the
comparison of the single π0 data from the neutron, the BnGa11-02 solution was used,
whereas for single and double π0 photoproduction from the proton, the BnGa14-02
solution was considered.
In the analysis, the partial waves at low energies are described by the K-matrix ap-
proach and resonances of masses above 2.2 GeV are described by relativistic multi-
channel Breit-Wigner amplitudes [76]. For the non-resonant contributions, reggeized
t- and u-channel amplitudes are added to the resonant part. The difference between
the individual solutions is mainly the data to which the model was fitted. The latest
model (BnGa14-02) includes recent results for the polarization observables Σ , Ic,
and Is from ηπ0 photoproduction from the free proton [43].

1.6 Final State Interaction Effects

The extraction of the results on the free neutron relies on measurement on light
nuclei. Due to the small binding energy and its simple and relatively well known
nuclear structure, the deuteron is mostly used as target. However, the results are
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affected by nuclear effects, such as Fermi motion or final state interaction effects.
Whereas the former can be eliminated by a complete kinematical reconstruction of
the final state, the latter can be investigated by a comparison of the reaction cross
section on the quasi-free protons bound in the deuteron to the result from the free
proton. The findings can then be applied to the quasi-free neutron result in order to
obtain an estimate for the results on the free neutron. However, this assumes that
the effects are similar for protons and neutrons, which in general does not have to
be the case. Even though first theoretical calculations of such effects exist for the
reaction γd→ π−pp [77] and are on the way for the reaction γd→ π0pn [78–82], they
are still in an early state. The main statement of the calculations is that the FSI
effects for the reaction on the proton and the neutron are in general not equal, but
for single π0 photoproduction there are certain cases where they have to be identical.
In addition, for a large energy and meson polar angle range, the effects are expected
to be very similar, which justifies the above mentioned estimation of the free neutron
cross section to a certain extent. In the following, the final state interaction effects
will be briefly discussed by means of the underlying theoretical model [82].
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Figure 1: The impulse-approximation (Ma1, Ma2), NN -FSI (Mb) and πN -FSI (Mc1, Mc2)
diagrams for the reaction γp → π0p. See text for definition of “fast” (Nf) and “slow” (Ns)
final-state nucleons.

model to the neutron. The aim of the present note is to employ a specific approach to the
FSI corrections for the deuteron data to obtain and compare the correction factors for the
elementary photoproduction processes on the proton and neutron targets in wide regions
of initial photon energy and of outgoing-pion angles.

2. Reaction Amplitude

Let us write down the γd → π0pn amplitude (the case of η production will be discussed
later on) as

Mγd = Ma1 + Ma2 + Mb + Mc1 + Mc2, (1)

where the terms in the r.h.s. are represented in Fig. 1. The amplitude Mγd contains
the impulse-approximation (IA) [1] terms Ma1 and Ma2 and FSI terms, where Mb is the
NN -rescattering, while Mc1 and Mc2 are the πN -rescattering amplitudes. Hereafter, we
consider the kinematics with fast and slow final state nucleons Nf(qf) and Ns(qs), where
qf,s are their momenta in the laboratory system, and |qf | ≫ |qs|. First, let us discuss the
elementary process γN → πN . In the isospin basis, the amplitude has the form [2]

A(γN →πaN) = Avδa3 + Av1
1

2
[τa, τ3] + Asτa , (2)

where τa is the Pauli matrix; Av and Av1 are two isovector amplitudes and As is the
isoscalar one. For the proton and neutron targets, we have

A(γp → π0p) = Av + As, A(γn → π0n) = Av − As, (3)

i.e., in the general case, when As ̸= 0, the γp and γn amplitudes are not equal. Now, we
shall consider two different kinematics. Case 1 corresponds to a fast proton and a slow
neutron in the final state, i.e., Nf = p and Ns = n. We define case 2 as the result of the
isospin replacement p ↔ n for case 1, i.e., Nf =n and Ns =p, with identical momenta and
spins of the fast and slow nucleons. Then, the IA amplitudes Ma1 and Ma2 read

Ma1 = [(A(1)
v + A(1)

s ) ϕd(qs)], Ma2 = [(A(2)
v − A(2)

s ) ϕd(qf )] (case 1);

Ma1 = [(A(1)
v − A(1)

s ) ϕd(qs)], Ma2 = [(A(2)
v + A(2)

s ) ϕd(qf )] (case 2).
(4)

2

Figure 1.20: Feynman diagrams for the reaction γdπ0pn. Ma1,Ma2: impulse-
approximation. Mb: NN -FSI. Mc1,Mc2: πN -FSI. Nf : fast final-state nucleon.
Ns: slow final-state nucleon. Figure taken from [82].

In π0 photoproduction from the deuteron, the elementary γN reaction can oc-
cur on the proton or on the neutron of the deuteron. The calculation is based on
the consideration of the two nucleons in quasi-free kinematics (see Section 1.2.1).
Thereby the participant nucleon on which the reaction occurred receives a much
larger momentum ~qf as the spectator nucleon ~qs, i.e. ~qf ≫ ~qs, and is referred to
as the fast nucleon and the spectator as slow nucleon. The amplitude Mγd of the
reaction γd→ π0pn can be written as:

Mγd = Ma1 +Ma2 +Mb +Mc1 +Mc2 , (1.37)

where the individual amplitudes are illustrated in Figure 1.20. The total amplitude
Mγd contains the impulse approximation (IA) [83] termsMa1,Ma2 and the FSI terms
Mb,Mc1,Mc2, whereMb denotes the nucleon-nucleon (NN) rescattering andMc1,Mc2

correspond to the pion-nucleon (πN) rescattering amplitudes.
Since the πN -FSI effects were shown to be small and even negligible at energies above
200 MeV [79–81], the πN -amplitudes can be omitted from the further discussion. The
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total amplitude is then given by:

Mγd = Ma1 + ∆ , ∆ = Ma2 +Mb . (1.38)

Correction factors for the quasi-free results were then obtained from the model by
the ratio of the free to quasi free cross sections:

Rp =
dσ(p)(γd)

dΩ

/
dσ(γd)

dΩ
, Rn =

dσ(n)(γd)

dΩ

/
dσ(γd)

dΩ
, (1.39)

where dΩ is the solid angle and dσ(p)/(n)(γd) is calculated from the main IA diagram
Ma1 and dσ(γd) from the full amplitude Mγd, as defined in Equation (1.38). The
results for the correction factor for the quasi-free proton and the quasi-free neutron
are compared to each other in Figure 1.21.

Figure 5: Comparison of the correction factors Rp (solid curves) and Rn (dashed curves)
at the same energies E as in Fig. 4. Upper [(a-c)] and lower [(d-f)] plots correspond to the
variants shown by dashed and solid curves in Fig. 4, respectively (see notations therein).
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Figure 1.21: Comparison of the correction factor for the quasi-free proton Rp

(solid curves) and the quasi-free neutron Rn (dashed curve). Except for small
meson cm polar angles θ∗, the correction factors are almost identical. Figure
taken from [82].

It can be seen that the FSI effects affect both results at small meson cm polar
angles θ∗, which corresponds to pions that are emitted at forward angles, whereas at
larger angles, both effects are negligible and Rp = Rn ≈ 1.





2
Experimental Setup

The development of electron accelerator facilities drastically increased in the late
1960's when nuclear and medium energy particle physics research was strongly de-
pending on suitable machines for coincidence experiments. The three most successful
types of electron accelerators that were developed and are the most common accel-
erators today are: the recirculated superconduction linac, the stretcher ring, and the
race track microtron. The most famous example for a facility using a recirculated
superconduction linac is CEBAF (“Continuous Electron Beam Accelerator Facility”)
at the Thomas Jefferson National Accelerator Facility (Jefferson Lab) [84] in New-
port News, USA. The world’s largest racetrack microtron can be found at MAMI
[85] at the Institute of Nuclear Physics in Mainz, Germany. ELSA, at the Institute
of Physics in Bonn, Germany [86], makes use of the stretcher ring scheme. All three
accelerators are mainly used for hadron physics experiments, probing the nucleus of
the atom.
The following chapter introduces the two electron accelerator facilities MAMI (from
German “Mainzer Mikrotron”) in Mainz and ELSA (from German “Elektronen Stretcher
Anlage”) in Bonn where the experiments that form the basis of this work have been
carried out. At both facilities, the principles of the experimental setup is very similar:
the electron beam is extracted and directed into the experimental area where it hits
a thin radiator foil to produce a photon beam via the bremsstrahlung process. The
photon beam then impinges onto a target material, which is surrounded by the differ-
ent detector components used to track and detect the reaction products. The main
detector components consist of two electromagnetic calorimeters: one surrounds the
target and another one is arranged as a forward wall (behind the latter in the di-
rection of the beam). Charged particles are distinguished from neutral particles by
using different kinds of plastic scintillators.
The first sections introduce the MAMI accelerator (Section 2.1), the setup (Section
2.2) and detector readout (Section 2.3) of the A2 experiment, followed by the ELSA
accelerator (Section 2.4), the setup (Section 2.5) and the detector readout (Section
2.6) of the CBELSA/TAPS experiment. Then the principles and techniques of po-
larized beams (Section 2.7) and targets (Section 2.8) will be explained and finally,
an overview of the different beamtimes (Section 2.9) is given.
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2.1 The Electron Accelerator Facility MAMI
Many-Body Structure of Strongly Interacting Systems 21

Fig. 1. Floor plan of the institute.

Using parts of the MAMI-design some institutes proposed and constructed
RTMs, in some cases as injector for their accelerators, e.g. NBS-Los Alamos [24,25];
Moscow State University [26]; University of Sao Paulo [27]; MAX-lab, Lund [28,29];
Scanditronix AB, Uppsala [30].

1.1 Achieving higher energies

The RTM-type accelerators proved to be suitable for output energies of up to 1GeV.
When trying to design RTMs for even higher energies two fundamental problems arise.
The first one is that the homogeneous magnetic dipole field must be established over
an area of several square metres which is only reasonably achievable by using large
iron yokes. Due to the saturation of ferromagnetic materials this limits the magnetic
field to about 1.5T which is almost reached in the third MAMI stage (1.29T). To
scale an RTM to higher energies therefore means to enlarge the linear dimensions of
its magnets by almost the same scale, yielding a dependence of the magnet volume or
weight with the 3rd power of output energy. Doubling the energy of the third MAMI
RTM would therefore result in an unrealistic huge weight of more than 3000 t per
dipole. The second problem arises from the relative small energy gain per turn: The
beam has to recirculate many times through the machine. In each turn it loses energy
stochastically due to synchrotron radiation which may lead to emittance growth in
the longitudinal and also in the horizontal plane. As the energy loss per turn grows
with the 3rd power of the beam energy, it can be shown that energies significantly
above 1GeV are actually not reachable. A possible solution may be to accelerate
in a way that the path-length growth is a multiple instead of one rf wavelength, as
e.g. done at the NBS microtron (n = 2) [24], but this leads to smaller longitudinal

Figure 2.1: Floor plan of the MAMI electron accelerator facility. It shows the
unpolarized and polarized electron sources and the pre-accelerating linac stages
(bottom left), the cascade of racetrack microtrons (RTM1-3) the harmonic
double-sided microtron (HDSM) and the different experimental halls (right-
hand side). The former accelerator, MAMI-B, comprised of the RTM cascade
(red framed area), the present accelerator comprises of the RTM cascade and
the HDSM (violet framed area). Figure taken from [87].

The MAMI electron facility [85, 88–95] accelerates electrons via a cascade of three
racetrack microtrons (RTM) and an additional harmonic double-sided microtron
(HDSM) up to relativistic electron beam energies of nearly 1.6 GeV. It provides
polarized electron beams with 80 % degree of polarization and a beam current of
more than 20 µA and unpolarized electron beams up to 100 µA. The continuous
wave acceleration results in a continuous electron current, a beam width of less than
0.1 mm, and an energy uncertainty of less than 13 keV. In addition, a complex control
mechanism confines the beam position to be within 200 µm [85].
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2.1.1 The Electron Gun and Injector Linac

In its first ten years of operation, the electrons of the beam have been produced by
thermal emission at the cathode inside the electron gun. Before being injected into
the first race track microtron, the electrons have been pre-accelerated to 2.1 MeV
with a Van De Graaff accelerator [88]. With this thermal source, an unpolarized
electron beam up to 100 µA current was achieved.
In the late 80's, it was decided to replace the Van de Graaff pre-accelerator by a
more reliable and simple continuous wave radio frequency linac. Besides providing
improved beam stability, it also guarantees the space and the high vacuum that was
necessary for the implementation of a polarized electron source [96]. The polarized
electron source is based on the photoelectron emission of III-V-semiconductors. In
this case the cathode is a strained layer GaAsP crystal, which is irradiated by a
titanium sapphire laser resulting in a polarized electron beam of a maximum current
of 20 µA and a degree of polarization of up to 80 %. Figure 2.2 shows a schematic
of the polarized electron source at MAMI.

Operational Experience with the
MAMI-Source of Polarized Electrons
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Abstract
The MAMI source of polarized electrons is based on
the photoelectron emission of III–V–semiconductors. At
present strained layer GaAsP cathodes are applied, which
produce an electron beam spinpolarized to a degree of 75%
typically. Quantum efficiencies around 0.4% are observed
routinely. In the period 1994/96 the source was applied in
MAMI -experiments for more than 1500 hours. It was used
mainly in measurements of nucleon form factors via the re-
actions H(~e, e0~p) , D(~e, e0~p) , D(~e, e0~n) and 3 ~He(~e, e0n)
performed by the MAMI -collaboration A3.
A substantial progress in operational reliability was

achieved by attachment of a load lock system to the source
gun. It allows quick replacement of cathodes without break-
ing the gun vacuum and high voltage processing without a
cathode in place. Clean vacuum conditions are achieved by
preserving UHV in the gun chamber for extended periods.
In this report the experimental setup and operational expe-
rience are discussed.

1 INTRODUCTION
Many nuclear physics experiments at the c.w.-accelerator
MAMI require a polarized electron beam with high bright-
ness for several hundred hours operation time [2, 3, 4, 5].
A reliable, stably running source of porized electrons is of
paramount importance for the success of such investiga-
tions. The present work describes operational experience
with a source that has been developed by the MAMI B2-
collaboration in recent years. It was applied successfully in
the period 1994/96 in measurements of nucleon form fac-
tors via the reactions 3 ~He(~e, e0n) , D(~e, e0~p) , D(~e, e0~n) ,
H(~e, e0~p) .

2 THE POLARIZED ELECTRON
SOURCE

The MAMI source of polarized electrons uses photoemis-
sion from III–V–semiconductors [1]. The photocathode is
installed in a conventionally designed 100 keV electron gun
and is irradiated by a circularly polarized laser beam (fig. 1)
[5]. In spring 1995 an ultrahigh vacum system consisting of
a load lock and a preparation chamber was added to the gun
[6]. Crystals are introduced into the preparation chamber

via the load lock. In the preparation chamber cathodes are
stored (up to six), heatcleaned and covered with a submono-
layer of caesium and oxygen to get negative values of elec-
tron affinity (NEA). Replacement of a cathode in the gun
by a fresh sample stored in the preparation chamber is done
with help of vacuum manipulators indicated in fig.1. Fig.2
gives some details of the transfer procedure.

Figure 1: MAMI source of polarized electrons with the load
lock system added

The essential advantages of this system are :

• The cathodes may be exchanged without breaking the
gun vacuum. Because of that clean vacuum conditions
are achieved in the gun chamber for extended periods
(at present 1 · 10�11mbar ). An excellent vacuum is a
prerequisite for long lifetimes of the cathodes. [4, 7].

• At the end of the operation time of a crystal a quick
replacement between the preparation chamber and the
gun is possible. This process requires about three
hours, including the time to adjust the elektron beam
to the accelerator and the injection into it. A duty fac-

Figure 2.2: Polarized electron source at MAMI. Figure taken from [97].

2.1.2 The Racetrack Microtron Cascade

The energy gain ∆T of a charged particle being accelerated with a linear accelerator
of length L, shunt impedance r, and total radio frequency power P is given by [98]:

∆T 2 = r · L · P . (2.1)

Accelerating particles in the amount of energy ∆T of several 100 MeV is only
possible in pulsed mode, as the shunt impedance r in normal conducting linear
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accelerators is on the order of 50 MΩ/m. This results in an extremely high product
L · P , which is not practicable at all. This problem can be avoided by letting the
particle recirculating the linac several times. A number of n = 30 cycles in a linac
already saves three orders of magnitude in the product L · P , such that Equation
(2.1) becomes

T 2 =
(
n ·∆T 2

)
= r · L · P · n2 . (2.2)

Fig. 7: Scheme of an RTM 

Acceleration occurs off the crest of the r.f. wave and the particles 
oscillate about a certain stable phase angle at which the energy 
gain is equal to its resonant value AT. The longitudinal bucket size 
is strongly dependent on this phase angle and is drastically reduced 
with increasing v. 

Multipass BBU is less dangerous in nc. RN’s than in S.C. 
recycling machines because of the much lower Q value of the linac 
structure. It is, however, still of concern if many turns and/or 
high beam intensity are involved C141. 

By a rule of thumb in any microtron the energy at the first 
magnet passage should not be essentially smaller than one tenth 
of the output energy C263. Thus, a specific problem of normal 
conducting C.W. microtrons is to get a beam of sufficient energy 
for injection since, unlike with pulsed microtrons, the microtron 
linac itself can not be used as a preaccelerator because of its low 
field gradient. 

The output energy of an RTM is limited to about 1 GeV 
because of emittance growth due to synchrotron radiation and 
because of rapidly increasing magnet weight. “Higher order micro- 
trons” C27, 28, 291 have been proposed requiring less cumbersome 
magnets at the expense of more complicated beam optics. However, 
emittance growth, too, limits their energy to a few GeV anyway. 

MAMI of Mainz UniversLty 

General: In the “Mainz Microtron” the injection problem has 
been solved by cascading three RTM’s, magnetic flux density (and, 
thus, resonant energy gain per turn and orbit circumference) being 
increased from stage to stage E.261. By these means, the range 
from a few MeV at injection to 855 MeV output energy is bridged 
in a beam dynamically safe and yet economic way. Tab. 3 gives 
the main parameters of this machine in its final version, Fig. 8 
shows its plan view. As accelerating structure an on-axis coupled 
biperiodic structure (301 (modified Chalk River design) is used, 
operating at 2449.6MHz. Total r.f. power required at 100 pA 
beam intensity is 275 kW. including the 3.5MeV injector linac. 
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Extraction at the last stage is done by slightly inward deflection of 
the beam on the appropriate return path (Fig. 7). thus shifting the 
beam1 nff the linac axis by several cm into the extraction beam 
line. This can be done on every second path, so output energy is 
variable in steps of 15 MeV each. 

Status: In a preliminary version I”MAMI A”1 [311. the two 
first stages of MAMI. using a van de Graaff at 2.1 MeV as an 
injector have been operated routinely for users experiments from 
spring 1983 through fall 1987. During this period about 19000 
hours of usable beam have been delivered at a maximum energy of 
187 MeV and at a maximum current of 70 PA (limited by some 
trivial control problems which will be eliminated in the final version). 
MAMI A ran very reliably and stably, occasional malfunction in 
most cases caused by the van de Graaff C321. In fact, the 2.1 MeV 
input energy of RTM 1 turned out to be chosen somewhat low and 
was now raised to 3.5 MeV for the sake of less critical beam 
dynamics. 

MAMI A is being dismantled now to be moved into the new 
accelerator hail. The new injector C33, 34, 351 has been completed 
and is currently in an advanced, so far successful commissioning 
phase. The reversing magnets of RTM 3 C361 are mounted in place 
and are currently being homogenized by means of pole face correc- 
ting coils to meet the required homogeniety of a few 10d4, A 
100keV polarized electron source for optional use with MAMI is 
presently under construction C371. First 855 MeV beam is expected 
for the second half of 1989. 

RTMI RTM2 RTM3 
Flux density Tesla 0.10 0.56 1.28 
Energy gain/turn MeV 0.60 3.24 7.50 
No. of Klystrons TH 2075 1 2 5 
r.f power at 100wA kW 9 65 168 
No. of turns 18 51 90 
Magnet distance m 1.7 5.6 12.8 
input energy MeV 3.5 14 180 
Output energy MeV 14 180 855 
Emittance at output: 
horizontal mm*mrad 5 0.177t S0.014K 5 0.14K 
vertical mm+mrad r0.17n r0.014x 5 0.04X 
Energy width ‘keV 18 36 5 120 
Beam intensity VA > 105 75 100 

(achieved) (design) 

Injection 100 keV gun and ‘hree linac sections, fed by 
another klystron 

Tab. 3: Main parameters of MAMI 

Fig. 8: 
Plan view of MAM!, 
First and second RTM stages 
(left hall) are essentially the 
ones used for “MAMI A”. 

Figure 2.3: Schematic drawing of a race track microtron. Figure taken from
[98].

A common way to realize this idea of recirculating particles in a linac is the
racetrack microtron, as shown in Figure 2.3. From one passage through the linac
to another, the path length has to be increased by a multiple of the wavelength in
order to fulfill the resonance condition between the energy gain per mass and the
magnetic flux density in the bending magnets. Empirically, the energy of the initial
beam entering the RTM should not be much smaller than one tenth of the output
energy. On the other hand, the output energy is limited by increasing synchrotron
radiation emission to about 1 GeV.
At MAMI, the injection energy problem is circumvented by the cascade of three
RTMs as shown in Figure 2.4. From stage to stage, the magnetic flux density has to
be increased in order to allow for the resonant energy gain per turn and a constant
growing orbit length.
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Figure 2.4: Schematic drawing of the RTM cascade at MAMI. The two first
RTM stages have been used at MAMI-A and the full RTM cascade at MAMI-B.
Figure taken from [98].
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2.1.3 The Harmonic Double Sided Microtron

To provide a beam of higher electron energy, a fourth accelerator stage was planned.
A fourth RTMwould have not been feasible due to the immense weight of the magnets
and the emittance growth due to synchrotron radiation. A solution was found by
using four light magnets (instead of two heavy bending magnets) forming a Double
Sided Microtron (DSM). In order to avoid defocussing and to improve the stability,
one of the two linacs is driven by the fundamental frequency, the other one at the
first harmonic frequency. Compared to a RTM, it delivers twice the beam energy
for the same total weight of the magnets. This so-called Harmonic Double Sided
Microtron (HDSM) was successfully commissioned at the end of 2006 and provides
an electron beam of 1508 MeV maximum energy. After two additional upgrades of
the magnetic field maps, the maximum beam energy was increased from 1508 MeV
to 1558 MeV to finally 1604 MeV. The HDSM is shown in Figure 2.5.
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Fig. 3. A sketch of the HDSM of the MAMI accelerator facility.

2 The fundamental principles of Microtron-Like Accelerators

2.1 Longitudinal optic

The first fundamental equations when constructing an RTM are the static and the
dynamic coherence conditions, which demand that the revolution time in the first
orbit and also its increment for each turn is an integer number of rf periods. While
the first can be met merely by choosing adequate distances, the latter defines a
fixed relation between a few fundamental parameters of the microtron. This dynamic
coherence condition is a result of geometric considerations and reads as

∆s = 2π
∆TRTM
eβcB

= nλ, (1)

which means that the increase of path length ∆s in each turn, given by the energy
gain per turn ∆TRTM and the magnetic field B in the dipoles, must be a multiple of
the rf wavelength λ. For relativistic particles at β ≈ 1 a fixed ratio between energy
gain and field is obtained. For a DSM, resp. a Hexatron, this equation becomes for
one unit cell of the lattice (DSM: 1/2 turn, Hexatron: 1/3 turn)

nλ = (π − 2)∆TDSM
eβcB

(2)

nλ = 2
[π
3
− sin

(π
3

)] ∆THEX
eβcB

. (3)

Solving these equations to ∆T yields the energy gain per turn which must be provided
by the linacs. Comparing DSM and RTM we get

∆TDSM
∆TRTM

=
2π

π − 2 ≈ 5.5. (4)

This emphasises: assuming the same magnetic field and the same rf wavelength a
DSM must obtain more than 5 times higher energy gain per turn than an RTM. Even
though a DSM has two linacs, each of them must provide slightly more than twice of
the gain of an equivalent RTM. Since the technically and economically reasonable rf

Figure 2.5: Schematic drawing of the HDSM at MAMI. Figure taken from
[87].

The beam is then extracted and can be guided into one of four experimental halls,
as seen in the MAMI floor plan in Figure 2.1. The different halls focus on electron
scattering experiments (A1), photoproduction experiments (A2), parity violation
experiments (A4) and x-ray radiation experiments (X1). An overview of the different
acceleration stages is given in Table 2.1.
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unit injector RTM1 RTM2 RTM3 HDSM
inj. energy MeV 0.611 3.97 14.86 180 855
extr. energy MeV 3.97 14.86 180 855 1508
energy gain / turn MeV 3.36 0.599 3.24 7.5 13.66-16.58
# turns a.u. - 18 51 90 43
power cons. kW 92 92 220 650 1500
r.f. freq. GHz 2.4495 2.4495 2.4495 2.4495 2.4495/4.8990
magn. flux dens. T - 0.1026 0.5550 1.2842 0.95-1.53

Table 2.1: Overview of the different acceleration stages at MAMI-C. Note:
The present values will slightly differ from those given in this table as the
magnetic flux density was altered in order to achieve the maximum energy of
1604 MeV. Values taken from [99].

2.2 The A2 Experimental Setup

Chapter 2

Experimental setup

In this chapter the experimental setup that was used to carry out the measure-
ments for this work will be described. In the first sections, details about the
electron accelerator, the target and the di�erent detectors will be given. The data
acquisition will be described in section 2.6. Software needed for the data analysis
is discussed in section 2.7. Finally, details about the data sets used in this work
are summarized in section 2.8.

Fig. 2.1: Overview of the experimental setup: The principal detectors are the
Glasgow photon tagger, the Crystal Ball and the TAPS detector.

The data that were analyzed in this work were measured at the tagged photon
facility in the A2 hall of MAMI at the University of Mainz in Germany. Figure
2.1 shows an overview of the experimental setup. A photon beam is obtained
via bremsstrahlung in a radiator from a 1.5 GeV electron beam produced by the
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Figure 2.6: Schematic illustration of the A2 experimental setup at MAMI.
The electron beam (dashed horizontal line at the bottom left) impinges on the
radiator and produces a beam of bremsstrahlung photons (wiggly horizontal
line). The electron beam is deflected by the dipole magnet. Electrons that in-
teracted with the radiator are deflected onto the focal plane detector, the other
electrons are annihilated in the beam dump. The photon beam impinges on
the target, which is surrounded by the detector system, that mainly comprises
of the Crystal Ball detector with the Particle Identification Detector (PID) and
of the TAPS detector with the vetos. Figure taken from [100].

As the A2 Collaboration performs experiments with real photons, the electron
beam has to be converted into a photon beam. This is realized by directing the elec-
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tron beam onto a radiator. Electrons scattering in the Coulomb field of the radiator
nucleons produce real photons via the bremsstrahlung process. The bremsstrahlung
cross section has the following energy and angular dependence [101]:

dσ

dEγ
∝ 1

Eγ
,

dσ

dθγ
∝ θγ(

θ2
γ + θ2

c

)2 ,

θc =
√
< θ2

γ > ∝
me−

Ee−
,

(2.3)

where Eγ, θγ are the energy and emission angle of the photon and θc is the character-
istic angle (corresponding to the opening angle of the bremsstrahlung cone) within
half of the photons are emitted. At MAMI energies, the fraction of the electron mass
me− and the electron energy Ee− goes to zero and hence most of the bremsstrahlung
photons are emitted in the forward direction.

2.2.1 The Glasgow Photon Tagging Spectrometer
130 The European Physical Journal A

Fig. 1. The upgraded photon tagging spectrometer: 3D view
(upper part) and cross-section (lower part).

reduced, typically by a factor greater than 10, due to ra-
diation damage and the original electronics had become
obsolete and incompatible with the CATCH [21] electron-
ics used with the Crystal Ball detector system. As the de-
tector geometry was not changed the effective resolution
becomes ∼ 4MeV when tagging at 1500MeV.

3 Upgrade of the spectrometer magnet

The existing power supply and cooling arrangements for
the magnet coils allowed for a current up to 440A which
produced a field of 1.4T [1]. Simple estimates suggested
that 1.8T could be obtained by reducing the pole gap as
long as the iron in the return yoke was increased in thick-
ness to prevent saturation. Reducing the pole gap is per-
missible since angles associated with the Bremsstrahlung
process scale approximately as 1/energy, and a reduc-
tion from 50mm (for 883MeV) to 25mm (for 1500MeV)
does not appreciably increase the fraction of the post-
Bremsstrahlung electrons (tagging electrons) which hit
the pole faces of the magnet. With a 25mm pole gap and
110mm extra return yoke thickness (fig. 1), calculations
using the finite element code TOSCA [22] showed that an
average field of ∼ 1.96T would be reached with a current
of 440A. Therefore new additional top, bottom and back
yokes were fabricated, each of thickness 110mm.

Measurements [1] had shown that the maximum pole
gap distortion in the original spectrometer was 0.14mm at
a field of 1.0T, and this could be expected to increase to
∼ 0.54mm at 1.96T. Some estimates of the stresses and
distortions involved were made by finite element modelling
(FEM) of the original and upgraded spectrometers as solid
structures using the IDEAS [23] and ABAQUS [24] pro-
grams. The upgraded spectrometer was strengthened by

Fig. 2. Plan drawing of the lower pole shim (the upper pole
shim is similar) showing the locations of the M8 screws which
fix it to the pole (dots). The photon beam, main electron beam,
several tagging electron trajectories (labelled by their energy
as a fraction of the main beam energy) and the location of the
main focal-plane detectors are also indicated.

replacing the main load carrying bolts with through-rods
(fig. 1) fitted with special nuts which allow a controlled
pre-tension to be applied by pneumatic means.

To reduce the pole gap, 12.5mm thick shim plates
(fig. 2) were fabricated. The input and all output edges
were cut at an angle of 36.1◦ to continue the chamfer of
the existing poles. The shims were fixed to the poles by
129 M8 screws.

The new magnet parts were all manufactured from low
carbon steel (S275). Although this has a somewhat inferior
B/H curve compared to the material (AME2SX1) used in
the original spectrometer, it is not very different in the
region above 1.5T. B/H curves were measured (by the
Woolfson Centre for Magnetics Technology, Cardiff, UK)
for samples of the material used to make the new parts
and input to TOSCA to estimate the magnetic field.

The vacuum box was modified to provide a larger aper-
ture for the two NMR probes required to cover the ex-
tended field range and also to increase the acceptance of
the spectrometer to ∼ 100 milliradians in the horizontal
plane. This is useful for Møller polarimetry which can be
used to measure the electron beam polarisation.

In the upgraded spectrometer the maximum pole gap
distortion at full current was found to be ∼ 0.42mm. This
is slightly less than predicted from scaling up the distor-
tion measured in the original spectrometer and suggests
that the through-rods had a beneficial effect.

The photon collimator was re-aligned on the input
beam direction with an accuracy of ∼ 0.2mm using the

Figure 2.7: Schematic illustration of the Glasgow Photon Tagging Spectrom-
eter. Figure taken from [102].

The Glasgow photon tagging spectrometer consists of the main focal-plane de-
tector [103] covering 5-93 % of the full MAMI-C energy1, a focal-plane microscope

1As the latest MAMI-C upgrade provides electron energies up to 1.6 GeV, an additional tagging
system, the endpoint-tagger, was developed to cover energies above 1.4 GeV.
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to improve the resolution over part of the energy range (not used in this work), and
a large dipole magnet.

According to the small cross section (see Equation (2.3)), not all of the beam
electrons lose their energy via bremsstrahlung. Hence, the remaining electron beam
has to be deflected into the electron beam dump by using a large dipole magnet
that produces an average magnetic field of ∼ 1.96 T at a current of 440 A. The other
electrons lost some of their energy by the emission of the bremsstrahlung photons and
therefore, are stronger deflected. Depending on their momentum, they hit a detector
element that corresponds to a certain electron energy. The 353 detector elements
are EJ-2002 plastic scintillators of long attenuation length and fast timing and are
read out with Hamamatsu R1635 photomultiplier tubes (PMTs). The scintillators
overlap by slightly more than half of their width, such that an electron hit is defined
by coincident hits between two neighboring elements. This results in 352 effective
channels which are 2 mm in thickness, 80 mm long and have a decreasing width from
32 to 9 mm such that each detector covers more or less a constant energy range.
This results in an energy width of ∼ 4 MeV and an overlap region of about 0.4 MeV.
Figure 2.7 shows the principle of the tagging system.
In the bremsstrahlung process, only a negligible amount of the energy of the incoming
electron E0 is transferred to the nuclei inside the radiator. Therefore, the energy loss
of the electron, i.e. the energy of the outgoing photon, Eγ is fully determined by
measuring the energy of the scattered electron Ee− with the Glasgow tagger:

Eγ = E0 − Ee− . (2.4)

Due to the bremsstrahlung process, the photon beam is divergent and has to be
collimated. For this purpose, a lead collimator (see Figure 2.8) with an opening
diameter of a few millimeter is placed between the radiator and the target cell,
which leads to a beam spot diameter of about one centimeter on the target cell.

Figure 2.8: 2 mm lead collimator used for the deuterated Butanol beamtimes.

2see Table A.1 for more physical properties.
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2.2.2 The Crystal Ball Detector

The Crystal Ball is a spherically shaped calorimeter based on the geometry of a
icosahedron3 [104, 105]. Each of the twenty triangular shaped faces is split into
four smaller equilateral triangles (see left illustration in Figure 2.9). In each of these
triangles, nine triangular shaped thallium doped sodium iodide (NaI(Tl)) crystals are
mounted. As the Crystal Ball surrounds the target and also the beamline, 12 crystals
in the backward and 12 crystals in the forward direction are spared, reducing the
acceptance by 6.7 % and yielding a total amount of 672 crystals. For optical isolation,
each crystal is wrapped in reflecting paper and then in aluminized mylar foil (see
right part of Figure 2.9). Due to the complicated geometry, 11 crystals had to be

Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Figure 2.9: Schematic illustration of the Crystal Ball and its components.
Left-hand side: Decomposition of the Crystal Ball geometry. Middle: Example
crystal geometry. Right-hand side: Wrapping material. Figures taken from
[104].

manufactured in a different shape to ensure a seamless arrangement. Nevertheless,
every crystal is a truncated triangular shaped pyramid of 16 ” length (40.64 cm, see
middle illustration of Figure 2.9) corresponding to 15.7 radiation lengths (see Table
A.1 for more characteristic properties of NaI(Tl)). The inner radius of the Crystal
Ball is 10 ” (25.4 cm) and the outer radius 26 ” (66.04 cm). Each crystal is connected
to a SRC L50 B01 PMT of 5.1 cm in diameter, which is separated from the crystal
by a glass window and a 5 cm air gap. To sustain mobility and maintenance, the
detector is split up into two hemispheres and the upper one can be lifted. The inner
surfaces of the two hemispheres are completed by two 0.76 mm thick steel plates
(corresponding to 0.09 radiation lengths) and are separated by an air gap of about
5 mm. In order to protect the delicate hygroscopic crystals from moisture and dust,
both hemispheres are evacuated. Additionally, the vacuum also stabilizes the heavy
detector components.
The full detector covers 93 % of the solid angle, i.e. polar angles in the range

3a polyhedron, i.e. a three dimensional solid with 20 polygonal faces
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20◦ < θ < 160◦, and nearly full azimuthal range in φ, except for the region of the
gap between the two hemispheres.

2.2.3 The Particle Identification Detector

The Particle Identification Detector (PID) is a cylindrical shaped detector inside
of the Crystal Ball detector, surrounding the target and the beamline and covering
the full solid angle of the Crystal Ball. Together with the multi-wire proportional
chambers (MWPC), which have not been used in any analysis of this work, it is
part of the inner detector system of the Crystal Ball and is used to identify and
discriminate among charged particles. This is done by plotting the deposited energy
of the charged particle versus its cluster energy in the Crystal Ball (see Section 6.5.3).
In addition it serves as a veto detector for the identification of neutral particles.
The PID is made of 24 EJ-204 plastic scintillators of 50 cm in length and 4 mm

trance and exit tunnels. Each crystal is shaped like a trun-
cated triangular pyramid, 40.6 cm high, pointing towards the
center of the Crystal Ball. The base of each pyramid is an
approximately equilateral triangle of about 12.7 cm and the
apex is a 5.1 cm equilateral triangle !see Fig. 4". The geo-
metrical considerations of constructing a solid spherical de-
tector from such shapes requires the use of 11 slightly dif-
ferent pyramids, varying in size by a few percent. Each
crystal is individually wrapped in reflective paper and alumi-
nized mylar. It is viewed by its own SRC L50 B01 photo-
multiplier tube, which is a 5.1-cm-diameter, selected for lin-
earity over a wide dynamic range. The phototube is
connected to the crystal by a glass window and a 5 cm gap
between the glass window and the crystal. The crystals are
stacked so as to form top and bottom hemispheres, which are
mechanically separated. The boundary between the two
hemispheres is called the equator region and consists of two
0.76 mm stainless steel plates separated by 5 mm of air. This
separation introduces an inactive space amounting to 1.6% of
4# . The inner wall of the hemisphere is 1.5 mm stainless
steel or 0.09 r.l. The entrance and exit tunnels for the beam
reduce the acceptance by 6.7%. The Crystal Ball resides in a
dry room as a safeguard in case of a leak. The dry room is
maintained at constant temperature, (20!1) °C, in a low
humidity environment. The dry room was equipped with
beam-entrance and beam-exit mylar windows.
A liquid-hydrogen target was installed at the center of the

ball. The target flask is a horizontal cylinder 10.27 cm in
diameter with spherical endcaps. The maximum length of the
flask along the beam axis is 10.57 cm. The flask is sur-
rounded by 40 layers of superinsulation on the sides and 15
layers over the endcaps. It is supplied by two thin feeding
tubes from a hydrogen liquefier, which is located outside the
dry room. The target is mounted inside a 7.4-cm-radius
vacuum pipe that extends through the entrance and exit tun-
nels of the CB. The beam enters the vacuum pipe through a
window in the upstream face made of 0.254-mm-thick mylar,
and 0.305 mm Kevlar. The temperature and the pressure in
the target are recorded approximately every 5 s during data
acquisition.

The vacuum pipe is surrounded by a veto barrel !VB"
made of four double-ended plastic scintillation counters, 120
cm long and 5 mm thick. These segments were made of
BC412 bent cast sheets and are equipped with 35-cm-long
plastic lightguides. Each scintillator and lightguide assembly
is wrapped in sheets of mylar. The scintillators are coupled at
each end to a Philips 2! XP2230/H photomultiplier. A coin-
cidence was formed between the signals from both ends of
each counter. The VB signal was defined as the logical sum
of the coincidences of all four counters. The entrance tunnel
of the CB is covered by four trapezoidal veto counters WV;
each counter is viewed by a single photomultiplier through a
wavelength-shifting plastic lightguide. These counters
were used primarily to veto muons from kaons decaying
in flight. The WV signal was formed as a logical OR
of the four WV counters. A beam veto counter BVS
(10.0"10.0"0.5 cm3) located 211 cm downstream of the
target was dedicated as a veto for beam particles that passed
through the target without an interaction. A veto counter BV

FIG. 3. The momentum distribution of the low-momentum
beams !dashed line" and the high-momentum beams !solid line".

FIG. 4. In the upper figure is the layout of the Crystal Ball
detector. In the lower figure are the dimensions of the Crystal Ball
crystals $13%.

MEASUREMENT OF K#p→&' NEAR THRESHOLD PHYSICAL REVIEW C 64 055205

055205-5

Figure 2.10: Schematic illustration of the PID (Veto Barrel) inside the Crys-
tal Ball. Figure taken from [105].

in thickness, each covering 15◦ of the azimuthal angle φ. They are arranged in a
cylindrical barrel with an inner diameter of 11.65 cm and an outer diameter of 12.45
cm. In order to provide optimal contact, the cross section of the PID elements has
an asymmetric trapezoidal shape. For optical isolation, they are wrapped in an
aluminium foil and a layer of black Tedlar4. Every PID element is connected via
lucite light guides to a Hamamatsu H3164-10 PMT in the upstream direction. See
Table A.1 for some of the characteristic properties of the EJ-204 plastic scintillators.

4A fine film of polyvinyl fluoride (PVF).
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Figure 2.11: Photographs of the TAPS detector from the front (left) and
from the back (right).

2.2.4 The Two Arm Photon Spectrometer Detector

The Two Arm Photon Spectrometer (TAPS) [106–108] was in fact only a two arm
photon spectrometer in its earlier times and was later rearranged as a hexagonal
forward wall at a distance of 1.5 m from the target center in beam direction.
It covers the full azimuthal range in φ and polar angles from about 5◦ < θ < 20◦.

Until 2007, it consisted of 384 barium fluoride (BaF2) crystals that are ideally suited
for the detection of low and high energy single photons. The BaF2 crystals have a
diameter of 5.9 cm and a length of 22.5 cm. Every crystal is equipped with a 2.5 cm
long cylindrical endcap of 5.4 cm in diameter. In total, one crystal has a length of
25.0 cm, which corresponds to 12.3 radiation lengths. BaF2 crystals have the special
property of having several scintillation emission bands. Due to the high light yield,
the slow component (decay time of 630 ns) provides a high energy resolution. In con-
trast, the fast component (decay time of 60 to 80 ps) provides a high time resolution.
The good time resolution together with the sufficiently large distance to the target
allows for time of flight measurements that can be used to discriminate between dif-
ferent types of particles (see Section 6.5.1). This is also possible by separating the
detected signals from the short and the long component, with the so-called pulse-
shape analysis (PSA, see Section 6.5.2). Optical isolation of the crystals is realized
with eight layers of 38 µm thick reflecting Teflon foil and an additional 15 µm thick
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225
250

∅54

BaF2
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EJ-204

59
65
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220

Figure 2.12: TAPS crystal geometries. The dimensions are given in mm.
Left-hand side: BaF2 crystal with veto. Middle: Decomposition of a BaF2

crystal into four PbWO4 crystals. Right-hand side: PWO4 block with veto.
Figure adapted from [108].

aluminium foil. Hamamatsu R2059-01 PMTs are connected to the endcaps to collect
the light output. Table A.1 summarizes the most important physical properties of
the BaF2 crystals.

In 2008, each crystal of the two inner rings (18 crystals in total) was exchanged
with four lead tungstate (PbWO4) crystals (72 crystals in total), which have a shorter
decay time than the BaF2 crystals and are better suited for the high rates in the
forward direction. To ease the integration procedure, the geometry of four lead
tungstate crystals was chosen to match the shape of one barium fluoride crystal, as
illustrated in Figure 2.12. The length of the PbWO4 crystals is 20 cm, corresponding
to 22.5 radiation lengths. They are isolated with 70 µm thick reflecting VME 2000
foil and one layer of 20 µm thick aluminium foil and are connected to a Photonis XP
1911 PMT. Table A.1 lists some of the physical properties of the PbWO4 crystals.

2.2.5 The Veto Detectors

A 5 mm thick EJ-204 plastic scintillator of hexagonal shape is mounted in front of
every BaF2 and group of four PbWO4 crystals. The front of the veto is enclosed
in a black foil for optical isolation and can be seen in the left-hand figure of Figure
2.11. In every veto, a wavelength shifting fiber forms a loop to collect the light and
is read out by a Hamamatsu H6568 16-channel multi-anode PMT. Unfortunately,
not all of the light can be collected by the fibers and their rather strong curvature
does not conserve total reflection. This results in a loss of light and hence, a bad
energy resolution. However, to a certain degree they can still be used to differentiate
between charged particles by plotting the deposited energy in the veto detector versus
the energy deposited in TAPS (see Section 6.5.3).
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Fig. 2.8: Geometry of the TAPS detector: The shown configuration corresponds
to the one installed since 2009 with two inner rings of PbWO4 crystals.

2.5 The TAPS detector
TAPS is a versatile calorimeter [57, 58] that is configured as forward wall for the
current experiment. It covers the full azimuthal angle for polar angles from around
5 degrees to approximately 20 degrees. The crystals are arranged in a hexagon-like
structure with eleven rings and six logical sectors. In the December 2007 beamtime,
TAPS consisted of 384 barium fluoride (BaF2) crystals. Before the beamtimes
in February and May 2009, the two most inner rings containing 18 crystals were
replaced by smaller lead tungstate (PbWO4) crystals for a better handling of
the high rates at smaller forward angles. Each BaF2 crystal was replaced by four
PbWO4 crystals, resulting in a total configuration of 72 PbWO4 plus 366 BaF2
crystals (see figure 2.8).

Figure 2.13: Layout and crystal numbering of the TAPS detector showing
the nine outer BaF2 rings and the two inner PbWO4 rings. The six different
colored sections, referred to as sectors, show the logical groups of crystals used
for the trigger. Figure taken from [100].

2.2.6 The Lead Glass Detector

The lead glass detector is a Cherenkov detector with a response behavior for pho-
tons of nearly 100%. It plays an important role in the determination of the tagging
efficiency measurement (see Section 6.10), which is inevitable for the absolute nor-
malization of cross sections and asymmetries. It is a block with edge lengths of a
sufficiently large dimension5, i.e. 20 cm, and is made entirely of lead glass. For the
measurement with the lead glass detector, the standard experiment has to be paused
and the detector is moved into the beam line behind all the detectors, but in front
of the P2 ionization chamber (see Section 2.2.7). Photons that impinge on the de-
tector convert by pair production into an electron-positron pair. Via the subsequent
bremsstrahlung process, a cascade of charged particles is produced. These particles
emit Cherenkov light that is detected by a PMT. For its optical isolation the lead
glass is wrapped in a layer of mylar foil and an additional black lightproof synthetic
foil.

5note: a usual beam diameter is on the order of 2 cm at the location of the lead glass detector
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2.2.7 The P2 Ionization Chamber

The P2 ionization chamber is located in the photon beam in front of the photon
absorber. With a diameter of about 29 cm, it is able to detect the full beam, even
if it is out of alignment. It consists of a series of parallel metallic plates, which
are surrounded by air. Photons impinging on the plates generate electromagnetic
showers that ionize the air in between the plates. At a voltage of about 40 V, it
collects the charges and produces a current that is permanently measured. This
allows for the constant survey of the relative photon flux (see Section 6.10).

2.3 Data Acquisition at the A2 Experiment

During the experiment, the PMTs of all the different detectors collect signals of the
particles that interacted with the detector material. These analog signals are then
digitized by the different electronic components via either timing information, using
a time to digital converter (TDC), energy information using an analog to digital
converter (ADC), or with a counter, referred to as a scaler. The trigger system
decides when and which event has to be recorded or rejected. The data acquisition
system finally collects all the informations and stores them to a data storage medium
from which they can then be used for the offline analysis. The following paragraphs
briefly summarize the readout of the detector components, the trigger system will
be discussed afterwards.

2.3.1 Readout of the Detector Components

Table 2.2 gives an overview of the available readout devices for the individual detector
components used for the A2 experiments at MAMI in this work. A complete list of
all components can for example be found in [109]. In the following the readout of
the first and second level trigger related detectors will be discussed.

Detector Device
Glasgow Tagger TDC, Scaler
Crystal Ball (NaI(Tl)-crystals TDC, ADC
PID TDC, ADC
TAPS (BaF2-crystals) TDC, ADC
TAPS (PbWO4-crystals) TDC, ADC
TAPS (Veto) TDC, ADC
Lead glass TDC, ADC

Table 2.2: Overview of the available readout devices for the individual detec-
tor components used at the A2 experiments at MAMI.
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Glasgow Photon Tagging Spectrometer

For the standard data analysis, only the timing and the number of the electron hits
in the individual tagger scintillators are recorded. The energy information is only
used for the calibration of the detectors and is not written to the data stream.
A discriminator checks if the signal is above a predetermined value (by calibration).
If so, the signal is sent to a CATCH6 multi-hit TDC where the time informations of
the hits within the actual event are recorded. An additional FASTBUS scaler unit
counts the number of the received signals.

Crystal Ball Detector

A dedicated readout of the Crystal Ball is of great importance. As it covers most
of the solid angle, any loss of information would strongly influence the results. On
the other side, reading out all the information can drastically slow down the entire
system. However, as the readout is fast enough, this can be bypassed by including
the Crystal Ball in a first level trigger. In this way, by using the sum of the deposited
energy (Crystal Ball energy sum trigger, see Section 6.6.2), it is possible to decide7
whether an individual event is accepted or rejected.
An active splitter collects all the signals of the 672 NaI(Tl) crystals. The analog sum
of these signals is used for the Crystal Ball energy sum trigger. One part of the signal
is delayed by 300 ns and sent to sampling ADCs where the signals are integrated. The
other part is sent to a dual-threshold discriminator, consisting of two leading-edge
discriminators, LED1 and LED2. LED1 checks if the signal exceeds a low threshold
and if fulfilled, it sends the signals to the CATCH TDCs. The outputs of the high
threshold LED2 are used for the multiplicity trigger.

Particle Identification Detector

For particle identification, time and energy information of the PID are required.
Since the PID is not a part of the experimental trigger the readout is simple. The
detected signals are amplified, split, and sent to ADCs for the signal integration and
to CATCH TDCs for the time measurement.

TAPS Detector

The readout for the BaF2 and PbWO4 crystals is identical. Constant fraction dis-
criminators (CFDs) check all channels to see if the signal is above the noise level
(which corresponds to a threshold of about 3 MeV). Time to amplitude converters
(TAC) are used for the time measurement, charge to amplitude converters (QAC)
for the energy integration, and ADCs for the digitalization of the signals. In order
to include TAPS in the multiplicity trigger, a low and high LED threshold are used.

6COMPASS Accumulate, Transfer and Control Hardware
7by means of a threshold value
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Veto Detector

The Veto Detector readout is very similar to the TAPS readout. The time measure-
ment with TDCs and energy integration with ADCs is initialized by a leading edge
discriminator.

2.3.2 Trigger System before October 2012

In October 2012, the old trigger system, which was based on CAMAC8 and NIM9

electronics, was replaced by a much faster, more simple and less error-prone FPGA
logic [109, 110]. As the unpolarized data on liquid hydrogen and deuterium used
for this work were taken with the old trigger system in 2007 and 2009 (see Tables
2.5 and 2.6 for detailed information), it will be briefly summarized in the following
paragraphs. More detailed information can be found in [100].

An idealized data acquisition would be capable of writing all information of all
events at any time. In reality, the readout of the individual detector components, as
well as the digitalization of the data, takes a certain amount of time. During this
time, no further information can be recorded, which is referred to as the deadtime.
For this reason it is essential to avoid occupying the system when it is not needed.
The trigger system is used to reduce the event rate and to lower the dead time
according to the needs of the experiment. Hence, for every experiment the best
possible trigger conditions that yield the highest rate of desired events at the lowest
dead time has to be determined.

The trigger system consists of a first and a second level trigger. Based on the bare
signals, the first level trigger allows for a very fast decision that the most general
trigger requirements are fulfilled. If not, the event is immediately rejected. If yes,
the second level trigger checks further requirements such as multiplicities.
In two of three liquid deuterium beamtimes (December 2007 and February 2009),
the first level trigger considered only the Crystal Ball energy sum by comparing the
analog sum of all Crystal Ball signals with a discriminator threshold. The value
of the threshold was set according to the needs of the experiment. As all three
beamtimes were designed for photoproduction of η-mesons, a rather high threshold
corresponding to about 300 MeV was set. This threshold suppresses the high rate
of events from single π0, with which the acquisition would have been occupied and
many η events would not have been recorded.
The second level trigger is based on the multiplicity trigger, i.e. on the number of de-
tected particles. At this point, the number of particles that generated the individual
signals is unknown and has to be estimated. In the Crystal Ball, this is realized by
building logical groups of 16 neighbouring channels. If the sum of all signals exceeds
the LED2 threshold of 10-30 MeV (depending on the beamtime), the multiplicity is

8CAMAC: Computer Automated Measurement and Control; a standard bus and modular-crate
electronics standard.

9NIM: Nuclear Instrumentation Module; defines mechanical and electrical specifications for
electronics modules.
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increased by an integer number. Hits in TAPS contribute in the same way to the
multiplicity if the signal of at least one crystal in one of six sectors (see sections of
different color in Figure 2.13) is above the LED1 threshold of 35-45 MeV. As these
criteria are only a rough estimate, the multiplicity trigger has to be chosen very
carefully.
As listed in Tables 2.5 and 2.6, the multiplicity trigger of the beamtimes in Decem-
ber 2007 and May 2009 was set to M2+, and in the February 2009 beamtime to
M3+. This means that the multiplicity has to be at least two (M2+) or three (M3+)
in order to fulfill the trigger condition. In addition, events where the multiplicity
condition was fulfilled by the multiplicity of the TAPS detector alone were rejected.
The reason for this multiplicity setting is that the goal of the beamtime was the
measurement of photoproduction of η mesons that decay either into two photons or
via three pions into six photons. In order to have enough statistics for the decay into
two photons, a multiplicity of at least two is required. The multiplicity of three in
the second beamtime was chosen in order to improve the statistics for the decay into
six photons. For this work, this had the consequence that single π0 photoproduction
could only be measured with two of the three beamtimes. However, for the May
2009 beamtime the TAPS M2 condition was added to the first level trigger. This
allows for the detection of π0 mesons going in the forward direction, whose two decay
photons produce two clusters in TAPS and would not exceed the Crystal Ball energy
sum threshold. However, for this work, in order to ensure comparability between the
three beamtimes, events that fulfil this condition were not (yet) considered.
The rather high Crystal Ball energy sum threshold of 300 MeV, which is far above the
quasi-free π0 production threshold of roughly 140 MeV, lowers the statistics at low
energies and requires a dedicated consideration in the analysis (see Section 6.6.2).
The production threshold of double π0 photoproduction from quasi-free nucleons of
roughly 290 MeV is just below the Crystal Ball energy threshold and affects the data
to a lower extent.

2.3.3 Trigger System since October 2012

One year before the first of three beamtimes on a polarized deuterated butanol target
used for this work, the trigger system was upgraded with the aim to speed up the
data acquisition. The successful replacement of the old trigger electronics with a
new FPGA logic effectively led to a four times faster data acquisition. In addition,
the number of readout CPUs was doubled and the readout strategy was optimized.
The upgrade began in October 2012 and was done in several steps until the end of
2014. However, until the first deuterated butanol beamtime, the new electronics were
successfully tested. More detailed information about the new trigger system can be
found in [109].
The multiplicity trigger condition for the deuterated butanol beamtimes was fixed by
the reaction channels of interest. As the goal of these experiments was the measure-
ment of the double polarization observable E in η, and 2π0 photoproduction with
either two (η → 2γ), four (2π0 → 4γ) or six photons (η → 6γ) in the final state, the
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Figure 2.14: Representative result of the count rate measurement of the July
2013 beamtime with the final trigger settings at a current of 8.1 nA. Left-hand
side: measured number of 2π0 events per hour. Right-hand side: measured
number of η → 2γ events per hour. The reactions were measured inclusively
(without the requirement of the detection of the recoil nucleon). The number
of events per hour and the signal to background ratio (SB) are indicated in
each figure. Black crosses: data with statistical errors. Solid curves: fit results.
Blue: Gaussian for the signal. Green: polynomial for the background. Red:
sum of Gaussian and polynomial.

multiplicity condition at least had to be two. Otherwise the decay of the η meson
into two photons could not be measured.
The decision about the threshold of the CB energy sum trigger evolved during the
count rate measurement on the first day of the July 2013 beamtime. Using a pre-
liminary analysis and a preliminary calibration, the number of η and 2π0 mesons
per hour were counted. According to the measured count rate, a beam current of
8.1 nA, a multiplicity condition of M2+ (not to be fulfilled by the TAPS detector
alone) and a Crystal Ball energy sum threshold of ∼ 250 MeV resulted in the highest
production rate and the most stable data acquisition. A representative example of
the count rate investigation is shown in Figure 2.14. For the February 2014 and
March 2015 beamtimes, the experimental trigger conditions were resumed, but due
to the ongoing data acquisition upgrade, the beam current had to be adapted. The
beam current could be increased accordingly during the different beamtimes due to
the faster data acquisition and handling of higher rates. Figure 2.15 shows the result
of the count rate measurement from the March 2015 beamtime under the trigger con-
ditions from the July 2013 beamtime, but with a current of 10 nA instead of 8.1 nA.
The higher production rate resulting from the final upgrade of the data acquisition
is clearly visible.

The same trigger was applied to the carbon beamtime in order to allow for the
best possible estimation of the unpolarized background in the deuterated butanol
data.
The applied trigger conditions were a CB energy sum threshold of 250 MeV on
the first level and a multiplicity of at least two on the second level. Events with
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Figure 2.15: Representative result of the count rate measurement of the
March 2015 beamtime with the same trigger settings as in July 2013 but at
a current of 10 nA. Left-hand side: measured number of 2π0 events per hour.
Middle: measured number of η → 2γ events per hour. Right-hand side: mea-
sured number of η → 6γ events per hour. The reactions were measured inclu-
sively (without the requirement of the detection of the recoil nucleon). The
number of events per hour and the signal to background ratio (SB) are indi-
cated in each figure. Black crosses: data with statistical errors. Solid curves: fit
results. Blue: Gaussian for the signal. Green: polynomial for the background.
Red: sum of Gaussian and polynomial.

multiplicity two from TAPS alone were not accepted.

2.4 The Electron Accelerator Facility ELSA

The ELSA electron accelerator facility [111–115] produces an electron beam of rel-
ativistic energies up to 3.5 GeV. Unpolarized or polarized electrons are accelerated
in the 2.5 GeV synchrotron to energies of up to 1.6 GeV and are then injected into
the storage ring where they reach their final energy before they are extracted to the
experimental areas. Electron beams of up to 80 % polarization and currents of up
to 100 nA, depending on the operational mode of the accelerator, can be achieved.

2.4.1 The Electron Gun and the Injector Linac

In 1953, the construction of the first accelerator at the University of Bonn, a 500
MeV synchrotron, started and came into operation in 1958. As in the early times
at MAMI, the electrons were produced by thermal emission at the cathode of the
electron gun and were then pre-accelerated by a van de Graaff accelerator to a beam
energy of 3 MeV, before being injected into the synchrotron. After five years of
successful operation and experiments, a new and more powerful 2.5 GeV synchrotron
was developed and launched in 1967. The van de Graaff accelerator was then replaced
by a linear accelerator, which delivers a pulsed 25 MeV beam with a current of 250
mA and an energy spread of ± 0.5 % [115]. In the meantime, two linear accelerators
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Figure 2.16: Floorplan of the Electron Stretcher Facility ELSA in Bonn,
Germany. It shows the polarized and unpolarized electron sources with the
pre-accelerator linacs (bottom left), the injector (booster) synchrotron (middle
left), the storage ring (right) and the hadron physics experimental sites (top
left). Figure taken from [86].

serve as injectors. Polarized electrons are pre-accelerated to energies of 26 MeV with
LINAC 2 and unpolarized electrons to energies of 20 MeV with LINAC 1 (see bottom
left of Figure 2.16).

2.4.2 The 2.5 GeV Synchrotron

The 2.5 GeV Synchrotron is a synchrotron with 50 Hz repetition rate. It has a radius
of 7.65 m and accelerates electrons to a maximum energy of 2.3 GeV at a maximum
magnetic field of 1.003 T. It consists of 12 combined function bending magnets that
are based on a O/2-FD-O/2 lattice10 [111]. As the orbit of a synchrotron is constant,
the magnetic field has to be increased in order to achieve an acceleration. Hence,
the 25 MeV electrons are injected at a field of about 0.01 T. Two cylindrical radio
frequency cavity resonators then perform the acceleration. The maximum circulating
beam intensity is about 15·1012 electrons/s, of which about 60 % can be ejected with
spill times of up to 1 ms.

10O: nothing, F: focussing, D: defocussing, numbers stand for unit lengths, i.e. O/2-FD-O/2 =
half a unit no magnet, then one unit of a focussing magnet, one of a defocussing magnet and again
half a unit no magnet. See Figure 2.16 for a better understanding.
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Fig. 2. The Bonn 2.5GeV electron synchrotron, close to its final set-up.

experimental facilities of the Bonn accelerator laboratory
had to be extended in order to keep up with the develop-
ment of high-energy physics worldwide. A new electron ac-
celerator with higher energy was considered, which should
again be a university machine where scientific assistants
and students should participate in design and construc-
tion. At this time, the DESY synchrotron came close to
operation, the Cambridge accelerator was already operat-
ing and it was decided to build the NINA synchrotron.
In order to contribute to filling the gap between these
6GeV machines and the existing ones around 1GeV, the
Bonn group decided to build an electron synchrotron with
a maximum energy of 2.5GeV.

At the end of 1963, the state government agreed to
support the new accelerator and the design of the ma-
chine started. The general dimensions of the synchrotron
were fixed by the limited area of approx. 30× 60m2 avail-
able between the two physics institute buildings. Therefore
a simple magnetic structure with twelve combined func-
tion bending magnets based on a O/2-FD-O/2 lattice was
chosen. In order to correct for chromatic effects, an addi-
tional sextupole component was introduced in the focusing
and defocusing sectors of the bending magnets. To reach a
short construction time the pole profile and the cross sec-
tion of these AG magnets were calculated on a computer,
using different two-dimensional relaxation methods which
had been developed shortly before [7,8]. In order to avoid
corrections of quadrupole and higher order fields at the
time of injection, it was intended to inject at a field of at
least 0.01T. From the beginning on a slow extraction of
the electron beam was planned.

In 1964, the design was completed and the major parts
were ordered. In 1965, the accelerator building and the
laboratories were constructed. Manufacturing of the mag-
nets’ blocks was started based only on the performed com-
puter simulations. In contrast to the usual design proce-

Table 2. Main parameters of the 2.5GeV synchrotron.

Focusing type AG
Number of basic periods 12
Basic lattice O/2-FD-O/2
Field at 2.3GeV 1.003T
Field index n −22.26, 23.26
Repetition frequency 50Hz
Circumference 69.6m
Orbit radius 7.65m
Revolution frequency 4.3074MHz
No. of betatron oscillations per turn 3.4
Gap height at orbit 6 cm
Maximum of momentum compaction 1.647m
Minimum of momentum compaction 0.81m
Coils, no. of turns per magnet unit 36
Peak current at 1T 1360A
Vacuum chamber ceramics
Accelerating frequency 499.67MHz
Voltage per turn 700 kV
RF peak power 40 kW
Number of accelerating cavities 2
Injection energy 25MeV
Injector type linac
Accelerating frequency (injector) 2998MHz

dure at other labs, no magnet model was checked in ad-
vance. The effects of the transition zones between the F-
and D-sectors and the various identical blocks of each sec-
tor, which could not be modelled by two-dimensional com-
puter simulations, were measured after the first magnet
had been assembled, and were compensated by well de-
signed exponentially shaped end blocks forming the mag-
net ends.

At the end of 1966, almost all components were in place
and in March 1967, the first electrons could be injected

Figure 2.17: The 2.5 GeV synchrotron at ELSA in Bonn. Figure taken from
[115].

2.4.3 The 3.5 GeV ELSA Stretcher Ring

The ELSA stretcher ring was commissioned in 1988 in order to solve the limits that
came from the low duty factor of the pulsed synchrotron of roughly 5 %. The ELSA
stretcher ring is located in a separate tunnel system and the synchrotron is used to
inject the electron beam with an energy of 1.6 GeV into the stretcher ring. The
electron stretcher is a separated function machine based on the standard FODO11

type, which has the advantage of lower radiation losses as it is indispensable for
storage rings.
ELSA can either be operated in the stretcher mode, the post accelerator mode, or in
the storage mode:

stretcher mode: single pulses from the synchrotron are injected at the maximum
rate of 50 Hz. An external beam of constant intensity is achieved, but the
energy is limited to the maximum synchrotron energy of 1.6 GeV.

post accelerator mode: several pulses of the synchrotron are injected and the
accumulated beam is post accelerated to the maximum possible energy of 3.5
GeV. This mode is limited by the dipole magnet power supply and the radio
frequency generated acceleration voltage.

storage mode: a large number of pulses from the synchrotron are injected and
stored for several hours (1-2 hours at standard operation settings of 2.3 GeV
and 50 mA). In this mode, ELSA is used as a synchrotron radiation source.

For the data extracted in this work, the accelerator was operated in the post accel-
erator mode at a maximum electron beam energy of 2.35 GeV.

11FODO: one unit of a focussing magnet, one unit of no magnet, one unit of a defocussing
magnet, one unit of no magnet
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2.5 The CBELSA/TAPS Experimental Setup
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Figure 2.18: Schematic illustration of the CBELSA/TAPS experimental
setup. The electron beam (red line, upper right) impinges on the radiator
in the tagging spectrometer (red block, upper right) and produces a beam of
bremsstrahlung photons. The electrons that did not interact with the radia-
tor are deflected into the beam dump (blue block, bottom left). The photon
beam impinges onto the target which is surrounded by the detector system,
which mainly comprises of the Crystal Barrel detector (central calorimeter),
the Cherenkov detector (green block in the center) and the MiniTAPS detec-
tor (gray, hexagonal block next to the Cherenkov detector). Figure taken from
[86].

The CBELSA/TAPS experiment is located in the synchrotron hall of the Physical
Institute in Bonn (see upper left part of Figure 2.16, labeled with “Crystal Barrel”).
As the A2 experiment at MAMI, it is designed for photoproduction experiments
in order to investigate the structure of the nucleon. Hence, the main principle and
components of the setup are identical. Real photons are produced by bremsstrahlung
of the electron beam on a thin radiator foil and then impinge on the target. The
scattered electrons are detected in the focal plane of a tagging spectrometer and
the remaining electron beam is deflected into a beam dump. The unpolarized or
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polarized target is surrounded by a calorimeter covering a large amount of the solid
angle, a second calorimeter acts as forward wall, and plastic scintillator components
serve as charged particle identification detectors. For all the experiments used in
this work, except for the one using the hydrogen target, a Cherenkov detector was
placed as charged particle veto between the main calorimeter and the forward wall.
In contrast to the experiment at MAMI, this was necessary due to the high amount
of electromagnetic background in the forward direction. At MAMI this background
is reliably suppressed to a great extent by the Crystal Ball energy sum threshold,
which is part of the first level trigger.

2.5.1 The Photon Tagging Spectrometer2.3 Detector components

Figure 2.2: CAD of tagger magnet (orange) and the 96 partly overlapping scintillator
tagger bars. The electrons arrive from the right side and are deflected
towards the scintillator bars. [26]

energy loss of the electron. The remaining energy of electron can be measured with
a magnetic electron-spectrometer (the so called tagger, see figure 2.2).

In the relativistic case, the energy of the electron is roughly equal to the momentum
of the electron

Ee0 = p · c = B · r · c · qe (2.5)

With known magnetic field ( ~B) and bending radius of the electron track (r) the energy
of the deflected electron can be extracted. If the the initial energy of the electrons is
also known, the energy of the generated photon can also be calculated:

E� = Eaccelerator
e� � Emeasured

e� (2.6)

Deflected electrons are detected by the tagging system consisting of 96 plastic scin-
tillator bars which are read out by PMTs. The bars overlap each other to reduce the
noise and cover the energy between 18% and 96% of the electron-beam energy (see
figure 2.3).The energy resolution for the bars varies between 14% for small photon
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Figure 2.19: Schematic illustration of the photon tagging spectrometer at
the CBELSA/TAPS experiment at ELSA. Figure taken from [116].

The photon tagging spectrometer [117] at the CBELSA/TAPS experiment at
ELSA is similar to the Glasgow photon tagging spectrometer of the A2 experiment.
The main difference is that at CBELSA/TAPS, in addition to plastic scintillators,
scintillating fibers are used in order to increase the energy resolution at low photon
energies.
The tagging spectrometer mainly consists of 96 EJ-204 and NE-10412 partly over-
lapping plastic scintillator bars that are connected to Hamamatsu R13P8HA PMTs.
These tagger bars covers 2.1 % to 82.5 % of the full beam energy range and have
a relative energy resolution of 0.1 % - 6 %. In order to ensure a constant energy
resolution, the width of the bars varies from 1.4 cm at the location of high electron
energies to 5 cm at low electron energies. An additional improvement due to the
poor energy resolution at high electron energies is the installation of 480 scintillating
fibers13, 2 mm in diameter and 6 cm in length, in the range of 16.6 % - 87 % of
the electron beam energy. They have an energy resolution of 0.1 % - 0.4 % and are

12plastic scintillators from an older tagging spectrometer implemented in the present one
13of material Kuaray SCSF-78MJ
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grouped to modules of 16 fibers arranged in two layers. Every module is read out by
a 16-channel Hamamatsu H6568 PMT. The electrons are deflected in the 2 T mag-
netic field of a dipole magnet, which is operated at 1500 A. Table A.1 summarizes
the physical properties of the scintillators used in the tagging spectrometer.

2.5.2 The Crystal Barrel Detector
Kapitel 2 Das Crystal-Barrel/TAPS-Experiment

Abbildung 2.19: Crystal-Barrel-Kalorimeter

tallrückseite angebrachten Wellenlängenschieber weitergeleitete Licht detektieren. Da die
Photodiode über keine intrinsische Verstärkung verfügt, befindet sich direkt dahinter ein la-
dungssensitiver Vorverstärker, dessen Ausgangspulse eine Anstiegszeit von 10�15 µs und eine
Abklingzeit von über 100 µs haben. Die Signalhöhe liegt bei 1,5 mV/MeV bei einem Rauschen
von 0,4 mV. Dieses Signal wird von einem Pulsformer mit Hilfe von RC-CR-Schaltungen in
einen 6 µs langen Puls verwandelt, der von einem ADC12 digitalisiert wird. Aufgrund der
enormen Anstiegszeit der Pulse ist hier eine Zeitmessung mittels Diskriminator und TDC
nicht sinnvoll. Das Kalorimeter kann nicht in der ersten Triggerstufe verwendet werden, statt-
dessen wird in einer zweiten Triggerstufe vom Fast Cluster Encoder (FACE) die Multiplizität
der Tre↵er im Kalorimeter bestimmt und zur Verfügung gestellt. So können uninteressante
Ereignisse verworfen und die sich sonst durch die Auslese des Ereignisses ergebende Totzeit
von etwa 1 ms auf unter 10 µs reduziert werden.

Die relative Energieauflösung des Kalorimeters ist energieabhängig und beträgt

�E

E
= 2,5 % · E� 1

4 [GeV]. (2.8)

2.2.5 Vorwärtskonus

Um die Akzeptanz des Kalorimeters in Vorwärtsrichtung zu erhöhen, wird das Crystal-Bar-
rel-Kalorimeter durch einen weiteren Detektor ergänzt. Dieser Vorwärtskonus (Abbildung
2.20) ist von vorne in den Crystal-Barrel-Detektor hineingeschoben. Er besteht aus 90 Kris-
tallen des ursprünglichen Crystal-Barrel-Kalorimeters, angeordnet in 3 Ringen. Aufgrund
der Haltestruktur des Crystal-Barrel-Kalorimeters sind die Kristalle jedoch nicht genau auf
das Target ausgerichtet, sondern 3 cm versetzt angebracht. Der Detektor deckt einen Polar-
winkelbereich von 11,2� bis 27,5� ab [Fun08].

12ADC: Analog to Digital Converter
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Figure 2.20: Schematic illustration of the Crystal Barrel calorimeter at the
CBELSA/TAPS experiment at ELSA. Figure taken from [118].

The Crystal Barrel [119] is a calorimeter made of 1230 thallium doped caesium
iodide (CsI(Tl)) crystals, each 30 cm length, corresponding to 16.1 radiation lengths
(see Table A.1 for more physical properties of the CsI(Tl) crystals). Compared to
the NaI(Tl) crystals used in the Crystal Ball detector at the A2 experiment, the
CsI(Tl) crystals have the advantage that they have a shorter radiation length, are
less hygroscopic, and are easier to handle. On the other side, the caesium iodide
crystals have a longer decay time and a smaller light output [120].
The crystals are arranged in 21 rings, forming a barrel that surrounds the target
(see Figure 2.20). Each ring covers 6◦ in polar angle θ and consists of 60 crystals
of 6◦ in azimuthal angle φ. The last ring in backward direction consists only of 30
crystals, each covering 12◦ in azimuthal angle. Hence, the full calorimeter covers
polar angles from 30◦ < θ < 156◦ and the full azimuthal range. The crystals are
read out by Hamamatsu S2575 PIN photodiodes. For its protection from humidity
and mechanical damage, every crystal is wrapped in a 100 µm titanium envelope.
An additional kapton foil serves as electric isolation.
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30 2 Das Crystal-Barrel-Experiment an ELSA

Abbildung 2.7: Polarisiertes Target und Innendetektor
Links abgebildet ist der Kryostat für das polarisierte Target; der Tar-
getkontainer befindet sich links in der Spitze der Apparatur.
Rechts der Innendetektor, der mit in drei gegeneinander verdrehten La-
gen szintillierender Fasern zur Ladungsidentifizierung im Crystal-Barrel
dient.

Abbildung 2.8: Crystal-Barrel-Detektor und Anordnung der zentralen Detek-
toren
Links abgebildet ist das Crystal-Barrel-Kalorimeter in seiner momen-
tanen Konfiguration aus 1230 CsI(Tl)-Kristallen. In Rückwärtsrichtung
(rot) wurden zwei Kristallringe entfernt, um dem Targetkryostaten Platz
zu bieten, in Vorwärtsrichtung (grün) sind gegenüber der Grundkonfi-
guration drei Ringe entfernt.
Die rechte Abbildung zeigt das Zusammenspiel aus Crystal-Barrel, dem
Innendetektor und dem den Winkelbereich von 30� bis 12� abdeckenden
Vorwärtsdetektor.

2.2 Der Aufbau des Crystal-Barrel/TAPS-Experimentes

(a) (b)

Abbildung 2.20: Vorwärtskonus für das Crystal-Barrel-Kalorimeter.
(a) Sichtbar sind die Kristalle mit Photomultiplier sowie die Plastikszintil-
latoren und die Halterung für deren Lichtleiter.
(b) Foto eines Plastikszintillators mit wellenlängenschiebenden Fasern.

Da bei Fixed-Target-Experimenten aufgrund des Lorentz-Boosts besonders viele Teilchen in
Vorwärtsrichtung erzeugt werden, müssen die Kristalle des Vorwärtskonus, verglichen mit
den Kristallen des Crystal Barrel, eine höhere Rate verkraften. Außerdem ist gerade in die-
sem Bereich ein triggerfähiger Detektor wichtig. Aus diesem Grund wurde die Auslese der
Kristalle modifiziert, die Photodioden und der Wellenlängenschieber sind durch Photomulti-
plier und Plexiglas-Lichtleiter ersetzt worden. Die Signale der Photomultiplier werden sowohl
über Pulsformer auf ADCs13 geleitet als auch über spezielle Diskriminatoren14, welche An-
stiegszeitunterschiede der einzelnen Pulse kompensieren und somit eine erhöhte Zeitstabilität
erzielen, auf Multihit-TDCs geleitet und zur Triggererzeugung weiterverarbeitet.

Zur Identifikation geladener Teilchen befinden sich vor den Kristallen insgesamt 180 Plas-
tikszintillatoren [Gut03] [Wen04] [Wen08]. Diese sind in zwei Lagen angebracht und ermögli-
chen mittels Koinzidenzen sowohl eine azimutale als auch eine polare Auflösung von 6�.
Die Auslese der Szintillatorplättchen erfolgt über beidseitig eingelassene wellenlängenschie-
bende Fasern, die das Licht über Lichtleiter zwischen Crystal-Barrel-Kalorimeter und dem
Vorwärtskonus hindurch auf 16-fach Photomultiplier führen. Deren Signale werden über
Diskriminatoren und Logikeinheiten aufbereitet und von Multihit-TDCs erfasst sowie zur
Bereitstellung eines Triggersignals verwendet.

13Es kommen die gleichen ADCs zum Einsatz, die auch für die Kristalle des Crystal-Barrel-Kalorimeters
verwendet werden.

14Es werden die für die CsI(Tl)-Kristalle des WASA-Experiments entwickelten PM-05-Diskriminatoren ver-
wendet [M+02].
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Figure 2.21: Schematic illustration of the Forward Cone (left) and when
installed inside the Crystal Barrel detector (right). Figures taken from [118,
121].

2.5.3 The Forward Cone Detector

The Forward Cone14 detector [121, 122] was designed as an extension of the Crystal
Barrel detector in order to increase the angular coverage of the trigger in the forward
direction. It is installed in the front-side opening of the Crystal Barrel detector
(see Figure 2.21) and is made of 90 of the original crystals of the Crystal Barrel.
The crystals are arranged in three rings and are, due to their holding structure, not
precisely aligned with the target center, but shifted by 3 cm in forward direction. It
covers polar angles from 11.2◦ < θ < 27.5◦.

The Forward Cone detector is of special importance, since the rate in the forward
direction is very high. Due to the high rate, it is inevitable to have detectors at
forward angles that can be included in the first level trigger. For this reason, the
readout device of the caesium iodide crystals of the Forward Cone detector has been
changed from photodiodes to Hamamatsu H6568Mod4 PMTs. Additionally, 180
Bicron BC-408 plastic scintillators are mounted in front of the crystals and allow for
the identification of charged particles. The plastic scintillators are installed in two
layers resulting in a polar and azimuthal resolution of 6◦. The plastic scintillators
are read out by the same type of PMTs that are used for the readout of the crystals.

2.5.4 The Inner Detector

Inside the Crystal Barrel detector, the target is surrounded by the Inner detector
[123] that serves as charged particle identification detector. It is made of three layers
of in total 513 scintillating Bicron BCF-12 fibers of 2 mm diameter (see Figure 2.22).
The center of the detector is shifted by 5.1 cm with respect to the target center. The
outer layer consists of 191 fibers and has a radius of 6.45 cm, the middle layer of
165 fibers and radius 6.13 cm, and the inner layer of 157 fibers and a radius of 5.81
cm. The outer layer is arranged in the beam direction, the middle layer is rotated

14also called Forward Plug
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2.2DerAufbaudesCrystal-Barrel/TAPS-Experimentes

Abbildung2.17:Innendendetektormit
Haltestruktur.

Abbildung2.18:AnordnungderFasern
desInnendetektors.

Lagenangesprochenhaben.HabenalledreiLagenangesprochen,istsogardiegleichzeitige
RekonstruktionderDurchstoßpunktevonzweigeladenenTeilchenmöglich.Hierbeiwirdeine
Winkelauflösungvon1,8�erreicht.

DersensitiveBereichjederFaserist40cmlang.DasZentrumdesDetektorsistgegenüber
demMittelpunktdesCrystal-Barrel-Kalorimetersum5,1cminRichtungdesTaggersver-
schoben.DadurchdecktderInnendetektoreinenBereichvon✓=23,1�bis✓=166,0�ab
[Gru08].InVorwärtsrichtungsinddieFasernverspiegelt,inRückwärtsrichtungsindLicht-
wellenleiterangeschlossen,welcheauf16-fachPhotomultiplierf̈uhren.DerenAnalogsignale
werdendiskriminiertundaufMultihit-TDCsgeleitet.AlsTriggersignalkönnendieTre↵er
inzweiausdreiLagenverwendetwerden.

2.2.4Crystal-Barrel-Kalorimeter

UmgebenwirdderInnendetektorvomCrystal-Barrel-Kalorimeter(Abbildung2.19).Dieses
bestehtaus1230Tl-dotiertenCsI-KristallenmiteinerLängevonjeweils30cm,wasetwa
16Strahlungsl̈angenentspricht[A+92].DieKristallesindin21Ringenfassf̈ormigumdas
Targetangeordnet.JederRingdeckteinenPolarwinkel✓von6�ab.DerletzteRing(der
inRückwärtsrichtungstrahlnächsteRing)bestehtaus30Kristallen,vondenenjedereinen
Azimutalwinkel�von12�abdeckt.DieübrigenRingebestehenaus60Kristallen,diejeweils
einenAzimutalwinkelvon6�abdecken.DasKalorimeterdecktsomiteinenPolarwinkelbe-
reichvon30�bis156�unddenvollenAzimutalwinkelab.

DasCrystal-Barrel-KalorimetereignetsichinsbesonderezumNachweisvonPhotonenund
Elektronen,welcheimKalorimetereinenelektromagnetischenSchauererzeugen.Dieserbrei-
tetsichübermehrereKristalleaus.DaherwirdmittelsSchwerpunktbildungeinebessere
Winkelauflösung(⇠1,2�beiVernachl̈assigungderTargetausdehung)erreichtalsdurchdie
Kristallgr̈oßevorgegebenist[Mue07].BeiPhotonenenergienvon2GeVsindnoch99%des
SchauersinnerhalbdesKalorimeterslokalisiert[B+86].AnderegeladeneTeilchenkönnen
ebenfallsdetektiertwerden,allerdingserzeugendiesekeineelektromagnetischenSchauer,so
dassdieEnergiedepositionnurineinemoderzweiKristallenerfolgt.Dieswirktsichnegativ
aufdieWinkelauflösungaus.Dar̈uberhinauswerdenminimalionisierendeTeilchennicht
vomKalorimetergestoppt,sodasseineMessungderTeilchenenergienichtmöglichist.

DieAuslesederKristalleerfolgtmittelsPhotodioden,welchedasvoneinemaufderKris-
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Abbildung 2.17: Innendendetektor mit
Haltestruktur.

Abbildung 2.18: Anordnung der Fasern
des Innendetektors.

Lagen angesprochen haben. Haben alle drei Lagen angesprochen, ist sogar die gleichzeitige
Rekonstruktion der Durchstoßpunkte von zwei geladenen Teilchen möglich. Hierbei wird eine
Winkelauflösung von 1,8� erreicht.

Der sensitive Bereich jeder Faser ist 40 cm lang. Das Zentrum des Detektors ist gegenüber
dem Mittelpunkt des Crystal-Barrel-Kalorimeters um 5,1 cm in Richtung des Taggers ver-
schoben. Dadurch deckt der Innendetektor einen Bereich von ✓ = 23,1� bis ✓ = 166,0� ab
[Gru08]. In Vorwärtsrichtung sind die Fasern verspiegelt, in Rückwärtsrichtung sind Licht-
wellenleiter angeschlossen, welche auf 16-fach Photomultiplier führen. Deren Analogsignale
werden diskriminiert und auf Multihit-TDCs geleitet. Als Triggersignal können die Tre↵er
in zwei aus drei Lagen verwendet werden.

2.2.4 Crystal-Barrel-Kalorimeter

Umgeben wird der Innendetektor vom Crystal-Barrel-Kalorimeter (Abbildung 2.19). Dieses
besteht aus 1230 Tl-dotierten CsI-Kristallen mit einer Länge von jeweils 30 cm, was etwa
16 Strahlungslängen entspricht [A+92]. Die Kristalle sind in 21 Ringen fassförmig um das
Target angeordnet. Jeder Ring deckt einen Polarwinkel ✓ von 6� ab. Der letzte Ring (der
in Rückwärtsrichtung strahlnächste Ring) besteht aus 30 Kristallen, von denen jeder einen
Azimutalwinkel � von 12� abdeckt. Die übrigen Ringe bestehen aus 60 Kristallen, die jeweils
einen Azimutalwinkel von 6� abdecken. Das Kalorimeter deckt somit einen Polarwinkelbe-
reich von 30� bis 156� und den vollen Azimutalwinkel ab.

Das Crystal-Barrel-Kalorimeter eignet sich insbesondere zum Nachweis von Photonen und
Elektronen, welche im Kalorimeter einen elektromagnetischen Schauer erzeugen. Dieser brei-
tet sich über mehrere Kristalle aus. Daher wird mittels Schwerpunktbildung eine bessere
Winkelauflösung (⇠ 1,2� bei Vernachlässigung der Targetausdehung) erreicht als durch die
Kristallgröße vorgegeben ist [Mue07]. Bei Photonenenergien von 2GeV sind noch 99% des
Schauers innerhalb des Kalorimeters lokalisiert [B+86]. Andere geladene Teilchen können
ebenfalls detektiert werden, allerdings erzeugen diese keine elektromagnetischen Schauer, so
dass die Energiedeposition nur in einem oder zwei Kristallen erfolgt. Dies wirkt sich negativ
auf die Winkelauflösung aus. Darüber hinaus werden minimal ionisierende Teilchen nicht
vom Kalorimeter gestoppt, so dass eine Messung der Teilchenenergie nicht möglich ist.

Die Auslese der Kristalle erfolgt mittels Photodioden, welche das von einem auf der Kris-
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Figure 2.22: Schematic illustration of the Inner Detector (right) and of its
three layers of fibers (left). Figures taken from [118].

by 25.7◦, and the inner by -24.5◦ with respect to the outer layer. With this setup, an
interaction point of a particle with the detector can be determined distinctly even if
only two of three fibers received a signal. The sensitive region of every fiber ranges
over 40 cm. The whole detector covers a polar region from 23.1◦ < θ < 166.0◦. In
the backward direction, the fibers are connected to lightguides, which transport the
signals to 16-channel Hamamatsu H6568 PMTs.

2.5.5 The MiniTAPS and Veto Detectors

Kapitel 2 Das Crystal-Barrel/TAPS-Experiment

2.2.6 MiniTAPS

Um die Vorwärtsö↵nung von Crystal Barrel und Vorwärtskonus abzudecken, befindet sich im
Abstand von 2,10 m zum Target ein weiteres Kalorimeter, der MiniTAPS-Detektor. Dieser
deckt einen Polarwinkelbereich von 1� bis 12� ab und lässt also lediglich eine Ö↵nung für den
Primärstrahl. Der Detektor besteht aus 216 hexagonalen BaF2-Kristallen mit einer Länge

Abbildung 2.21: MiniTAPS-Kalorimeter

von ca. 12,2 Strahlungslängen [Nov91]. Die Auslese der Kristalle erfolgt über Photomultiplier.

Zur Identifikation geladener Teilchen ist vor jedem Kristall ein 5 mm dicker Plastikszintillator
angebracht. Dessen Signal wird nicht nur von einem TDC erfasst, sondern auch von einem
ADC digitalisiert, was eine Teilchenidentifikation anhand des spezifischen Energieverlustes
dE
dx ermöglicht.

2.2.7 CO2-Cherenkov-Detektor

Insbesondere bei der Verwendung von Festkörpertargets, also auch beim Bonn-Frozen-Spin-
Target, entsteht elektromagnetischer Untergrund durch e+e�-Paarbildung. Der Wirkungs-
querschnitt für diesen Prozess ist proportional zu Z2 (siehe [Y+06]). Die e+e�-Paare wer-
den meist mit kleinen Ö↵nungswinkeln produziert. Dieser Untergrund tritt also gehäuft in
Vorwärtsrichtung auf. Eine weitere Untergrundquelle, insbesondere für kleine Photonenener-
gien, ist der Compton-E↵ekt. Abbildung 2.22 zeigt die energieabhängigen Wirkungsquer-
schnitte für diese beiden Untergrundprozesse. In Tabelle 2.1 sind die zu erwartenden Raten
des elektromagnetischen Untergrundes im vom Tagger abgedeckten Photonenenergiebereich
für verschiedene Primärstrahlenergien zu finden.
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Figure 2.23: Photograph of the MiniTAPS detector (right) and its crystal
layout (left). The four different colored sections, referred to as sectors, show
the logical groups of crystals used for the trigger. Figure adapted from [124],
photograph taken from [118].

The MiniTAPS detector at the CBELSA/TAPS experiment at ELSA (see Figure
2.23) is a small version of the TAPS detector at MAMI. Due to the usage of the Gas
Cherenkov Detector (see Section 2.5.6) which is located between the Crystal Barrel
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detector and MiniTAPS (see Figure 2.24), its distance of 2.1 m to the target center
is somewhat larger as at the A2 setup (1.5 m). It consists of 216 BaF2 crystals of
the same dimension and of the identical readout as for the TAPS detector at MAMI.
The crystals are also arranged as a hexagonal forward wall. Due to the smaller size
of MiniTAPS compared to TAPS at MAMI, it only covers polar angles in the range
1◦ < θ < 12◦. The veto detectors are identical to the ones used at MAMI as well.
Further information is found in Sections 2.2.4 and 2.2.5.

2.5.6 The Gas Cherenkov Detector

Kapitel 3. Der Gas-Čerenkov-Detektor 29

dürfen jedoch im Čerenkov-Detektor kein Signal erzeugen. Die maximale Energie, die
ein Pion erreichen kann, ist von der Energie des verwendeten Photonstrahls abhängig
und diese wiederum von der Energie des von ELSA zur Verfügung gestellten Elektro-
nenstrahls. Über Formel 3.3 lässt sich der Brechungsindex berechnen, ab dem Pionen
Čerenkov-Licht produzieren. Da die maximale Energie der ELSA-Elektronen 3,5 GeV
beträgt, muss der Brechungsindex geringer als n = 1, 00079 sein, um sicher su stellen,
dass keine Pionen detektiert werden können. Wie man Tabelle 3.1 entnehmen kann,
ergibt sich für Kohlensto↵dioxid CO2 mit einem Brechungsindex von n = 1, 00043
eine Energieschwelle von 4.760,83 MeV für Pionen und 17,4 MeV für Elektronen und
Positronen. Weitere Bedingungen an das Gas waren eine Transparenz bis weit in den
UV-Bereich, ein hoher Reinheitsgrad14 und eine Strahlungslänge, die erheblich größer
ist als die Detektorlänge15. In der Summe der Eigenschaften ist CO2 die beste Wahl
und zudem leicht zu handhaben, da es nicht brennbar und bei genügender Belüftung
der Umgebung ungefährlich ist (Daten- und Sicherheitsblatt siehe Anhang).

3.4. Modifikationen

Um den Gas-Čerenkov-Detektor des GDH-Experiments im neuen Aufbau des Crystal-
Barrel-Experiments einsetzen zu können, waren einige Modifikationen am Detektor
notwendig.

Abbildung 3.9.: Der Gas-Čerenkov-Detektor zwischen dem Vorwärts- und dem
MiniTAPS-Detektor.

14Verunreinigungen können zu Szintillationen oder zur Absorption des UV-Anteils des Čerenkov-Lichts
führen.

15Dies minimiert die Bremsstrahlung, die von einem durch den Detektor fliegenden Teilchen erzeugt
wird.

Figure 2.24: The Gas Cherenkov Detector at its place of installation between
the Forward Cone Detector and the MiniTAPS Detector. Figure taken from
[125].

The Gas Cherenkov Detector is a Cherenkov detector used as threshold detec-
tor. Therefore it is only of interest if a particle emitted Cherenkov light or not.
Due to its high relativistic momentum, a large amount of the electromagnetic back-
ground is emitted at small angles in the forward direction. The first level trigger
at the CBELSA/TAPS experiment, to which mainly detectors in the forward direc-
tion (Forward Cone and MiniTAPS detector) contribute, would primarily respond to
signals from the electromagnetic background. With the choice of a suitable thresh-
old, the electromagnetic background can be identified, rejected, and the fraction of
hadronic events increased.
The detector is 100 cm long, has a width and height of 120 cm, and is filled with
gaseous carbon dioxide (CO2). A 3 mm thick and elliptic shaped acrylic glass plate is
mounted inside the detector. It's surface is coated with a 200 nm layer of aluminium
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and a 250 nm thick protection layer of magnesium fluoride (MgF2) and serves as a
mirror. The dimensions and shapes are chosen such that all the Cherenkov light is
reflected to one Hamamatsu R1584-03SEL PMT, which is mounted on top of the
Cherenkov detector to detect the Cherenkov light emitted by the charged particles.

2.5.7 The Gamma Intensity and Flux Monitor
2.2 Der Aufbau des Crystal-Barrel/TAPS-Experimentes

  

Abbildung 2.24: Gamma Intensity Monitor (GIM).

Abbildung 2.25: Gamma Intensity Monitor mit davor platziertem FluMo.

des Untergrunds befindet sich vor dem Konversionstarget ein weiterer Plastikszintillator als
Veto-Detektor.
Vor GIM und FluMo befindet sich zu Strahldiagnosezwecken eine Photonenkamera. Diese
besteht aus einer Aluminiumplatte, einem Plastikszintillator und einer Videokamera. Die
Aluminiumplatte dient als Konversionstarget, die Videokamera nimmt das im Plastikszin-
tillator erzeugte Licht auf und ermöglicht so eine Positionsbestimmung.

27

(a) GIM

2.2 Der Aufbau des Crystal-Barrel/TAPS-Experimentes

  

Abbildung 2.24: Gamma Intensity Monitor (GIM).

Abbildung 2.25: Gamma Intensity Monitor mit davor platziertem FluMo.

des Untergrunds befindet sich vor dem Konversionstarget ein weiterer Plastikszintillator als
Veto-Detektor.
Vor GIM und FluMo befindet sich zu Strahldiagnosezwecken eine Photonenkamera. Diese
besteht aus einer Aluminiumplatte, einem Plastikszintillator und einer Videokamera. Die
Aluminiumplatte dient als Konversionstarget, die Videokamera nimmt das im Plastikszin-
tillator erzeugte Licht auf und ermöglicht so eine Positionsbestimmung.
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(b) FluMo

Figure 2.25: (a) The Gamma Intensity Monitor (GIM). (b) The Flux Monitor
(FluMo). Figure taken from [118].

The Gamma Intensity Monitor (GIM, see Figure 2.25a) is the last detector and
is located immediately in front of the beam absorber. It is used to detect the pho-
tons that did not interact with the target and thus allows for the determination of
the photon flux (see Section 6.10.2). Therefore its efficiency of detecting photons
should be as high as possible. The dominating interaction process at energies above
10 MeV is pair production with a cross section proportional to the square of the
atomic number Z2. For this reason, the GIM consists of 16 lead fluoride (PbF2)
crystals that are read out by Photonix XP2900 PMTs. It is worth mentioning that
lead fluoride is not a scintillator and therefore, the PMTs do not detect scintillation
but Cherenkov light. An additional advantage of the lead fluoride crystals is their
very short decay times. Hence, saturation does not occur until rates of 4.2 MHz.
However, the electronics are the limiting factor of the setting, not the crystals. Due
to the deadtime of the discriminators, saturation already occurs at lower rates [118].

To ensure an exact flux determination at high rates, as present during standard
data taking, another detector, the Flux Monitor (FluMo, see Figure 2.25b) [126] is
used. In contrast to the GIM, the FluMo does not detect every photon, but a known
fraction. The FluMo consists of a thin conversion target in which the incoming
photons convert to an electron positron pair. These electrons, as well as the scattered
Compton electrons, are then detected in coincidence by two plastic scintillators. An
additional plastic scintillator serves as veto detector to reduce background events
and is mounted in front of the FluMo.
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Detector Device
Tagging Spectrometer (bars) TDC, ADC, Scaler
Tagging Spectrometer (fibers) TDC, Scaler
Crystal Barrel (CsI(Tl)-crystals) ADC
Forward Cone TDC, ADC
Inner Detector TDC
TAPS (BaF2-crystals) TDC, ADC
TAPS (Veto) TDC, ADC
Cherenkov TDC, ADC
Gamma Intensity Monitor TDC, ADC
Flux Monitor TDC, ADC

Table 2.3: Overview of the different devices that are used to readout the
individual detector components used for this work at the CBELSA/TAPS ex-
periment at ELSA.

2.6 Data Acquisition at the CBELSA/TAPS Exper-
iment

2.6.1 Readout of the Detector Components

Table 2.3 summarizes the devices that are available for the readout of the individual
detector components used for the CBELSA/TAPS experiments at ELSA in this work.
The readout of the detectors that contribute to the trigger system are discussed in
the following paragraphs.

The Tagging Spectrometer

A passive splitter splits the analog signals from the tagger bars into two components.
One of them is sent to a LED that is used to start the time measurement by the
CATCH TDC and to check for coincidence between two adjacent bars. A scaler
counts the coincidences. The other analog signal is led to an ADC in order to get
the energy information.
Coincidence or energy information of the tagger fibers are not used, as they are not
part of the trigger. The analog signal of the PMT is sent to a discriminator and then
to a CATCH TDC to start the time measurement and the scaler.

The Crystal Barrel Detector

The crystal readout was realized with Hamamatsu S2575 PIN photodiodes that are
connected to the backside of the crystal by wavelength shifters. As the photodiode
does not have any intrinsic gain, a charge sensitive preamplifier with a rise time of
10-15 µs and a decay time of more than 100 µs was used. A pulse shaper transforms
the signal into a 6 µs long pulse that is then digitized by an ADC. Due to the
enormously long rise time of the pulses, a time measurement with discriminators
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is not reasonable and hence the calorimeter could not be included in the first level
trigger. Instead, the multiplicity of the hits in the calorimeter (above a threshold of
15-20 MeV) is determined by a Fast Cluster Encoder (FACE) [127] and is used in a
second level trigger. With this information, events of no interest can be rejected and
the deadtime can be reduced from 1 ms to less than 1 µs.

The Forward Cone Detector

The signals of the photomultipliers of the Forward Cone are led to LED modules
with adjustable threshold values. If the signal of a PMT is above the corresponding
threshold of ∼ 30MeV, the signal is sent to start the CATCH TDCs. The analog
signals of the photomultiplier tubes is digitized by charge sensitive FASTBUS-ADC’s.
As they are placed 50 m apart in a different experimental hall, the signals first
need to be prepared by using drivers and shapers [128]. As the Forward Cone is
included in the first level trigger, the number of detected particles has to be estimated
from the number of signals received by the PMTs. This is realized by mapping the
hit distribution of the crystals to pregenerated distributions, where every defined
distribution corresponds to a certain multiplicity. The Cluster Finder algorithm [122]
performs this mapping within 70 ns and then sends the corresponding multiplicity
to the trigger system.

The Inner Detector

The PMT signals of the 513 lightguides of the Inner Detector are led to discrimina-
tors, which check whether the signal is above a certain threshold (corresponding to
electronic noise) and then generates a digital signal of suitable length, which is sent
to the CATCH TDCs. For every layer, an additional window discriminator checks if
the sum of the discriminator signals of the layer is above a certain threshold, corre-
sponding to a certain number of hits. The logical signals of those three discriminators
is then sent to the trigger system. The hits of two of the three layers can then be
used for the trigger signal.

The MiniTAPS and Veto Detectors

The readout and digitalization of the MiniTAPS and veto detectors are identical to
the A2 standard, more information may be found in Section 2.3.1.

The Gas Cherenkov Detector

The readout of the Gas Cherenkov Detector is integrated into the readout of the
Forward Cone (see Section 2.6.1) and also available in the common data acquisition.
The amplified signal of the PMT is led to a discriminator, which sends a logical
signal to the trigger system and starts the CATCH TDC. In order to reject events
from electromagnetic background as soon as they have been noticed by the PMT, the
Cherenkov Detector is included in the first level trigger where the signal contributes as
veto decision. If the first level trigger receives a signal from the Cherenkov Detector,
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the event will be rejected. Therefore, it is important that the Cherenkov signal is
the first signal in the trigger and that it lasts long enough in order to cover all the
successive signals.

2.6.2 Trigger System

At the CBELSA/TAPS experiment at ELSA, the detectors that can contribute to
the first level trigger are the tagger, the Inner Detector, the Forward Cone Detector,
and the Cherenkov Detector. As the readout of the photodiodes of the caesium iodide
crystals of the Crystal Barrel detector is too slow (see Section 2.6.1), it is only part
of the second level trigger. Furthermore, only the estimate of the hit multiplicity
as determined from the FACE goes into the second level trigger decision. Hence,
the complete trigger system depends on multiplicities of the different detectors, i.e.
on the number of detected particles. Constraints on the type of detected particle
can only be made by considering information about the charge, either with the
requirement of a hit in the Cherenkov or a hit in the Inner Detector.
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Figure 2.26: Representative result of the count rate measurement of the
January 2011 beamtime with the final trigger settings at a current of 0.6 nA.
Left-hand side: measured number of inclusive η events per hour. Middle:
measured number of exclusive η → 6γ events on the proton per hour. Right-
hand side: measured number of exclusive η → 6γ events on the neutron per
hour. The reactions were measured inclusively (without the requirement of the
detection of the recoil nucleon). The number of events per hour and the signal
to background ratio (SB) are indicated in each figure. Black crosses: data
with statistical errors. Solid curves: fit results. Blue: Gaussian for the signal.
Green: polynomial for the background. Red: sum of Gaussian and polynomial.

As at MAMI, the trigger for the experiments at the CBELSA/TAPS experiment
had to be optimized for η and 2π0 photoproduction (the latter reaction channel has
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only been considered for the trigger decision of the experiment with the polarized
target) from polarized protons and neutrons. The experiments on the unpolarized
liquid hydrogen and deuterium targets were carried out in the framework of another
work. For analysis purposes, a trigger was chosen that only depends on the detection
of photons. For this reason, it was clear that the Inner Detector, which only detects
charged particles, should not contribute to the trigger. As a consequence, the full
trigger comprises decisions on the multiplicity. Information about energy, i.e. the
sum of the deposited energies in the Crystal Barrel, can not be included.
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Figure 2.27: Representative result of the count rate measurement of January
2011 beamtime with the final trigger settings at a current of 0.6 nA. Left-hand
side: measured number of inclusive 2π0 events per hour. Middle: measured
number of exclusive 2π0 events on the proton per hour. Right-hand side: mea-
sured number of exclusive 2π0 events on the neutron per hour. The reactions
were measured inclusively (without the requirement of the detection of the re-
coil nucleon). The number of events per hour and the signal to background
ratio (SB) is indicated in each figure. Black crosses: data with statistical er-
rors. Solid curves: fit results. Blue: gaussian for the signal. Green: polynomial
for the background. Red: sum of Gaussian and polynomial.

Under these conditions, the ideal trigger conditions for the reactions with quasi-
free production thresholds of about 290 MeV (2π0) and 630 MeV (η) and the detection
of two, four or six photons was not easy to find. Due to the electromagnetic back-
ground it was rather clear for the experiments with a polarized target, that the η
decay into two photons had to be omitted in order to preserve a reasonable rate.
Furthermore, as the polarized target has to be maintained with a holding coil, the
magnetic field fans out the electromagnetic showers of the beam in the forward di-
rection and yields a very high rate in the MiniTAPS detector. To avoid that in the
forward direction, mainly the electromagnetic background contributes to the trigger,
the Cherenkov Detector had to be used as a veto and the LED thresholds of the



2.6. Data Acquisition at the CBELSA/TAPS Experiment 71

trig42c eta3
1st level FACE 1st level FACE

Inner & Tagger & !C ≥ 2 Taps1 & Tagger & !C ≥ 2
CF1 & Tagger & !C ≥ 1 CF2 & Tagger & Taps1 & !C bypass
CF2 & Tagger & !C bypass CF1 & Tagger & Taps1 & !C ≥ 1
CF1 & Taps1 & Tagger & !C bypass CF2 & Tagger & !C ≥ 1
Taps1 & Tagger & !C ≥ 1 CF1 & Tagger & !C ≥ 2
Taps3 & Tagger & !C bypass Taps3 & Tagger & !C ≥ 1

Taps3 & Tagger & CF1 & !C bypass
Taps3 & Tagger & CF2 & !C bypass

eta4
1st level FACE

Taps1 & Tagger & !C ≥ 3
CF2 & Tagger & Taps1 & !C ≥ 1
CF1 & Tagger & Taps1 & !C ≥ 2
CF2 & Tagger & !C ≥ 2
CF1 & Tagger & !C ≥ 3
Taps3 & Tagger & !C ≥ 2
Taps3 & Tagger & CF1 & !C ≥ 1
Taps3 & Tagger & CF2 & !C bypass

Table 2.4: Trigger settings used for the beamtimes at ELSA. !C = no hit in
the Cherenkov detector, CF1(CF2) = multiplicity 1(2) in the Forward Cone
detector, Taps1(Taps3) = multiplicity 1(2) in the MiniTAPS detector. The
eta3nc/eta4nc trigger correspond to eta3/eta4 without the !C condition, the
eta4ns trigger to the eta4 trigger without the tagger condition and the trig42nc
trigger to the trig42c without the inner condition.

two most inner MiniTAPS rings were increased to suppress the high rate. The fan-
ning out of the electromagnetic showers also occurs at the A2 experiment at MAMI.
However, the trigger at MAMI does not primarily depend on the forward direction.
With the first level trigger decision on the energy sum in the Crystal Ball detector,
the electromagnetic background could be drastically suppressed.
An additional modification had to be done, since the tagger contributes to the first
level trigger. During the analysis of the data, it is important to know which tagger
electron radiated the bremsstrahlung photon that initiated the reaction in the tar-
get. As there are, in addition to the prompt electron, a lot of random background
hits, these background hits have to be properly subtracted. With the tagger in the
trigger, these random tagger hits are affected and hence the background can not be
reliably subtracted. For this reason, the tagger was taken out of the trigger decision.
However, for the beamtimes of the unpolarized targets, this was not utilized, but no
significant difference was observed in the analysis.
The trigger decision for the experiment on the unpolarized hydrogen target was a
multiplicity two trigger combined with the Cherenkov detector (no hit condition)
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(referred to as “trig42c”, see Table 2.4 for the complete trigger list), as this beamtime
was primarily designed for single π0 photoproduction from the free proton. For the
liquid deuterium beamtime, several triggers were tested (eta3, eta3nc, eta4, eta4nc,
see Table 2.4), but mainly eta3 and eta3nc, corresponding to a multiplicity three
trigger with and without the Cherenkov detector (no hit condition), respectively,
have been used. For the experiment on deuterated butanol the count rate measure-
ment showed that the best setting was achieved with the Cherenkov detector (no
hit condition) on the first level and multiplicity 4 on first and second level combined
(eta4ns). A representative result of the count rate measurements is shown for η → 6γ
in Figure 2.26 and for 2π0 in Figure 2.27. A complete list of the trigger settings is
given in Table 2.4.

2.7 Polarized Photon Beams

Photon beams can either be linearly or circularly polarized. Linearly polarized pho-
ton beams can be produced via coherent bremsstrahlung of unpolarized electrons on
a diamond radiator. Circularly polarized photon beams are obtained by the helicity
transfer of longitudinally polarized electrons to the radiated bremsstrahlung photons
when scattering on a radiator foil. As this work only used circularly polarized pho-
tons, background information about linearly polarized photon beams will be omitted.
Details can be found in [129].

2.7.1 Circularly Polarized Photon Beams

Circularly polarized photon beams can be achieved by using polarized electron sources,
as previously mentioned in Sections 2.1.1 and 2.4.1. A longitudinally polarized elec-
tron beam is produced by photoelectron emission on a superlattice photocathode.
Whereas at MAMI, the photocathode is a III-V semiconductor of type InGaP/GaAsP
[96, 130], at ELSA a Be-InGaAs/Be-AlGaAs crystal [115, 131] is used. The light
source used for this photoelectron emission process is a linearly polarized Ti:Sapphire
laser, operated at the optimal wavelength of ∼830 nm. This process is enhanced by
ensuring a negative electron affinity through the additional coverage of the semicon-
ductor surface with a submonolayer of caesium and oxygen. Using a λ/2 plate, the
orientation of the plane of linear polarization of the laser light can be adjusted, and
a Pockels cell acts as a λ/4 plate and transforms the polarization of the laser light
from linear to circular. The spin orientation of the electron beam depends on the
helicity of the laser light, which is switched from positive to negative at a frequency
of about 0.5 Hz. This is important as it guarantees that instrumental asymmetries
in the experiment cancel out.
During the acceleration of the polarized beam, the longitudinally oriented spins of
the electrons, originally pointing in the beam direction, have to be rotated to point
perpendicular to the accelerator plane, in order to avoid depolarization. After the
extraction of the beam, a spin rotator is used to rotate the spin back into its original
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position. As this process does not necessarily have to be reversible, the Møller mea-
surement, as discussed in Section 2.7.2, is used to determine the remaining degree of
longitudinal polarization.
By conservation of spin angular momentum [132], the longitudinally polarized elec-
tron beam transfers its helicity to the bremsstrahlung photon, when it is deflected in
the Coulomb field of the nuclei in the radiator foil. Forward (or backward) longitu-
dinally polarized electrons produce right (left) circularly polarized photons. What is
important for the experimental side is how the polarization from the longitudinally
polarized electrons is transferred to the circularly polarized photons. According to
the mathematical description of this problem from Olsen and Maximon [133], the
polarization transfer is given by

Pγ = Pe− ·
4x− x2

4− 4x+ 3x2
, (2.5)

where x is the ratio of the energy of the bremsstrahlung photon Eγ and the electron
beam energy Ee− , i.e. x = Eγ/Ee− , and Pe− is the degree of longitudinal polarization
of the electron beam. Therefore, with the electron beam energy and electron polar-
ization (see Section 2.7.2) known, the degree of circular polarization of a photon of
energy Eγ can be directly calculated. The dependency of the helicity transfer on the
ratio of the bremsstrahlung photon and the beam electron is shown in Figure 2.28.
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Figure 2.28: Helicity transfer as a function of the energy ratio of beam
electron and radiated photon according to Equation (2.5).

2.7.2 The Measurement of the Longitudinal Electron Polar-
ization

Electrons, as leptons, are spin 1/2 particles. From Quantum Mechanics it is known
that its z-component, characterized by the quantum number m, can only be in ei-
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ther the m = +1 or the m = −1 state. Furthermore, only the probability that the
electron spin is in one of the two states can be measured. If a beam of electrons is
polarized, it means that it contains a net excess of electrons in one of the two states.
The degree of polarization can be determined by observing a reasonable number
of electrons that were scattered by a spin-dependent interaction, such as Coulomb
scattering from heavy nuclei (Mott scattering15), scattering from polarized electrons
(Møller scattering16), or scattering from polarized photons (Compton scattering).
Due to the continuous acceleration of the electron beam at MAMI, the Mott mea-
surement (right after the electron source) and the Møller measurement (at the end
of the beamline) are in good agreement. Due to the better statistical and system-
atical quality of the Mott measurement, only those results have been used in this
work. At ELSA, for energies above 1.32 GeV, due to the fast ramping speed and high
periodicity of the accelerating fields, partial depolarization is observed while trans-
ferring the beam from the Booster synchrotron to the stretcher ring. Even though
this effect can be reduced by applying certain dynamic and harmonic corrections to
the accelerator settings, a reliable polarization can only be determined by means of
a Møller measurement after the extraction of the beam.

The Mott Measurement at MAMI
033303-2 Tioukine, Aulenbacher, and Riehn Rev. Sci. Instrum. 82, 033303 (2011)
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FIG. 1. Angular dependence of Sherman function for various energies
(Z=79). Solid curves are for pure Coulomb potential, dotted ones for ex-
tended nucleus.

energy from 0.39 at 100 keV and θ = 120◦ (Ref. 11) toward
0.55 at 3.5 MeV and θ = 170◦. The gradual increase of S0,max

with energy appears to give an advantage. However, under
laboratory conditions, this does not compensate for the tech-
nical effort to realize acceleration to energies much in excess
of ≈ 120 keV. In addition, at high energies the angular re-
gion of large S0 values becomes smaller and shifts toward
extreme backward angles which reduces statistical efficiency
(see Fig. 1). For this reason Mott polarimeters typically op-
erate in a beam energy range between 20 and 120 keV. In
this energy range, multiple scattering reduces Seff strongly
with target thickness. Therefore, extremely thin targets with
surface densities µ < 100 µg/cm2 are used which in turn re-
quires using a low-Z backing material to provide a sufficient
mechanical stability. Mott polarimeters of this kind have been
a work horse for electron beam polarimetry for more than half
a century. An excellent review is given in Ref. 6, the problems
of thin target morphology and of the resulting uncertainties in
the determination of Seff are discussed in Ref. 12.

In this paper we describe a Mott polarimeter variant op-
erating at the c.w. electron accelerator MAMI (Mainzer mi-
crotron) in Mainz, Germany. This accelerator consists of three
cascaded race track microtrons (RTMs) which accelerate elec-
trons to 855 MeV, followed by another stage, a harmonic
double-sided microtron (HDSM), which allows for a maxi-
mum energy of 1.5 GeV.13 The Mott polarimeter operates in
the energy range between 1.0 and 3.5 MeV by using the out-
put of the injector linear accelerator (ILAC) of MAMI (see
Fig. 2).

II. APPARATUS

A. Electron beam

The Mott polarimeter is located behind the ILAC which
provides 3.5 MeV kinetic beam energy in standard opera-
tion. This energy is required to make the beam sufficiently
relativistic in order to inject it into the first RTM. The beam
time structure is a c.w. sequence of electron pulses with
2.45 GHz repetition rate. Such a time structure is indis-

Klystron

Third ILAC Section
E=1.5 MeV Cos(φ)

Deflection
Dipoles

First and second ILAC Sections
E=1.9 MeV∆

Wien filter
spin rotation

to RTM

Electron source
E=100 keV

Initial spin orientation
dotted arrow: spin reversalQuadrupolesMott polarimeter

∆

FIG. 2. Schematic layout showing installation of the Mott polarimeter at
the 3.5 MeV injector of the MAMI RTM cascade. The beam energy can be
changed by using a phase shifter (φ) in the waveguide between klystron and
the third accelerating structure.

tinguishable from dc for almost all particle detection sys-
tems since their signal bandwidth is much smaller than the
pulse repetition rate. A schematic view of the injector part of
MAMI is given in Fig. 2. A longitudinally polarized electron
beam is produced in a 100 keV photoemission source.14 Pho-
toexcitation by circularly polarized laser light with a wave-
length of λ = 780 nm shining on a GaAs/GaAsP superlattice
photocathode15 yields beam polarizations P > 0.8. A 180◦

flip of polarization—i.e., from spin up to spin down and vice
versa—is provided by reversing the helicity of the laser light
with a Pockels cell. After extraction of the longitudinally po-
larized electrons from the source, the polarization vector can
be rotated by a Wien filter16 into the transverse direction,
which is required for a Mott asymmetry measurement. A ro-
tation angle φWien < 90◦ reduces the Mott asymmetry accord-
ing to A = Aexpsin(φWien). The systematic studies presented
in this article were all done with φWien = 90◦. The beam is
accelerated in three radio frequency sections, the last section
providing acceleration from 2 to 3.5 MeV. By varying the
phase of the third section it is possible to diminish and even
to partially reverse the acceleration process. This allowed us
to vary the beam energy from 0.96 to 3.5 MeV. The relative
beam energy stability, as measured with a magnetic spectrom-
eter, is ≤ 5 × 10−4.

For a polarization measurement the beam is guided to the
polarimeter with the help of a magnet system consisting of
two 15◦ bending dipoles. A quadrupole doublet which is cen-
tered around the midplane between the dipoles allows us to
achieve optical properties similar to a Brown system.17 The
beam is focused onto the Mott-target in the polarimeter by
a second quadruple doublet, a typical beam diameter on tar-
get is ≈ 1.5 mm. In contrast to low energy polarimeters, no
diaphragms are used to define the beam reference line due
to the high gamma ray background that could be introduced
by such a measure. To provide reproducible alignment, the
beam can be observed on several viewscreens (including the
one at the Mott-target position) which yields a position repro-
ducibility and pointing stability below 200 µm and < 2 mrad.
If necessary, the beam position is corrected by small magnetic
steering coils.
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(a) Location of the Mott polarimeter at
the MAMI beamline
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FIG. 3. Artists view of Mott polarimeter with magnetic spectrometers.
Upward- or downward-scattered electrons are detected under θ = 164◦. The
observable polarization component is normal to the scattering plane. Upper
magnet is partially removed for better visibility of electron trajectory. Shield-
ing and 2 m long vacuum pipe to beam dump are not shown.

B. Polarimeter set-up

The polarimeter contains a set of gold targets of
various thicknesses (≈ 0.1, 0.25, 0.5, 1, and 15 µm
corresponding to surface densities between µ = 0.2 and
µ = 30 mg/cm2) which are mounted in vacuum in a scat-
tering chamber (Fig. 3). The targets are 16 mm in diame-
ter and free standing (no backing); the three thinnest ones
were fabricated at the target laboratory of the Gesellschaft für
Schwerionenforschung (GSI) in Darmstadt, Germany. The
target thickness is defined by α-absorption measurements
with a relative error of about 3%. The two thickest targets
are commercial products by Goodfellow, this manufacturer
claims an accuracy of 15%. The target carrier also contains
a viewscreen made from a Zn:S scintillator for visual beam
inspection and an empty target holder for control of back-
ground conditions. The targets are moved into the beam by
a linear motion vacuum feedthrough. The target chamber and
all other vacuum parts are made from aluminum which re-
duces unwanted backscattering due to its low nuclear charge
(Z = 13). Directly after the target chamber the beam tube di-
ameter is increased to 100 mm to further reduce backscatter-
ing.

Since the polarization vector is in the horizontal plane,
the scattering plane is chosen to be vertical. Two identical de-
tection systems are used to detect electrons which are scat-
tered upward or downward with respect to the horizontal
plane. The scattering angle is 164◦ and remains fixed for all
energies. Angular acceptance is defined by two circular 4 mm
diameter collimators made from Al which are installed at a
distance of 243 mm from the target. The collimators define
an opening angle 16.5 mrad and a solid angle of 0.21 msr for
each detector. The Sherman function for a finite acceptance
must be calculated as cross-section weighted average over
the acceptance, which therefore may differ from S0 at 164◦.
The greatest sensitivity toward such an effect is found at 3.5
MeV where d S/dθ is maximized at 164◦, whereas it would be
minimized at 2.0 MeV where d S/dθ ≈ 0 (see Fig. 1). How-
ever, due to the very small acceptance this averaging does not
lead to a significant variation with respect to S0 at 164◦ even
for 3.5 MeV. It should be noted that we have checked this

only for single elastic scattering whereas in reality multiple
scattering could create an even higher sensitivity which we
plan to evaluate by Monte Carlo simulations of the backscat-
tered intensity distribution in the future. The electrons passing
the diaphragms enter double focussing spectrometer magnets
which achieve stigmatic focusing by a suitably chosen mag-
netic field gradient.18 The focal length is chosen to yield a 1:1
imaging of the beam spot on target to an image point behind
the magnet where electron detection takes place by a cylindri-
cal plastic scintillator of 10 mm diameter and 30 mm length.
For different electron beam energies the bending radius in the
magnets is kept constant by a suitable variation of the exci-
tation current. Before reaching the scintillator the electrons
leave the vacuum system by a 0.3 mm thick Al window. This
comparatively thick material is chosen in order not to com-
promise the operational safety of the accelerator, since acci-
dental venting due to a defective window could cause a long
downtime of the accelerator complex.

The main purpose of the spectrometers is to remove the
detectors from direct sight to the target, i.e., to reduce back-
ground from γ -rays which are amply produced by the elec-
trons that are scattered to the chamber walls and from the
beam dump. The scintillators are protected against such stray
radiation by 10 cm thick lead shielding. The spectrometers are
operated without slits, so that energy resolution is defined es-
sentially by the size of the scintillator, which yields a FWHM
resolution E/$E ≈ 15, whereas by using 1 mm wide slits in
front of the scintillator it is possible to achieve a value greater
than 100. Electrons reaching the detectors generate scintilla-
tion light which is converted into an electronic signal by pho-
tomultipliers.

C. Measurement procedure

The elastic count rate (R) is measured once per second.
After each measurement the beam polarization is reversed.
Since we employ two detectors (1,2) and polarization reversal
(±) a ratio Q = (R+

1 R−
2 )/(R−

1 R+
2 ) can be evaluated from two

subsequent measurements. The experimental asymmetry can
then be calculated from (Ref. 10)

Aexp = 1 −
√

Q

1 +
√

Q
. (3)

The advantage of this procedure is that apparative parame-
ters which enter as a factor into the count rate but which
are different for the two detector arms and/or the two mea-
surement periods—such as detection efficiencies, solid an-
gle, or unequal beam currents for the two helicity states—
cancel when calculating Q. Otherwise, these nonsymmetri-
cal parameters would create an apparative (“false”) asymme-
try. Whereas many causes for false asymmetries are removed
by this technique, nonlinearities—e.g., dead time effects—
are not. Fortunately, due to the high bandwidth of the plas-
tic scintillator/photomultiplier arrangement we find negligi-
ble (<1%) dead time effects for count rates ≤50 kHz which
yields the typical count rate restriction for the experiments
described below. In principle, much higher count rates can be
tolerated, if a dead time correction scheme is applied.
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(b) Illustration of the Mott po-
larimeter

Figure 2.29: (a) Schematic illustration of the location of the Mott polarimeter
at the A2 experiment at MAMI. (b) Schematic layout of the Mott polarimeter.
The housing of the upper magnet is removed for a better visibility of the
electron trajectory. Figures taken from [134].

The Mott polarimeter (see Figure 2.29) used for the Mott measurement is located
behind the injector linac, described in Section 2.1.1 and operates in the energy range
between 1.0 and 3.5 MeV and currents of up to 1 µA. As the beam has to be guided
into the Mott polarimeter, the measurement, which takes less than one hour, can
not be performed during data taking.

15Scattering of a pointlike spin-1/2 particle on a pointlike spinless charged particle
16Scattering of a pointlike spin-1/2 particle on a pointlike charged spin-1/2 particle
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As the Mott cross section is spin-dependent, Mott scattering is an ideal way to sepa-
rate electrons of the two possible spin states. Depending on the spin, electrons that
scatter in the Coulomb field of a heavy nucleus, e.g gold, will either scatter in one or
the other direction. The degree of polarization of the beam can then be determined
by measuring the asymmetry between the two states.
The Mott polarimeter consists of a series of thin gold foils as the target and two iden-
tical detectors placed in a vertical plane at a fixed scattering angle of θ = ±164◦. It
is common to repeat the measurement for all foil thicknesses and then to extrapolate
to zero thickness. Thin foils are important in order to minimize multiple scatter-
ing. For the Mott measurement, it is necessary that the polarization vector of the
electron is perpendicular to the scattering plane, so a Wien filter is used to rotate
the vector into the transverse plane [134]. However, a rotation of the vector by an
angle of φWien reduces the measured asymmetry by a factor A = Aexp sin (φWien) and
has to be accounted for in the calculation of the beam polarization (see Section 6.11).

During the measurement, the countrate in the two detectors (referred to as de-
tectors “1 ”and “2”) is measured once per second and per direction of the beam
polarization (initial transverse polarization: “+”, reversed polarization: “-”). This
ensures that systematic uncertainties from the two detector arms or foil inhomo-
geneities cancel out. The measured asymmetry Aexp can then be calculated from
two successive measurements as follows:

Aexp =
1−√Q
1 +
√
Q

and Q =

1−
√

R+
1 R
−
2

R−1 R
+
2

1 +

√
R+

1 R
−
2

R−1 R
+
2

, (2.6)

where Rj
i denotes the elastic count rate measured in detector i with the electron beam

polarized in direction j. The degree of polarization is then given by the ratio of the
measured asymmetry and the analyzing power17 S0, which can be calculated theoret-
ically. In order to adapt the theoretically determined analyzing power one in addition
has to apply a correction factor depending on the effects of multiple scattering in the
target, yielding the effective analyzing power Seff. The degree of longitudinal elec-
tron polarization P long

e− (which corresponds to the measured transversal polarization)
is directly proportional to the measured asymmetry and is given by

P long
e− =

Aexp

Seff
(2.7)

As mentioned in the beginning of this section, the Mott measurement is carried out
at very low beam energies below 5 MeV and at very high beam currents of ∼1 µA,
but has to be applied to the settings used during the experiment, i.e. to energies of
1.5 GeV and low currents of a few nA. It is expected that the degree of polarization
of the beam is independent of the beam current. However, at higher beam energies

17The analyzing power is called Sherman function and depends on the scattering angle θ, the
beam energy Ee− and on the atomic number Z of the material
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the polarization vector starts to exhibit a nonzero vertical component. To account
for this vertical component, an additional correction factor, depending on the beam
energy, has to be applied.

The Møller Measurement

Figure 1: Moellerfoil at +25° (left) and -25° (right)

(c) Check that Moeller coil has 1.2-1.3A (power supply with readings underneath the
beamstop switch in rack 3), (if power supply does not drive the desired current, power
cycle it - this helps normally!)

(d) ideally complete Tagger switched on (HV sections A-H), (or something else depending
on experiment)

(e) ask for beam current of 2nA and tell the operator that you are doing a Moeller
measurement.

(f) Ask MAMI operator for the actual MAMI angle (in case of an unexperienced MAMI
operator, try telling the German word: “MAMI Winkel” or “MAMI Wienfilter Eins-
tellung”).

(g) Write down all relevant settings into the experiment log book:

i. Radiator,
ii. Moeller coil angle (rough estimate) as determined by looking at the camera (+25°

or -25°),
iii. value of axis 6 in the goniometer control (on the lower right corner of the main

page of that program look for A6:[?.???], where ?.??? is the value),
iv. Moeller coil current,
v. MAMI beam current,
vi. MAMI beam energy (including electron rest mass),
vii. MAMI angle (for 450MeV beam it should be -46°),
viii. Tagger sections switched on
ix. Tagger rate 16OR

3. Connect to the control computer

(a) Connect via ssh to the corresponding VMEbusPC:
> ssh -X a2cb@vmebuspc-2d8679.online.a2.kph
password: as normal. Look out for the control panel for doing Moeller measurements:
Figure 2.

2

(a) Møller coil

2.5 Glasgow-Mainz-Tagger 19

Rahmen für Møllertarget

Feldspule

Drehtisch

Unterbau

Abbildung 2.11: Aufbau des Møllertargets.

einer Frequenz von 1 Hz bei betragsmäßig gleichbleibender Feldstärke er-
reicht. Nach jedem Umschalten misst eine Elektronik die in der der Pick-
up-Spule induzierten Spannungen. Durch das fortlaufende Umschalten wird
eine Hystereseschleife durchlaufen, mittels deren Bestimmung auf die Magne-
tisierung der Targetfolie zurück geschlossen werden kann. Zu dem genauen
Verfahren sei auf [7] verwiesen. Die jeweils aktuelle Targetpolarisation wird
zu jedem Ereignis mit in die gespeicherten Messdaten aufgenommen.

Als Møllertargetmaterial kommt eine 10 µm dicke Folie aus Vacoflux
(Weichmagnetische Kobalt-Eisen-Legierung) zum Einsatz. Im Vergleich zu
einer Folie aus reinen Eisen besitzt sie eine höhere Sättigungsmagnetisie-
rung.

Angemerkt sei, dass bei der Konstruktion des gesamten Aufbaus auf das
begrenzte Raumangebot innerhalb der Streukammer Rücksicht genommen
werden musste.

2.5 Glasgow-Mainz-Tagger

Experimente der Arbeitsgruppe A2 basieren auf der Verwendung von reel-
len Photonen als Sondenteilchen. Dabei ist es wichtig deren Energie E� zu
kennen.

Die Photonen werden im Bremsstrahlprozess

e� + N ! e� + N + �

erzeugt, dazu wird der Elektronenstrahl vom Beschleuniger auf einen Ra-
diator gelenkt. Die Energie des Elektrons vor dem Stoß E1 verteilt sich auf

rotating table

platform

field coil

target frame

(b) Moeller setup

Figure 2.30: (a) Photograph of the Møller coil at MAMI in beam di-
rection. (b) Schematic illustration of the Møller setup. The setup at the
CBELSA/TAPS experiment at ELSA is equivalent. Photograph taken from
[135], figure taken from [136].

In the Møller polarimeter [136–138], the polarized electron beam scatters from
polarized electrons in the Møller target. The target consists of a 10 µm thick fer-
romagnetic foil made of Vacoflux, which is tilted by an angle of 20◦ (25◦) at ELSA
(MAMI) compared to the beam direction. The target is surrounded by a coil that is
used to polarize the target material (in direction of the foil plane) at a magnetic field
of ∼10 mT. Since only a very small fraction of the target electrons are polarized, the
Møller cross section is very low. For this reason, the Møller target can directly be
used as a radiator and the beam polarization can be measured online during data
taking.
Similarly to the Mott measurement, the asymmetry in the countrate has to be de-
termined in order to determine the beam polarization. At MAMI, the two scattered
Møller electrons are detected in the Glasgow photon tagging spectrometer (see Sec-
tion 2.2.1). At ELSA, an individual Møller detector, consisting of four lead glass
detectors, is used. The scattered Møller electrons are then identified with the time
and energy information of the detectors. As the helicity of the beam electrons is
periodically flipped (see Section 2.7.1), the two possible spin configurations (beam
and target electron parallel (↑↑) or anti-parallel (↑↓)) have to be summed up and the
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asymmetry A = (N↑↓−N↑↑)/(N↑↓+N↑↑) can be calculated. Using the polarization
of the Møller target PT , the angle of the Møller foil α, and the analyzing power azz,
that can be calculated theoretically, the degree of longitudinal beam polarization is
given by:

P long
e− =

1

azz · PT
A

cos(α)
. (2.8)

2.8 Unpolarized and Polarized Targets

For the unpolarized data at MAMI and ELSA, a liquid hydrogen (LH2) and deu-
terium (LD2) target [139] and for the polarized data, the Frozen Spin Target, were
used. In the next sections, the setup, procedure, and materials of the different targets
will be discussed.

2.8.1 The Cryogenic Target

Crystal Ball Hydrogen (Deuterium) Target manual 
(A.Thomas 28.05.2013) 

1. Introduction 
The liquid H2 /D2  target for the CB@MAMI experiments is a cell with a cylindrical shape 
made of Kapton.  

 
 
When cold, it is 4.8 cm long and the diameter is 4.0 cm. The volume of the cell is about 265 
cm3. The supply line for the liquid H2  has a volume of 57 cm3. The H2 resevoir under normal 
running conditions holds 54 cm3 liquid. The total H2  liquid is 319 cm3. Rupture of the 
vacuum window would cause the 0.3 liters of liquid H2 to turn rapidly into 300 liters of H2  
gas, which makes an explosive mixture with the oxygen in the air. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The full liquid H2 /D2 target system consists of the following components: 

Figure 2.31: Liquid Hydrogen/Deuterium target cell used at the A2 experi-
ment at MAMI. Photograph taken from [139].

At MAMI and ELSA the setup, the materials and the procedure are almost iden-
tical. Thus, in the following sections, the cryogenic target will only be explained for
the example of the one used at MAMI. The necessary parameters of the target used
in Bonn are summarized in Section 2.9.
The cryogenic target consists of five components that form a closed system: the tar-
get cell, which is placed in the center of the experimental setup, the gas liquefier, the
liquid hydrogen/deuterium supply line, the storage tank of the gas, and the gas com-
pressor. Under running conditions, the target cell is cooled down to approximately
20 K so that about 25 % of the gas is liquified. The temperature and pressure is
maintained and is automatically regulated by adding cold liquid or by evaporating
the liquid by addition of heat. The cylindrical cell has a diameter of 4 cm and is
made of a 125 µm thick Kapton foil (see Figure 2.31). The length can be varied
from 3.02±0.03 cm to 4.72±0.05 cm or 10.0±0.1 cm by using different adapters for
the beam entrance window of the target. For a better thermal isolation, the target
cell is wrapped in eight layers of superisolation foil, each made of 8 µm mylar and 2
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µm aluminium and then positioned in a 1 mm thick carbon-fiber reinforced vacuum
tube at a vacuum of 3·10−7 mbar.

2.8.2 The Frozen Spin Target

In contrast to unpolarized targets, measurements on polarized nuclei require a much
more elaborate target system. In general, every polarized target system follows the
same scheme. At first, the yet unpolarized target material has to be cooled down to
temperatures below 1 K. It is then placed inside a homogeneous high magnetic field
and is exposed to microwave radiation in order to align the spins of the nucleons in
the desired direction. Finally, a nuclear magnetic resonance (NMR) measurement
allows the determination of the degree of polarization.
Immense improvements concerning cryogenics and magnet technology have been
achieved within the last decades, which results in better and more stable condi-
tions and hence, to higher degrees of polarization, as well as longer relaxation times.
In the following paragraphs the dedicated components and steps of the polarized tar-
get systems used at MAMI [140] and ELSA [141] for the experiments in this work,
will be discussed.

Target Material

For the measurement on polarized protons and neutrons, a suitable target has to be
chosen. In general, there are two different types of polarized solid state targets: hy-
drogen rich alcohols (butanol and propandiol) or ammonia and lithium hydrate [142–
147]. A suitable target material should not only have the ability to have maximum
polarization, it should also have short polarization buildup times, a high hydrogen
content, a high relative content of polarizable nucleons (dilution factor), resistance
against radiation damage, and reproducible manufacturing. In addition, the depen-
dence of its relaxation time on the temperature and the magnetic field, as well as
the absence of polarizable background nuclei, are also important [141, 148].
Using the areal target density nt, the target polarization Pt, and the dilution factor
f , the quality of an external polarized solid state target can be expressed by the
figure of merit (FOM) as follows [149]:

FOMext = nt · P 2
t · f 2 . (2.9)

For measurements on polarized neutrons, usually hydrogen rich materials are
chosen and the hydrogen atoms are being replaced by deuterons, e.g. deuterated
butanol (C4D9OD) lithium deuteride (6LiD), or nitrogen trideuteride (ND3). Tech-
nically, 6LiD provides the highest number of polarizable nucleons, since the lithium
nucleus can be considered as an α particle with two additional weakly bound nucle-
ons [152]. As for the deuteron, the spins of the two valence nucleons are essentially
parallel and hence, responsible for the polarizability of the lithium nucleus. However,
for experiments at medium energies, as the case for photoproduction experiments,
the residing nuclear binding effects may contaminate the experimental data. For
this reason, organic materials such as alcohols or diols are preferred, although they
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(a) deuterated butanol beads.

5.2. DAS TRITYLRADIKAL FINLAND D36 37

5.2 Das Tritylradikal Finland D36

Abbildung 5.2: Das Tritylradikal Finland
D36: Dargestellt ist das freie Elektron als
Punkt am zentralen C-Atom.

Bereits vor mehr als hundert Jahren
wurde das erste Triphenylmethylradikal
(kurz: Tritylradikal) von Gomberg als
stabiles Radikal erkannt [Gom00]. Das
charakteristische Merkmal aller Trityl-
radikale sind die am zentralen C-Atom
des Moleküls befindlichen drei Phenyl-
reste. Dadurch ist das freie Elektron des
Radikals stark delokalisiert, also nicht
an das zentrale C-Atom gebunden, was
die Stabilität, trotz der nicht-planaren
Anordnung der Phenylreste, hervorruft
[Ehl99]. In seiner hier vorliegenden, in
Hinblick auf die Eignung für die DNP
entwickelten Form Finland D36 wird
das Tritylradikal durch die Summenfor-
mel C40H3D36O6S12 beschrieben, wor-
aus eine Molmasse des Radikals von
u = 1036, 9 g

mol
resultiert.

330 335 340

3

2

1

0

-3

-2

-1

Finland D36
TEMPO

B [mT]

S
ig

n
al

am
p
li
tu

d
e

Abbildung 5.3: Vergleich der schmalen ESR-Linie von Finland D36 mit der des TEMPO-
Radikals. Aufgenommen bei T=77K und B=335 mT.

(b) trityl radical Finland D36.

Figure 2.32: (a) Photograph of the deuterated butanol target material. (b)
Chemical formula of the trityl radical used for the doping of the deuterated
butanol target material. Photograph taken from [150], figure taken from [151].

are rather prone to radiation damage and the polarizability of the deuterons in the
deuterated materials is limited. Whereas the polarization of the protons in butanol
(C4H9OH) can reach up to 90 % at a magnetic field of 2.5 T, the maximum po-
larization of undoped deuterated butanol will not exceed 30-40 % under the same
conditions.
At thermal equilibrium, the polarization18 P of a spin system with spin I and mag-
netic moment µ under an external magnetic field B and at a temperature T , is given
by the Brillouin Funktion BI :

P =
< Iz >

I
=
N(I)−N(−I)∑m=+I

m=−I N(m)
= BI

(
µB

2kBT

)
, (2.10)

where kB denotes the Boltzmann constant. Equation (2.10) implies that the
maximum polarization is achieved by the largest possible ratio of magnetic energy
µB and thermal energy kBT . As the magnetic moment of electrons is about three
orders of magnitude higher than the one for protons, almost complete polarization
for an electron spin system can already be achieved with a field of a few Tesla and a
temperature of about one Kelvin. Under the same conditions, the polarization of a
nuclear spin system is less than 1 %.

The improvements in cryogenics and magnet technology over the past years al-
ready lead to a rather advantageous ratio, but after all its the method of dynamic
nuclear polarization (DNP) [153] that rendered deuteron polarizations in deuterated
butanol of more than 60 % possible. At appropriate magnetic fields and tempera-
tures, this technique makes use of microwave induced excitations of coupled electron-
nucleus Zeeman transitions to transfer the high electron polarization to the nuclei19.

18in principle, as defined in the following, the polarization is a vector quantity.
19a detailed description of the DNP mechanism can be found in [153]



80 Chapter 2. Experimental Setup

Fig. 3. Cooling power of the refrigerator.

Fig. 4. Schematic diagram of the dilution refrigerator.

The pumping system of the !He/"He-circuit con-
sists of a combination of oil-free compressing Roots
pumps (Balzers WKP4000, WKP1000, WGK500
and WGK250), which are equipped with canned
motors. The pumping speed can be adjusted by
frequency converters so as to adapt dynamically
the pumping power to the actual performance of
the refrigerator.

This design allowed a maximum !He circulation
rate of 30 mmol/s. In the polarizing mode at a tem-
perature of about 300 mK, a cooling power of up to
50 mW was available (Fig. 3). A base temperature
of 40 mK was measured at a circulation rate of
1.4 mmol/s. In latter conditions the cooling power
just covered the heat load by thermal radiation and
conductivity. In the frozen-spin mode the refriger-

ator was usually operated at 50}60 mK with a cool-
ing power of a few microwatts, whereby the beam
heated the target by less than 1 !W. The perfor-
mance, especially the temperature, is mainly regu-
lated by the needle valve metering the inlet of the
gas mixture. The still heating was also adapted to
the actual operation mode in order to exceed 90%
!He quota in the circulating gas. This quota was
controlled by the mass spectrometer. Another
needle valve enabled to bypass the "nal heat ex-
changer and thereby to cool down the refrigerator
with "He from the separator to 1 K within approx-
imately 20 h. The total "He consumption
amounted to 7 l/h liquid helium during the cooling
down and to 5 l/h in the frozen-spin mode.

The target material was located in a cylindrical
container made of polytetra#uorethylen (PTFE).
This container was mounted at the end of an insert,
that also contained NMR } and microwave guides.
By sliding the insert in the beam tube of the refri-
gerator from the upstream side the target material
could be placed in the mixing chamber with only
a slight warming of the refrigerator. The mixing
chamber was insulated against the beam tube vac-
uum by a cold indium seal. After a change of target
material the indium seal was heated by resistors to
almost room temperature and then pressed with
a force of 1.5 kN to tighten it again. Afterwards the
heated parts were cooled by an additional "He-
circuit, that was integrated in the insert. The heat
load on the mixing chamber by thermal radiation
along the beam tube was minimized by the shield-
ing of four thin aluminium foils (10 !m) placed in
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Figure 2.33: Schematic illustration of the 3He/4He dilution refrigerator of the
Frozen Spin Target used for the experiments with the deuterated butanol tar-
gets at the A2 and CBELSA/TAPS experiments at MAMI and ELSA. Figure
taken from [141].

However, this procedure requires the presence of paramagnetic centers in the vicin-
ity of the nuclear spin that otherwise is of a diamagnetic nature. This is achieved
by implanting unpaired electrons into the material by either chemical doping or by
ionizing radiation. In the case of butanol or deuterated butanol, it was shown that
doping with the trityl-radical20 yields the most desirable results [154].

Deuterium as Neutron Target

The deuteron consists of a proton and a neutron that are bound with a binding energy
of 2.225 MeV. While the sum of the magnetic moments of the proton and neutron is
µp+µn = 0.88µk

21, the magnetic moment of the deuteron is only µd = 0.857µk [151].
Due to this, the spin of the deuteron Sd = 1 is not simply given by the addition
of the spins of the proton and neutron and neither applies to its magnetic moment.
However, the admixture of a state with nonzero orbital angular momentum L > 0 can
explain this situation. Due to parity conservation, the admixture of a state with L =
1, i.e. 3P1, to the ground state is forbidden. The admixture of a state with L = 2, i.e.
3D1, is allowed and is shown to solve the puzzle, though it results in a non-spherically
symmetric wave function of the deuteron, which affects its magnetic moment. This
has to be accounted for when using polarized deuteron targets for experiments on
polarized nucleons. Quantum mechanical calculations yield an admixture of the d-
wave state of 7.35 % [151]. Due to different sources, calculations and experiences,
in this work an admixture of cd−wave = 9% was considered [155]. In order to derive
the nucleon polarization PN from the deuteron polarization, the measured target
polarization PT has to be corrected as follows:

PN =
(100− cd−wave)

100
· PT . (2.11)
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Figure 2.34: Photograph of the dilution refrigerator of the A2 experiment at
MAMI. The longitudinal holding coil is mounted on its end (left-hand side of
the cryostat). Photograph taken from [156].

The 3He/4He Dilution Refrigerator

As discussed in Section 2.8.2 and resulting from Equation (2.10), the temperature
of the target material should be as low as possible in order to allow for a maximum
polarization. In former times, the procedure was rather simple: the cryostat was
filled with liquid helium, cooled down for four to six hours and then the target
was polarized. With the remaining helium reservoir, data taking was possible for
about six to twelve hours before the cryostat had to be warmed up, refilled, cooled
down, and repolarized. This procedure was very inefficient and a lot of helium was
wasted without reaching temperatures below 1 K. Hence, the DNP method was not
practicable and relaxation times were short. A lot of developments and improvements
finally led to the technique of cooling with the 3He/4He dilution refrigerator [141,
157], which is used in both experiments at MAMI and ELSA.

The 3He/4He dilution refrigerator has a total length of more than 2 m and a
diameter of roughly 10 mm in the target area to about 20 cm in the back part. It
is installed horizontally along the beam axis. In order to achieve a symmetric distri-
bution of the materials and to minimize influences to the experiment, the cryogenic
components are mounted at backward angles and are arranged symmetrically around
the beam tube that is the central part of the refrigerator. Several heat shields and
isolation vacuums prevent the system from heating up by the thermal heat load from
the thermal radiation.

20common abbreviation for triphenylmethyl
21µk = e~/2/mp is the nuclear magneton
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The main principle of this refrigerator is based on the separation of the liquid and
gaseous phases of the 3He/4He mixture. Below the critical temperature of 0.88 K
the mixture spontaneously forms a 3He-poor phase (dilution phase) and a 3He-rich
phase (concentrated phase). At sufficiently low temperatures, the diluted phase
never contains less than 6.6 % 3He (and 93 % 4He) while the concentrated phase is
nearly entirely made of 3He. In the mixing chambers (in the target region) the two
phases are in thermal equilibrium and are only separated by the phase boundary.
The pumping of 3He from the diluted to the concentrated phase disturbs the thermal
equilibrium and lowers the fraction of 3He in the diluted phase. If the amount of 3He
in the diluted phase falls below the critical fraction of 6.6 %, 3He from the concen-
trated phase transfers spontaneously to the dilution phase. This process corresponds
to an evaporation of the liquid. The energy that is necessary for the evaporation
process is taken from the system, i.e. it is cooled. Theoretically arbitrarily low
temperatures can be achieved, as the amount of 3He falls never below the critical
fraction [149]. However, due to the finite temperature of the surrounding materials,
the temperature transfer to the target limits the minimum temperature to a few
millikelvin such that at CBELSA/TAPS temperatures of 60 mK were reached. At
A2, due to the newer cryostat, even lower temperatures of 25 mK are possible.
A cylindrical basket made of teflon22 contains the target material and is mounted
at the end of an insert. Microwave guides, needed for the DNP process, and NMR
guides, used for the measurement of the degree of polarization, are also connected
to this part. A schematic illustration of the dilution refrigerator is shown in Figure
2.33.

The Polarizing Magnet and the Internal Holding Coil

5. Target

risation (DNP, siehe Abschnitt 2.3.1) erreicht, wobei der Anteil der Radikale genau
abgestimmt werden muss, damit die Relaxationszeit nicht negativ beeinträchtigt wird.
Der Anteil nicht polarisierbarer Kerne sollte vernachlässigbar und das Material un-
empfindlich gegen hohe Strahlungsdosen sein. Für den verwendeten Photonenstrahl
eignen sich mit Radikalen dotierte Alkohole oder Diole. Für den Run im März 2015
besteht das Targetmaterial aus D-Butanol (C4D9OD), welches mit dem Radikal Tem-
po dotiert wurde. Die verwendeten Targetmaterialien werden an der Ruhr-Universität
Bochum hergestellt.

Abb. 5.1.: Gefrorene D-Butanol-Kügelchen mit 2 mm Durchmesser im Teflonbehälter

Um das Target gleichmäßig auf Temperaturen unter 1 K zu kühlen, muss die
Oberfläche maximiert werden. Folglich verwendet man gefrorene dotierte D-Butanol-
Kügelchen mit einem Durchmesser von 2mm. Zum Dotieren des D-Butanols wurde
in diesem Fall das Radikal Tempo verwendet. Damit das Target in gefrorener Form
bleibt, ist es während des Experiments in einen Kryostaten eingebracht und wird
zunächst durch flüssigen Sticksto↵, später durch ein Mischung aus Helium und
Helium-3 gekühlt. Als Behälter wird ein Tefloncontainer von 2 cm Durchmesser und
Radius verwendet, da dieser keine freien Protonen enthält, welche die Polarisati-
onsgradmessung beeinträchtigen würden. Um die Messung zu optimieren, sind zwei
NMR-Spulen in den Behälter integriert:

Abb. 5.2.: Oberflächenspule (Anti-
Helmholtz-Konfiguration)

Abb. 5.3.: Innen-Spule
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Um das Target gleichmäßig auf Temperaturen unter 1 K zu kühlen, muss die
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Figure 2.35: NMR coils as used for the measurement of the deuteron polar-
ization. Left-hand side: surface coil (anti-Helmholtz configuration) used for
the normal NMR measurements. Right-hand side: in-beam coil, used for the
investigation of the polarization inhomogeneities of the experiments within the
A2 collaboration. Photographs taken from [158].

The target material is polarized by moving the cryostat into the bore of a super-

22common name for PTFE: polytetrafluorethylen
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conducting solenoid at a magnetic field of 2.5 T. In this polarization mode, the target
is completely enclosed by the magnet in order to provide enough field homogeneity,
as required for the DNP method. Due to the size of the magnet, data taking is not
possible during the polarization mode. For this reason, it has to be switched to the
frozen-spin mode by removing the magnet from the cryostat and placing the target in
the isocenter of the detector system for data taking. For an easier, reproducible and
faster procedure, the polarizing magnet and the detectors are mounted on a railway
system.
Without the superconducting polarization magnet, the nucleon polarization would,
depending on the relaxation time, vanish quite fast. To circumvent this problem, a
superconducting internal holding coil23 is installed inside the refrigerator. A temper-
ature of 1.2 K and a field of 0.6 T are sufficient to maintain the nucleon polarization
sufficiently high. Figure 2.34 shows a picture of the cryostat and the longitudinal
holding coil.

2.8.3 The Measurement of the Target Polarization

22 KAPITEL 3. BESTIMMUNG DER DEUTERONENPOLARISATION

Aus der Abhängigkeit von sin θ folgt, dass bei θ = π/2 die Linienintensität ihr
Maximum besitzt und bei θ = 0 verschwindet. Durch Einsetzen in Gl. (3.6) erhält
man für die Intensitätsmaxima

ω+ = ω0 + 3ωq und ω− = ω0 − 3ωq, (3.9)

der Abstand der beiden Maxima beträgt somit 6ωq. Mit Gleichung 3.9 kann so-
mit eine grobe Abschätzung der Quadropolwechselwirkung vorgenommen werden.
Zur genauen Bestimmung müssen aber noch auftretende Dipol-Effekte und Effekte
höherer Ordnung berücksichtigt werden. Diese lassen die beiden Peaks geringfügig
zusammenrücken. Eine Beschreibung hierzu findet sich in [Dul96].
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Abbildung 3.2: Das Deuteronensignal in Butanol, zusammengesetzt aus den einzelnen

Beiträgen der Bindungen und Übergänge. Die beiden flachen, gestrichelt dargestellten
Peaks stellen den geringen Beitrag der O-D-Bindung dar, die hohen Peaks werden von
der C-D-Bindung verursacht. Die jeweils linken Peaks stammen vom Übergang von m=-1
nach m=0, die rechten von m=0 nach m=1. Die Einhüllende stellt das aus der Addition
der vier Beiträge gewonnene Gesamtsignal dar.

Neben der Winkelverteilung müssen aber auch die Gauß- und Lorentzverbreiterun-
gen der Linie in Betracht gezogen werden. Zur Bestimmung der tatsächlichen Lini-
enform sind diese Effekte mit der Winkelverteilung zu falten. Eine Beschreibung des
Verfahrens findet sich in [Dul96].

In Abbildung 3.2 ist das Gesamtsignal der Deuteronen in D-Butanol dargestellt.
Der linke Teil des Signals wird dominiert vom Übergang zwischen m = −1 und
m = 0. Die Signalamplitude nimmt ausgehend von ω− = ω0 − 3ωq ab, um dann bei
ω− = ω0 + 6ωq abzubrechen. Analog entsteht die Linie für den Übergang von m = 0
nach m = 1, die spiegelsymmetrisch zur Ersten ist und deren Peak bei ω+ = ω0+3ωq

(a) low polarization
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Abbildung 6.12: Ein NMR-Signal mit P = 81, 5% Deuteronenpolarisation, gemessen bei
B = 2, 5T im Dilutionkryostaten in Finland D36-dotiertem D-Butanol. Dies entspricht
der größten gemessenen Deuteronenpolarisation.

6.2.1 Einsatz im GDH-Experiment

Nach den im vorigen Abschnitt beschriebenen erfolgreichen Tests im Bochumer PT-
Labor wurde eine mit Finland D36 dotierte Butanolprobe, deren Konzentration
Probe II entspricht, im GDH-Experiment am MAMI1 in Mainz eingesetzt. Diese
wurde bei einer abschließenden Messperiode erfolgreich als Ersatz für das vorab
eingesetzte Porphyrexid-dotierte D-Butanol genutzt. Der Name des Experimentes
stammt von der Gerasimov-Drell-Hearn Summenregel. Zur Überprüfung selbiger
werden am GDH-Experiment zirkular polarisierte Photonen an einem polarisierten
Festkörpertarget gestreut. Eine auf das Target ausgerichtete Beschreibung findet
sich in [Roh03].

Das polarisierte Target des GDH-Experimentes wird als Frozen spin Target be-
trieben. Um die gewünschten hohen Deuteronenpolarisationen zu erreichen, wird
dabei ein supraleitender Magnet hoher Feldstärke verwendet. Dieser überdeckt einen
großen Raumwinkelbereich um das Target, sodass ungestörte Teilchendetektion stark
eingeschränkt ist. Weiterhin werden die Bahnen von geladenen Teilchen durch das
hohe Magnetfeld stark beeinflusst. Um diese Probleme zu umgehen, wird der starke
Polarisationsmagnet nach der Polarisation entfernt und ein Magnetfeld geringerer
Stärke durch eine in den Polarisationskryostaten integrierte Haltespule bereitgestellt.
Dadurch wird die oben genannte Problematik umgangen.

1MAinzer MIkrotron

(b) high polarization

Figure 2.36: Example NMR signals of deuterated butanol. Left-hand side:
long dashed lines: small contribution of the oxygen-deuteron binding. Short
dashed lines: dominating contribution from the carbon-deuteron binding. Solid
line: sum of all four contributions. Right-hand side: envelope at a high degree
of target polarization of PT = 81.5% at a magnetic field of 2.5 T. The left
(right) peak corresponds to the m=-1(0) to m=0(1) transition. Figures taken
from [151].

The degree of polarization of the target material is determined using NMR. For
this purpose a coil with only a few windings is attached to the target material basket
(see left-hand side of Figure 2.35). The coil is part of a serial RCL resonant circuit
that is driven at a resonance frequency ω close to the nuclear larmor frequency. This
induces spin transitions of a few nuclei in the target material which slightly reduces

23a holding coil for longitudinal polarization and a saddle coil for transverse polarization exist.
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the target polarization. This change in the magnetization of the target affects the
inductance and hence the impedance of the coil. This change can be measured and
related to the degree of polarization P via the magnetic susceptibility χ [151]:

P = k ·
∫

∆ω

χ′′(ω)dω , (2.12)

where the factor k depends on the properties of the nucleon system and of the
apparatus. The frequency range ∆ω, that has to be scanned around the nuclear
larmor frequency, depends on the width of the signal to be detected. For deuterons,
the typical width of the signal is about 260 kHz, and ∆ω is chosen to be on the order
of 500 kHz. In an external magnetic field, deuterons, as spin-1 particles, exhibit
three equidistant Zeeman levels of quantum number m = −1, 0, 1. The transitions
from level 0 to 1 should therefore occur at the same resonance frequency as the
transition from -1 to 0. However, for deuterons chemically bound inside butanol,
this does not hold. In deuterated butanol, the chemical bindings give rise to electric
field gradients that affect the quadrupole moment of the deuterons. This results
in an energy change of the individual spin states and hence to two NMR lines in
the spectrum of deuterated butanol, as illustrated in Figure 2.36. For a polarized
target, the two spin states are unequally occupied. Therefore with a higher degree
of polarization, the NMR signal becomes more asymmetric, as depicted in Figure
2.36b. The degree of target polarization can then be derived from the NMR signal
in two ways: either with the TE24-method, which is based on Equation (2.12), or by
determination of the asymmetry of the signal.

24TE: thermal equilibrium
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2.9 Beamtime Overview

The following tables summarize the analyzed liquid hydrogen, liquid deuterium,
deuterated butanol and carbon beamtimes and the most relevant settings which
have been used for the experiments at MAMI and ELSA.

2.9.1 Liquid Hydrogen Data

The settings for the liquid hydrogen beamtimes at MAMI and ELSA are summarized
in Table 2.5.
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ELSA MAMI
Parameter Nov. 2008 Apr. 2009
beamtime duration [h] 220 240
electron beam energy [MeV] 2350 1558
electron beam current [nA] 0.19 10
tagged photon energy range [MeV] 360 - 2290 410 - 1401
collimator diameter [mm] 4 4
radiator material Møller 10 µm Cu
target material LH2 LH2

target length [cm] 5.262 10.0 ± 0.1
target radius [cm] 3.0 4.0
beamspot radius on target [cm] 1.2 1.3
CB energy sum threshold [MeV] - 360
multiplicity trigger M2+ M3+
Cherenkov yes no

T
ab

le
2.5:

O
verview

ofthe
analyzed

liquid
hydrogen

beam
tim

es
from

the
A

2
and

C
B

E
LSA

/TA
P

S
experim

ents.

2.9.2
L
iquid

D
euterium

D
ata

Table
2.6

gives
an

overview
of

the
m

ost
relevant

experim
entalsettings

of
the

liquid
deuterium

beam
tim

es
from

M
A

M
I

and
E

LSA
.

Table 2.5: Overview of the analyzed liquid hydrogen beamtimes from the A2
and CBELSA/TAPS experiments.

2.9.2 Liquid Deuterium Data

Table 2.6 gives an overview of the most relevant experimental settings of the liquid
deuterium beamtimes from MAMI and ELSA.
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ELSA MAMI
Parameter Dec. 2008 Dec. 2007 Feb. 2009 May 2009
beamtime duration [h] 45/120 140 141 190
electron beam energy [MeV] 2350 1508 1508 1558
electron beam current [nA] 0.32 10 5 4.5
tagged photon energy range [MeV] 410 - 2290 410 - 1401 413 - 1401 423 - 1447
collimator diameter [mm] 4 / 7 4 4 4
radiator material Møller 10 µm Cu 10 µm Cu Møller
target material LD2 LD2 LD2 LD2

target length [cm] 5.258 4.72 ± 0.05 4.72 ± 0.05 3.02 ± 0.03
target radius [cm] 3.0 4.0 4.0 4.0
beamspot radius on target [cm] 1.2 1.3 1.3 1.3
CB energy sum trheshold [MeV] - 300 300 300
multiplicity trigger M3+ M2+ M3+ M2+
Cherenkov yes / no no no no
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Table 2.6: Overview of the analyzed liquid deuterium beamtimes from the
A2 and CBELSA/TAPS experiments.
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2.9.3 Carbon Data

An overview of the most important experimental settings from the carbon beamtimes
at MAMI and ELSA is given in Table 2.7.

88 Chapter 2. Experimental Setup

ELSA MAMI
Parameter Nov. 2011 Feb. 2014
beamtime duration [h] 115 55
electron beam energy [MeV] 2350 1558
electron beam current [nA] 0.7 9
tagged photon energy range [MeV] 500 - 2290 395 - 1448
collimator diameter [mm] 4 2
radiator material Møller Møller
target material 12C 12C
target length [cm] 1.88 2.0 ± 0.05
target radius [cm] 2.0 2.0
beamspot radius on target [cm] 1.2 0.9
CB energy sum threshold [MeV] - 250
multiplicity trigger M4+ M2+
Cherenkov yes no

Table 2.7: Overview of the analyzed carbon beamtimes from the A2 and
CBELSA/TAPS experiments.

2.9.4 Deuterated Butanol Data

The main experimental settings used for the experiments with a deuterated butanol
target are summarized in Table 2.8.

Table 2.7: Overview of the analyzed carbon beamtimes from the A2 and
CBELSA/TAPS experiments.

2.9.4 Deuterated Butanol Data

The main experimental settings used for the experiments with a deuterated butanol
target are summarized in Table 2.8.
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ELSA MAMI
Parameter Jan. 2011 Jun. 2011 Jul. 2013 Feb. 2014 Mar. 2015 Mar. 2015
beamtime duration [h] 190 115 145 80 27 48
average target polarization [%] +63/-56 63 62 -55 -57 55
target pol. scale factor 1 1 1.5 1.5 1.40958 1.16764
average electron polarization [%] 60 62 85 83 84 84
helicity asymmetry factor 1 1 0.00447465 -0.0022007 -0.000032 0.000032
electron beam energy [MeV] 2350 2350 1558 1558 1558 1558
electron beam current [nA] 0.7 0.7 8.3 9.0-10.0 10 10
tagged photon energies [MeV] 500 - 2290 500 - 2290 395 - 1448 395 - 1448 395 - 1448 395 - 1448
collimator diameter [mm] 4 4 2 2 2 2
radiator material Møller Møller Møller Møller Møller Møller
target material C4D9OD C4D9OD C4D9OD C4D9OD C4D9OD C4D9OD
target length [cm] 1.88 1.88 2.0 ± 0.05 2.0 ± 0.05 2.0 ± 0.05 2.0 ± 0.05
target radius [cm] 2.0 2.0 2.0 2.0 2.0 2.0
beamspot radius on target [cm] 1.2 1.2 0.9 0.9 0.9 0.9
CB energy sum threshold [MeV] - - 250 250 250 250
multiplicity trigger M4+ M4+ M2+ M2+ M2+ M2+
Cherenkov yes yes no no no no
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Table 2.8: Overview of the analyzed deuterated Butanol beamtimes from the
A2 and CBELSA/TAPS experiments.



3
Software

This chapter presents the strategy and developments of the parallel analysis of data
from the A2 and CBELSA/TAPS experiments that have been used within this work.
Analyzing data of two different, but similar experiments requires an elaborate orga-
nization concerning the different software packages that are used. This is not only
important in order to save time, but especially important in order to avoid systematic
errors. For this reason, a very important step of this work was the preparation of
the software structure to be used for the data analysis of the experimental datasets
from the two experiments at MAMI and ELSA.

All the used software packages and frameworks are based on ROOT [159–161] from
CERN [162], which is mainly written in C++ and hence is well integrable in other
frameworks. In the A2-Collaboration at MAMI, the framework AcquRoot [163] is
used for the data acquisition, data analysis, and the generation of Monte Carlo
(MC) events that are used for the simulation with Geant4 im combination with the
A2 package [164]. In contrast, the CBELSA/TAPS-Collaboration uses ExPlORA [165,
166] for the data acquisition and data analysis and CBGEANT [167] for the event gen-
eration and the subsequent simulation with Geant3.21.

87
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3.1 Structure of the Parallel Analyses at the A2 and
CBELSA/TAPS Collaborations

CB-ELSA

AcquDAQ

AcquRoot

OSCAR

CBGEANT

Experiment ExperimentEvent Generator
Pluto

A2 ExPlORA

ExPlORA

Figure 3.1: Structure of the analysis and simulation procedure developed
for the parallel analysis of experimental data at the A2 and CBELSA/TAPS
Collaboration. Grey: source of real or generated events. Orange: data acqui-
sition or simulation. Blue: pre-analysis. Green: post-analysis. The light gray,
orange, and blue categories are separate for the two collaborations. The dark
gray, and green categories are combined for the two collaborations and were
developed for the parallel analysis within this work.

In general, the procedure of a data analysis is the following: events from either a
real experiment or from a Monte Carlo event generator pass through the detectors of
the experimental setup and produce signals in the individual detector components.
A dedicated data acquisition software records the detector information and stores
them to digital files. These data files can then be analyzed with a data analyzing
software in order to extract the physical information of interest.
The scheme of the developed parallel analysis is shown in Figure 3.1. There were
two stages of the analysis, where an interface has been integrated within this work.

The first interface concerns the Monte Carlo simulation, i.e. the generation of
events. Simulations based on Monte Carlo are used to imitate the reaction and de-
tectors response as it occurs during a real experiment. Based on the generation of
a certain number of events of the reaction of interest, the simulation then models
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the detector response. This offers the advantage that besides the response of the
detector components, also its origin, i.e. the particles that went into the detector
and induced the signals in the detectors, is known. This allows for the determination
of the acceptance and also the efficiency of the individual components, which can be
used to correct the results of the real data.
Each experiment has its own implementation of the experimental setup and may also
use a different toolkit for the simulation of the particles through the virtual detectors.
A representative, and as realistic as possible, virtual setup of the experiment requires
the proper implementation of the geometry of all detector components. Whereas the
virtual setup of the A2 experiment ”A2” is based on the Geant 4 simulation toolkit
[168, 169], the CBELSA/TAPS setup ”CBGEANT” uses Geant3.21 [170]. The develop-
ment of the individual virtual setup was tested extensively and all requirements that
are necessary for the analysis of the output files from the simulation are implemented
in the analysis software. Hence, it is not recommended to change anything in this
structure.
The simulation toolkits need an event generator as input that contains all the four
vectors of the participating particles of every event and then simulates their passage
through the materials of the defined detector components. This event generator is
the base of the simulation and, as it defines the origin of the reaction, immediately
influences the outcome of the simulation. In order to reduce systematic uncertainties
and to ensure that the identical reaction is investigated in the simulations of the two
different experiments, it was reasonable to make it possible to use the same event
generator as input for both simulations. With its flexibility and completeness, Pluto
[171, 172] was soon established as the event generator of choice, but its output had
to be adapted to be compatible as an input for both simulation toolkits.

The second interface was based on the analysis of either experimental or simulated
data. At the time when the experiments within the CBELSA/TAPS Collaboration
at ELSA have been carried out, a simplified analysis procedure for the A2 data al-
ready existed. This procedure is based on the pre-analysis of the experimental or
simulated data with AcquRoot and the post-analysis of the data with OSCAR [100].
The pre-analysis with AcquRoot is used to presort the data, i.e. to perform a general
event selection based on the number of neutral and charged particles of interest. The
post-analysis with OSCAR then takes care of the post-processing of the data. As
most of the detector dependent analysis steps are part of the pre-analysis and the
post-analysis primarily contains general physics investigations, this two-step analysis
offers the ideal base for a parallel analysis of the same reaction of two different ex-
periments. For this reason, an interface was also incorporated into ExPlORA in order
to presort the experimental or simulated data [173] in a similar way as for the A2
data. With this technique, the presorted data from the A2 and the CBELSA/TAPS
experiment can be post-analyzed with an almost identical analysis and systematic
uncertainties from inconsistencies between the two can be avoided.

The following sections present the different softwares that have been used and/or
developed as part of this work. In the first two sections, the independent software
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frameworks used within each collaboration, i.e. AcquRoot, A2 Geant4, and CaLib
for the A2 analysis and ExPlORA and CBGEANT for the CBELSA/TAPS analysis,
will be presented. The third and last section introduces Pluto and OSCAR, the two
frameworks that have been used in a combined way for both analyses.

3.2 Software used within the A2 Collaboration

The following sections present the different software packages that were used for the
handling and the analysis of A2 data. For the data acquisition and the presort of
the raw data, the C++-based analysis framework AcquRoot (see Section 3.2.1) was
used. The simulation of the reactions, used for kinematical investigations and the
determination of the detection efficiencies, was carried out by means of the virtual
experimental setup from the A2 package (see Section 3.2.2) in combination with the
GEANT4 toolkit from Cern. The calibration of the raw data was performed with the
C++-based calibration library CaLib (see Section 3.2.3).

3.2.1 AcquRoot

AcquRoot is a software package written in C++ and is used for the data acquisition,
analysis, and MC event generation within the A2 Collaboration [174]. It is based on
the software toolkit ROOT from CERN and consists of AcquDAQ1 (data acquisition),
AcquRoot (data analysis), and AcquMC (MC event generator). As mentioned in Sec-
tion 3.1, for a better control of systematics and a better compatibility, Pluto was
used for the generation of the MC events instead of AcquMC.
The data acquisition toolkits, AcquDAQ for the experimental and A2 for the simulated
data, both generate binary output files that then can be decoded and analyzed within
the AcquRoot framework. AcquRoot contains classes for all the available detectors
that inherit from certain base classes, which contain the common features and physi-
cal properties. Individual settings such as distances, angles, and calibration values of
the different detectors are manageable with configuration files in the ASCII2 format.
Individual concepts and physics can be easily incorporated into the framework that
then provides an easily accessible and powerful toolkit.
In this work, AcquRoot was only used for the calibration (see Section 3.2.3) and to
presort the experimental and simulated A2 data. The presorted data was then ana-
lyzed with OSCAR (see Section 3.4.2) in order to extract the information and results
of interest.

1AcquDAQ is the follower of ACQU which has been used for the acquisition of the unpolarized
data.

2ASCII: American Standard Code for Information Interchange; a 7-bit character-encoding
scheme
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3.2.2 A2 Geant4 Simulation

The A2 simulation is based on Geant4 (GEometry ANd Tracking 4) and was the
package used for the MC simulations of the A2 data in this work. It contains the
geometry and the material composition of the detector components of the experiment
of the A2 collaboration, as depicted in Figure 3.2.

Crystal Ball

TAPS

BaF2
Veto

PID

MWPC

Frozen Spin Target NaI(Tl)

Figure 3.2: The A2 experimental setup at MAMI as defined in the A2
Geant4 package visualized with DAWN (Drawer for Academic WritiNgs). It
shows the two main calorimeters, the Crystal Ball and TAPS and the detectors
that are used to discriminate between neutral and charged particles, i.e. the
Particle Identification Detector (PID), the Multi-Wire Proportional Chambers
(MWPC), and the vetos. The container of the Frozen Spin Target is as well
visible in the center of the Crystal Ball detector.

Geant4 is based on C++ and is used to simulate the interactions of particles with
different kind of materials over a wide energy range, from 250 eV up to the TeV
range. It contains electromagnetic, hadronic, and optical processes and different
kinds of long-living particles, materials, and elements.
The A2 Geant4 package can be handled very easily by adjusting two configuration
files. One contains hardware parameters that might have to be adjusted between dif-
ferent beamtimes and allow for a flexible adjustment of the setup, such as the type
of target and its material, detectors to be used, and the arrangement of them. The
other configuration file is responsible for the physics processes and contains informa-
tion about the physics models that have to be used for the particle interactions or
which of the generated particles should be tracked by the simulation. Depending on
the version of Geant4, up to 30 physics models for different purposes are available.
Table 3.1 gives an overview of the naming convention of some of the most common
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Abbreviation Name energy range
QGS Quark Gluon String model 20 GeV - 50 TeV
CHIPS CHiral Invariant Phase Space
FTF FriTioF model > 5 GeV
LHEP Low and High Energy Parametrization
BIC BInary Cascade model < 10 GeV
BERT BERTini cascade model < 10 GeV
HP High Precision neutron model < 20 MeV
EMV standard EM package Variation

Table 3.1: Name convention of some of the common physics lists available
in Geant4. Models with no indicated applicable energy range have no general
limitation or can only be used in addition to another list. Informations taken
from [175, 176].

physics models available [175, 176].

Physics Models

QGSP is the primary physics list based on the quark gluon string model for high energy
interactions of pions, kaons, nucleons, and nuclei. It accurately models the excitation
and subsequent de-excitation of nuclei. QGSP-BERT is based on QGSP, but uses the
Bertini cascade for modeling primarily pions, kaons, and nucleons below ∼ 10 GeV.
The high precision neutron package HP ensures that the neutron transport from 20
MeV down to thermal energies is modeled in a realistic way. The additional option
EMV uses tuned parameters in order to yield a better cpu performance with a marginal
loss of precision. QGSC is similar to the QGSP model, but applies the CHIPS modeling
to the nuclear de-excitation, which improves nuclear de-excitation and results in a
somewhat higher amount of low energy secondary protons and neutrons.
In this work, the Geant4 version 9.5 (patch-02) was used together with the physics
model QGSP-BERT-HP. In Figures 3.3, 3.4 and 3.5 several medium energy physics
models have been tested and compared with the results from the experimental data
by means of π0 photoproduction from the deuteron. As the models mainly differ by
the way they describe the interaction of particles with matter, the relevant quality
criteria was found in the resulting cluster size of nucleons in the detectors. Whereas
the simulated cluster size of protons is almost independent of the physics model, the
most realistic cluster size of neutrons was achieved with the model QGSP-BERT-HP,
even though three other models yield results of similar quality. This indicates that if
only protons have to be considered, the simulation does not strongly depend on the
physics lists. However, if neutrons are involved, as in this work, the proper physics
model is of great importance and can severely influence the result.
Figure 3.3 shows the results of the simulations with four of the different QGSC models
compared to the spectra from the analysis of the data, after all kinematic cuts, i.e.
where the identification of the reaction is of the highest quality. Whereas for the
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Figure 3.3: Investigation of the behavior of the different QGSC physics lists.
Shown are nucleon cluster sizes in the Crystal Ball detector (top) and in the
TAPS detector (bottom) for photoproduction of π0-mesons from protons (left)
and neutrons (right). The results from the simulations with the different
physics models are shown as colored histograms (see legend in the figure for
the notation). The results from the data (May 2009 beamtime) are shown as
open black circles.

proton, the results of the simulation are in rather good agreement with the data,
the simulation for the neutron yields mostly too small cluster sizes. This is a di-
rect consequence of the CHIPS modeling which as previously mentioned produces an
enhanced amount of low energy recoil particles. However, in combination with the
Bertini cascade (QGSC_BERT) model, the results are satisfactory, making this model
the only candidate from the CHIPS list.
The situation is already much better if the QGSP model is used instead of the QGSC
model. As Figure 3.4 shows, any of the compared models yields rather good results,
except for QGSP_EMV model. In Figure 3.5, the best candidate of the QGSC models is
compared with the three best candidates of the QGSP models. Overall, the two best
candidates are the QGSP and the QGSP_BERT_HP model, from which the latter shows
the best agreement for the cluster size of neutrons in TAPS and hence on average
is the favorite candidate. However, due to the negligible differences, both models
would yield similar and sufficient results.

The Geant4 simulation needs an event generator as an input, for which every event
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Figure 3.4: Investigation of the behavior of the different QGSP physics lists.
Shown are nucleon cluster sizes in the Crystal Ball detector (top) and in the
TAPS detector (bottom) for photoproduction of π0-mesons from protons (left)
and neutrons (right). The results from the simulations with the different
physics models are shown as colored histograms (see legend in the figure for
the notation). The results from the data (May 2009 beamtime) are shown as
open black circles.

contains the vertices and four momenta of the particles that have to be tracked in
the simulation. For this work, Pluto (see Section 3.4.1) was chosen as the event
generator of choice. The Geant4 simulation then simulates the interactions of the
particles with the different materials and components. As the detector components
are defined as sensitive volumes, the deposited energy and the time information can
be determined and are written to the output file, which can then be analyzed with
AcquRoot.
In contrast to real data, in the simulation it is known which particles of which energy
have been produced in the target and hence, how much energy should be detected and
at which angle. This advantage allows for the determination of detection efficiencies
of the different detector components or of the reaction itself and is necessary for the
absolute normalization of cross sections.

Magnetic Field Map

During the experiment with the polarized deuterated butanol target, the deuteron
polarization was supported by a magnetic field of the holding coil (see Section 2.8.2)
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Figure 3.5: Investigation of the behavior of the most well-suited physics
lists. Shown are nucleon cluster sizes in the Crystal Ball detector (top) and in
the TAPS detector (bottom) for photoproduction of π0-mesons from protons
(left) and neutrons (right). The results from the simulations with the different
physics models are shown as colored histograms (see legend in the figure for
the notation). The results from the data (May 2009 beamtime) are shown as
open black circles.

which produced a magnetic field of about 0.6 T in or against the z-direction, depend-
ing on the direction of the polarization. As the magnetic field does not only maintain
the polarization, but also affects the flightpath of charged particles (especially those
perpendicular to the magnetic field, i.e. perpendicular to the z-axis), it was impor-
tant to include the magnetic field in the simulation. For this purpose, a field map of
the magnetic field with the NMR corrected fields was calculated with a simulation
[177]. As the magnetic field is axially symmetric around the the z-axis and mirror
symmetric around the target center, only one fourth of the cross section field map
was provided (upper left quadrant of the positive field map in Figure 3.6). For the
usage in the simulation, this quadrant first had to be rotated around the z-axis and
then mirrored at the target center without flipping the direction of the field. The
vector components of the field vector were then provided for the three-dimensional
volume within the holding coil in millimeter precision. For the magnetic field in
the opposite direction, the same field with opposite direction of the field vectors was
generated. A cross section of the result for the magnetic field in z-direction (positive,
referred to as “pos”) and against the z-direction (negative, referred to as “neg”) used
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Figure 3.6: Magnetic field maps of the internal holding coil used for the
simulation of A2 data with the longitudinally polarized target. Left-hand side:
magnetic field in z-direction (pos). Right-hand side: magnetic field in -z-
direction (neg). Size and direction of the arrows indicate the absolute value
and direction of the z-component. Colors indicate the absolute value of the
magnetic field.

in the simulation is illustrated in Figure 3.6.

3.2.3 CaLib

CaLib (Calibration Library) is a ROOT-based collection of classes which was initiated
by Dr. Irakli Keshelashvili3 within the A2 collaboration in order to improve, speed
up, and simplify the calibration process of experimental data of A2 experiments.
Within this work, part of the base classes and the interface to a SQL4 database have
been developed. The basic version of CaLib was later revised by Dr. Dominik Werth-
müller5 and now is the main tool for the calibration of experimental data within the
A2 collaboration at MAMI.

3i.keshelashvili@fz-juelich.de
4SQL: Structured Query Language
5dominik.werthmueller@glasgow.ac.uk

mailto:i.keshelashvili@fz-juelich.de
mailto:dominik.werthmueller@glasgow.ac.uk
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Fig. 2.13: The user interface of the CaLib software: After the selection of the
beamtime, the run set and the type of the calibration, the user usually iterates
over all detector elements (manually by clicking a button or automatically). Fits
can be checked and corrected. An overview of all elements is shown helping to
estimate the accuracy and status of the calibration. The shown active module is
used for the energy calibration of CB.

I. Keshelashvili started the development of the CaLib calibration software,
which is based on an SQL database system. The main principle is to have an
SQL table for each calibration parameter containing columns for all detector
elements. For every calibration time frame a row can be added that consists of the
calibration parameters as well as a run number interval this calibration is valid.
Finally, during data analysis the correct parameters for all the calibrations are
read by a special class that was added to the AcquRoot analysis software.

CaLib is using the ROOT framework and contains modules that can be used
to create almost all of the calibrations that will be discussed in the next chapter.
Moreover, classes are included that provide interaction with the SQL database,
reading and writing of AcquRoot calibration files, reading headers of ACQU
raw data files as well as importing and exporting calibrations. Also a graphical
user interface was implemented (see figure 2.13) to simplify and accelerate the
calibration process.

Figure 3.7: Snapshot of the graphical user interface (GUI) of the CaLib
software during the energy calibration of the NaI(Tl) crystals. Shown is the
control panel (middle), the command prompt (bottom), crystal number versus
γγ invariant mass (top left) with a spectrum of one crystal (bottom left) as
well as the calibration quality status (top right). Taken from [100].

The behavior of the different detector components during an experiment depend
on the actual conditions, e.g. temperature, humidity, supply voltage, as well as the
chosen settings, e.g. threshold values. As a consequence, equivalent detector com-
ponents do not show the same behavior and response to identical signals. In order
to correctly convert the electronic signals into physical quantities, each experimental
data has to be calibrated. Such a calibration has to be done for each of the different
detectors in regard to timing and energy information. Only an appropriate calibra-
tion allows for an analysis that is based on time coincidence and deposited energy of
the detected particles. For this reason, time and energy calibrations for the different
detector modules have to be carried out and poorly performing components have to
be fixed or excluded from the analysis. The calibration with the CaLib library is
based on a run by run extraction of characteristic quantities, e.g. peak position of
the γγ invariant mass and coincidence of detected photons, and results in a time
dependent overview of the detector information. The outcome is visualized by the
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help of a GUI6 (see Figure 3.7), which allows for the navigation through the different
calibration steps and processes and for checking the calibration quality.
The procedure of all calibrations is based on the same principle. The start calibration
values of a given detector are read from the configuration files used for the analy-
sis with AcquRoot and are filled into the SQL database. The data is then analyzed
with the corresponding calibration analysis in order to produce the histograms that
contain the necessary information. According to the experimental variations, runs
belonging to a period of stable detector behavior can be grouped into calibration sets.
For each calibration set, the histograms of all the corresponding runs are summed
up and serve as input for CaLib, which then performs a calibration iteration of all
individual detector elements. The resulting new configuration parameters are then
written to the database and can be used for the subsequent calibration analysis. De-
pending on the type of calibration, the procedure can be iteratively repeated until
the desired quality of calibration is reached.

3.3 Software used within the CBELSA/TAPS Col-
laboration

This section presents the different software packages that were used for the handling
and analysis of data from CBELSA/TAPS experiments. ExPlORA is used for the
analysis, calibration and the presort of the raw data. The simulations are performed
with the virtual experimental setup CBGEANT in combination with the Geant3.21
toolkit from Cern.

3.3.1 Explora

ExPlORA (Extended Pluggable Objectoriented Root Analysis) [165, 166] is the basis
for the analysis of data from the CBELSA/TAPS experiment at ELSA. It is based
on ROOT and has the main objective to constrain the programmable part of the data
analysis into the physically essential extent. This is realized by means of a plugin
concept, which allows to simply add individual parts without the need to modify the
main core. The analysis can then easily be controlled with corresponding xml7 files.
As the strategy of this work was to analyze the CBELSA/TAPS data in the same
way as the A2 data, ExPlORA was used to create a presort of the CBELSA/TAPS
data of the same structure as the presort of the A2 data. The presorted data was
then analyzed with an equivalent analysis in OSCAR (see Section 3.4.2).

3.3.2 CBGEANT Geant3 Simulation

The CBGEANT [178] simulation contains the virtual setup of the CBELSA/TAPS ex-
periment at ELSA, as illustrated in Figure 3.8. In contrast to the A2 package, it

6GUI: Graphical User Interface
7Xml: Extensible Markup Language
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Crystal Barrel MiniTAPS

CherenkovForward ConeInner Detector

Frozen Spin Target

Figure 3.8: Cross section of the CBELSA/TAPS setup at ELSA in beam
direction as defined in the CBGEANT Geant3.21 package visualized with PAW
(Physics Analysis Workstation). It shows the Crystal Barrel detector with the
Forward Cone and the Inner Detector, and the MiniTAPS detector as the
forward wall. In between the Crystal Barrel detector and MiniTAPS is the
Cherenkov detector that is used as a veto detector for the electromagnetic
background in the forward direction. From the left, the Frozen Spin Target is
moved inside the Crystal Barrel detector.

is based on Geant3.21, the predecessor of Geant4 and is written in FORTRAN. All
necessary parameters for the simulation, i.e. models and detectors, have to be ad-
justed in one configuration file. However, all detector geometries are hard-coded in
the CBGEANT code and need recompilation in case of applying changes.

Physics Models

As for the Geant4 simulation, the proper physics model had to be set up first in
order to ensure that the interaction of the particles with the detector materials
matches the experimental situation. By default, Geant3.21 uses the GHEISHA and
FLUKA models for the modeling of the different hadronic interactions. The GHEISHA
model reproduces the shape of the average electromagnetic showers and the energy
resolution of standard calorimeters. FLUKA is a standalone code that calculates single
hadronic interactions in more detail by means of fragmentation models. However,
it does not provide any information about low energetic neutrons. Due to this fact,
the appropriate physics model that had to be used for the simulations with Geant3
in this work is CALOR89 [179]. This model accurately describes hadronic interactions
down to 1 MeV for charged pions and nucleons and down to the thermal region for
neutrons (corresponding to QGSP_BERT_HP used in Geant4). For energies above 10
GeV the FLUKA model is used. The CALOR interface for the usage with Geant3.21
is called GCALOR. It mainly contains the high energy transport code (HETC) for
high energetic hadrons up to 10 - 15 GeV, the FLUKA code for hadrons above the
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HETC limit8, the MICAP (Monte Carlo Ionization Chamber Analysis Package) point
cross section code for neutrons below 20 MeV, and EGS 4 (Electron Gamma Shower,
version 4) for electrons, positrons, and photons.

Magnetic Field Map

As for the A2 Geant4 simulation, the magnetic field of the polarized deuterated
butanol target had to be included in the simulation. However, in contrast to the A2
package, the longitudinal magnetic field in CBGEANT was not calculated by using a
field map, but by using a magnetic field of at most 0.6 T in or versus the direction
of the beam (z-axis). The field was implemented such that it is homogeneous within
the region of the holding coil.

3.4 Software used within both Collaborations

As mentioned in Section 3.1, the parallel analysis of A2 and CBELSA/TAPS data
required an elaborate strategy in order to reduce systematic uncertainties and to
sustain comparability between the results. For this purpose the software packages of
the individual collaborations (presented in the previous sections) were only used to
presort the raw data (from either experiment or simulation) by means of a primary
event selection. All presorts were then analyzed with OSCAR in order to extract the
results. Additionally the generation of the events for both simulations were carried
out with ’Pluto’.

3.4.1 Pluto

Pluto is a Monte Carlo simulation framework for heavy ion and hadronic physics
reactions. It is written in C++ and uses ROOT only. It was originally designed as an
experimentalist’s tool within the HADES9 collaboration [180], providing an easily
accessible platform for simulations from within an analysis. It includes detailed
models for resonance and Dalitz decays, resonance spectral functions including mass-
dependent widths, anisotropic angular distributions, and many versatile features such
as manipulating particles or reaction channels or adding filters to the kinematical
conditions. The output can either directly be analyzed or used as input for the
simulations with GEANT.
The simple handling of Pluto and its powerful skills and tools made it already from
the beginning of this work the event generator of choice. However, it was not designed
for beams of bremsstrahlung photons with an energy spectrum rather than a single
specific energy and also not for reactions on nucleons inside a nucleus. Therefore,
two major things had to be solved in the beginning of this work: the implementation

8As in this work the energies of the hadrons are well below 10 GeV the ’FLUKA’ code will not
be employed in the simulation

9HADES: High Acceptance DiElectron Spectrometer
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of the Fermi distributions of different nuclei and the ability of having a beam of a
well defined energy spectrum rather than a fixed value.

Adaption to Photoproduction from Quasi Free Nucleons

The bremsstrahlung problem was solved by modifying an already existing class,
PBeamSmearing, which mainly was used to smear the angular distribution of the
beam particles. By implementing a smearing of the beam momentum by means of a
user defined function, a beam of particles with a defined distributed energy can be
easily created. The distribution of the energy can be defined by a function, e.g. a
constant function for a true phase space behavior or an inverse function in energy
for a bremsstrahlung spectrum.

For the implementation of the Fermi distributions of different nuclei, the avail-
able parametrizations of the Fermi distributions (see Table 3.2) of 2H [181], 3He [182],
4He [182], 7Li [183], 12C [184], and 40Ca [185], as illustrated in Figure 3.9, have been
implemented. The Fermi momentum distribution of 12C or 40Ca can also be used
for heavier nuclei since for higher atomic numbers, the Fermi distribution is almost
identical (see the nearly non-existent difference between the cyan colored 40Ca and
the magenta colored 12C distributions in Figure 3.9).
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Figure 3.9: Normalized Fermi momentum distributions of 2H, 3He, 4He, 7Li,
12C and 40Ca according to the individual parametrizations from Table 3.2.
Notations are given in the figure.
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Nucleus Probability Density

2H x2
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[
2
π

(∑13
j=1

Cj
x2/~2+m2

j

)
+ 2

π

(∑13
j=1

Dj
x2/~2+m2

j

)]

3He 0.001 · 4d
π
a3/2 25x2
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[
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(
−a25x2
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)
+ c · exp

(
−b
√
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)]

4He x2

b~2 exp
(
− x2
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)

7Li 0.001 · ax2 (1 + bx) exp
(
−x2

c2

)

12C 0.001 · 4√
π
a3/2 25x2

106

[
exp

(
−a25x2

106

)
+ c · exp

(
−b
√

25x2

106

)]

40Ca 0.001 · 4√
π
a3/2 25x2

106

[
exp

(
−a25x2

106

)
+ c · exp

(
−b
√

25x2

106

)]

Table 3.2: Parametrization of the Fermi momentum distributions for 2H, 3He,
4He, 7Li, 12C, and 40Ca. The parameters for 2H have to be calculated using
Equations (3.1) and (3.2) together with the parameters from Table 3.3. The
parameters for the parametrization of the other nuclei are given in Table 3.4.

The mass parameters, mj, for the parametrization of the deuteron wave function
[181] are given by

mj = 0.23162461 + (j − 1) ·m0 with m0 = 1 fm−1 (3.1)

and the coefficients Cj and Dj are listed in Table 3.3. The last coefficient of Cj and
the three last coefficients of Dj have to be calculated via:

Cn = −
n−1∑

j=1

Cj

Dn−2 =
m2
n−2

(m2
n −m2

n−2)(m2
n−1 −m2

n−2)

×
(
−m2

n−1m
2
n

n−3∑

j=1

Dj

m2
j

+ (m2
n−1 +m2

n)
n−3∑

j=1

Dj −
n−3∑

j=1

Djm
2
j

)
.

(3.2)
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Cj [fm−1/2] Dj [fm−1/2]

0.88688076 · 100 0.23135193 · 10−1

−0.34717093 · 100 −0.85604572 · 100

−0.30502380 · 101 0.56068193 · 101

0.56207766 · 102 −0.69462922 · 102

−0.74957334 · 103 0.41631118 · 103

0.53365279 · 104 −0.12546621 · 104

−0.22706863 · 105 0.12387830 · 104

0.60434469 · 105 0.33739172 · 104

−0.10292058 · 106 −0.13041151 · 105

0.11223357 · 106 0.19512524 · 105

−0.75925226 · 105 0.0
0.29059715 · 105 0.0

0.0 0.0

Table 3.3: Coefficients of the parametrized deuteron wave function compo-
nents [181]. The last coefficient for Cj and the last three coefficients Dj have
to be computed from Equation (3.2).

Nucleus a b c d
3He 7.09078 5.38753 9.90202 0.779408
4He 0.7352 0.05511 − −
7Li 1.2 · 10−4 6.87 · 10−3 110 −
12C 1/0.416 1/0.23 0.04 −

40Ca 1/0.42 1/0.23 0.04 −

Table 3.4: Parameters for the parametrized wave functions of the nuclei 3He,
4He, 7Li, 12C, and 40Ca.

According to the Fermi distribution of the corresponding nucleus, a Fermi mo-
mentum of an absolute value pf and of a random unit vector ~u = (ux, uy, uz) was
then assigned to the four momenta of the spectator Pspec and participant nucleon
Ppart as follows

Ppart =
(
−pxf ,−pyf ,−pzf ,

√
m2

part + p2
f

)
Pspec =

(
pxf , p

y
f , p

z
f ,
√
m2

spec + p2
f

)
(3.3)

In order to check the implementation of the Fermi momentum distributions, the
result of the reaction γp(n) → ηp(n) has been compared to those from two other
common event generators, TGenPhaseSpace (from ROOT) and gdecay (from FORTRAN).
The resulting four momenta of the recoil nucleon are shown in Figure 3.10 and are
in good agreement.

The implementation of the Fermi momentum distributions, as well as the brems-
strahlung extension, have been successfully incorporated into Pluto and are available
for the community in the official Pluto release [186].
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Figure 3.10: Distributions of the four momentum components of the recoil
neutron obtained for the reaction γp(n) → ηp(n) from three different event
generators. Green histogram: ROOT. Blue histogram: FORTRAN. Red his-
togram: Pluto. Shown are the energy of the neutron (top left), the absolute
value of the momentum (top right), the x-component of the momentum (middle
left), the y-component of the momentum (middle right), and the z-component
of the momentum (bottom left).

Interface to Geant3 and Geant4

Geant3 and Geant4 need .hbook and .root event generator input files of a special
format. For the conversion from Pluto to Geant4 the OSCAR routine pluto2mkin was
used, which simply generates leafs of the components of the four momentum vector
labeled in the Geant4 convention for every particle.
For the convertor from Pluto to Geant3, the Pluto output had to be extended
in a way that the same event generator file can be used for the A2 and CBGEANT
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simulations. The main difficulty in this case was that, in contrast to Geant4, Geant3
usually does not generate all the events before passing them to the simulation, but
rather step by step generates one event, passes it directly to the simulation, and
then generates the next one. For this reason, in addition to the standard Pluto
output file, the output class was modified to write the identical content in addition
to a binary output file. A special FORTRAN routine, READ_PLUTO, which can read the
binary file event by event, was written and added to the CBGEANT library. Another
routine, PLUTO, creates the reaction tree with the particle hierarchy. This ensures
that the simulation receives exactly the information and structure of the contributing
particles that is needed.

3.4.2 OSCAR

OSCAR [100] (OSCAR Simplifies Coding and Analyzing with ROOT) is a ROOT-based
library that contains a collection of physics classes that are mostly independent of
the experiment from which the data stems. It provides a lot of additional functions
to the ROOT library, as well as specific physics related classes. It presents the main
software for the user specific analysis and was used for the analysis of the presorted
data from the A2 as well as the CBELSA/TAPS-experiments. Due to its flexibility,
the almost identical analysis was used for the analysis of the presorted data from
the two different experiments, which immediately eliminates an important source of
systematic errors.





4
Particle Reconstruction

This chapter presents the different steps that were necessary in order to reconstruct
the detected particles from the measured electronic signals of the different detector
components. This represents the basis of the analysis of the data and involves many
elaborate procedures, used to assign the measured raw information to the particles
that generated the detected signals. The main principle of the reconstruction of
any particle from the collection of detected signals is to find out which of the mea-
sured information originates from the same particle. This is realized by means of
the clustering. Based on the size and timing of the signals and on the distance of
the involved crystals, algorithms create groups of crystals, the clusters, that share
information from the same particle.

Section 4.1 will discuss the reconstruction of the different particles at A2. This
involves the reconstruction of the bremsstrahlung photons that triggered the reaction
and the reconstruction of the reaction products that deposited their energy in the
calorimeters from the experimental setup. Subsequently Section 4.2 presents the
methods used for the reconstruction of the particles at CBELSA/TAPS

107
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4.1 Reconstruction of Particles at A2

For the analysis of the experimental A2 data, it is necessary to identify the energy
and time information of the incoming beam photon as well as the energy, time, and
position information of the final state particles that have been detected with the
experimental setup. The information of the incoming photon beam is reconstructed
from the deflected electrons in the Glasgow photon spectrometer (Section 2.2.1),
the reaction products are determined by using the energy and time information of
the clusters in the Crystal Ball (Section 2.2.2) and TAPS (Section 2.2.4) detectors.
The information about their charge is obtained by requiring individual coincidence
requirements with the charged particle detectors PID (Section 2.2.3) and Veto (Sec-
tion 2.2.5).

4.1.1 Reconstruction of the Photon Beam

The electrons that lost part of their energy from the bremsstrahlung process will be
deflected by the tagger dipole magnet towards the focal plane detector that consists
of 353 overlapping detector elements. As described in Section 2.2.1, only coincident
hits between two neighboring elements are defined as an electron hit, which results
in 352 logical channels. Every hit in the 352 channels has a corresponding time
value, which was recorded by multihit TDCs. The energy of the detected electron
corresponds to a characteristic energy of each element that first has to be determined
by an energy calibration of the tagger, as described in Section 5.2.11.
As explained in more detail in Section 2.2.1, the energy of the bremsstrahlung photon,
Eγ, is then given by the difference of the measured electron energy, Ee− , and the
electron beam E0:

Eγ = E0 − Ee− . (4.1)

For the analysis, the number of electron hits and corresponding times are associated
with a corresponding photon beam of energy Eγ according to equation 4.1. Up to
three multiple tagger hits per channel and event have been taken into consideration
in the analysis.

4.1.2 Reconstruction of Particles in the Crystal Ball Detector

Different types of particles exhibit different interactions with the detector materials
and hence, deposit their energy in various neighboring detector elements. The group
of detector elements over which a particle deposited its energy is called a cluster.
In order to exclude background signals from electronic noise, only signals above a
threshold of about 2 MeV are considered.
An iterative algorithm is then used to assign the detector elements to the cluster. At
first, the element with the maximum detected energy is defined as the cluster center
and the time information of this element is assigned to the cluster hit. The energy
and position information of the cluster hit are then determined by the algorithm that
identifies the elements, which as well collected energy from the same electromagnetic
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Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Figure 4.1: Schematic illustration of the particle reconstruction with the
Crystal Ball detector and the PID. Left-hand side: thirteen nearest neighboring
crystal configuration, i.e. central crystal (C) with its 12 nearest neighbors.
Right-hand side: coincidence requirement for charged particles between a hit
in the PID and a hit in the Crystal Ball detector.

shower. In total 13 neighboring elements are considered, since in general 98% of
the deposited energy is not spread over more than 13 elements with a resolution of
σE = 0.028 ·E3/4 [104]. Such a 13 crystal configuration is illustrated on the left-hand
side of Figure 4.1. Every element that received a signal above the threshold value is
added to the cluster and excluded from the algorithm in order not to contribute to
more than one cluster per event. The total cluster energy Ecluster is then given by the
sum over the energies Ei of the n elements that have been found by the algorithm:

Ecluster =
n∑

i=1

Ei . (4.2)

If the cluster energy Ecluster is below a cluster threshold of 20 MeV, the cluster is
rejected in order to avoid split-offs being identified as particles. If not, the impact
position vector of the particle ~rcluster is determined by the weighted arithmetic mean,
using the center of mass coordinate ~ri (with respect to its origin in the target center)
of each element and the square root of the individual energy Ei as weights:

~rcluster =

∑n
i=1

√
Ei · ~ri∑n

i=1

√
Ei

. (4.3)

For the remaining detector elements the algorithm is repeated until no detector ele-
ment that received a signal above the threshold remains. Every determined cluster
then corresponds to a particle of energy Ecluster and position vector ~ri.
In order to know if the particle corresponding to the cluster was neutral or charged,
coincidences with hits in the PID are considered. From all of the PID hits, the one
with the minimal difference in azimuthal angle, φPID, is compared with the azimuthal
angle of the cluster φCluster. According to the number of PID elements (24) and the
finite distribution of the reaction vertex, a coincidence between a hit in the PID and
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the Crystal Ball was assigned if the difference is smaller than 15◦. The situation is
illustrated in the right-hand side of Figure 4.1.

4.1.3 Reconstruction of Particles in TAPS

x,yr’
r

∆x,∆y

d

target

shower

x’,y’

Figure 4.2: Schematic illustration of the particle reconstruction with TAPS
and the Veto detectors. Left-hand side: illustration of the correction of the im-
pact position. Right-hand side: coincidence requirement for charged particles
between a hit in the Veto detectors and a hit in TAPS.

The identification of the crystals that contain information of a detected particle
in TAPS is similar to the one in the Crystal Ball, as explained in Section 4.1.2. First,
the element with the maximum deposited energy above a threshold value between 3
and 5 MeV is assigned to the center and time reference of the cluster. In contrast to
the Crystal Ball cluster algorithm, all neighboring crystals in TAPS are considered.
All neighboring crystals that received a signal above the threshold are added to the
cluster. As for the Crystal Ball, the energy of the cluster is determined by the sum of
all individual crystal energies, as given in Equation (4.2). However, the determination
of the center of mass coordinates of the cluster is different. Contrary to the NaI(Tl)
crystals of the Crystal Ball, the BaF2 crystals of TAPS do not point in the direction
of the target center, as shown in the left-hand side of Figure 4.2. Depending on the
energy of the particle, the center of mass of the cluster is not on the surface, but at a
certain depth in the crystal. The center of mass coordinates of the cluster (x,y) have
to be corrected for the penetration depth d of the shower. The true impact position
(x′,y′) is then given by [187, 188]:

x′ = x− x ·
(r
d

+ 1
)−1

y′ = y − y ·
(r
d

+ 1
)−1

d = X0 ·
(

log

{
Ecluster

EC

}
+ 1.2

)
,

(4.4)
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where X0 = 2.05 cm is the radiation length, EC = 12.78 MeV is the critical energy
of BaF2, and r is the wrong distance from the target to the cluster center of mass.
The cluster coordinates ~rcluster are given by logarithmic weighting with weights Wi

according to [189]:

~rcluster =

∑n
i=1 Wi · ~ri∑n
i=1Wi

and Wi = max
{

0,W0 + log

(
Ei∑n
i=1Ei

)}
, (4.5)

where W0 = 5 is a free parameter and was determined by simulations [107]. The
energy and position vector is then assigned to the detected particle. In addition, it
is marked as charged if a coincidence with a veto detector was detected. For this,
as illustrated in Figure 4.2, not only the veto element in front of the corresponding
central TAPS crystal is checked, but also the vetos in front of all crystals that were
assigned to the cluster. This is especially important for particles that are detected in
the outer TAPS rings, since with increasing distance to the TAPS center, the impact
offset (∆x, ∆y) (see Figure 4.2) is larger.

4.2 Reconstruction of Particles at CBELSA/TAPS

The reconstruction of the particles at CBELSA/TAPS is similar as at A2. The reac-
tion products are reconstructed over the energy and time information of the Crystal
Barrel (Section 2.5.2), Forward Cone (Section 2.5.3), and MiniTAPS (Section 2.5.5)
detectors and the information about charge by using the Inner detector (Section
2.5.4) or Veto detectors (sections 2.5.3, 2.5.5). The main difference is the reconstruc-
tion of the photon beam with the tagging spectrometer (Section 2.5.1). In contrast
to A2, the tagger at CBELSA/TAPS consists of two different detectors, the bars and
fibers, which require a combined reconstruction analysis.

4.2.1 Reconstruction of the Photon Beam

The energy and time information of the photon beam has to be reconstructed from
the electrons that were detected by the scintillating bars and fibers of the tagger. As
the bars and fibers are partly overlapping, it is necessary to combine their information
in order to achieve proper identification of the deflected electron. While the time
information of the photons is given by the signals measured by the bars and fibers,
the energy is directly given by the deflection angle of the detected electron in the
magnetic field of the tagger magnet. For a given electron beam energy, individual
polynomials for the bars and fibers have been determined, which directly map a
hit in a detector element to a corresponding electron energy. If the impact point
in the tagger has been covered by the scintillating fibers, the energy information is
extracted from their polynomials or otherwise those from the tagger bars are taken.
The photon energy is also given by the beam energy, E0, and the energy of the
detected electron, Ee− , that is given by the average energy from the polynomials of
the coincident hits:

Eγ = E0 − Ee− . (4.6)
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62 Kapitel 5. Kalibration und Rekonstruktion der Daten

Elektron

Szintillations-

detektoren

Abbildung 5.7.: Die Szintillationsdetektoren der Photonenmarkierungsanlage werden
von einem Elektron (rot) durchflogen, welches in zwei Detektoren Si-
gnale hinterlässt (blau). Die Ortsauflösung ist dabei durch den über-
lappenden Bereich der beiden Szintillationsdetektoren gegeben.

Elektron

Szintillations-

fasern

Szintillations-

detektoren

Abbildung 5.8.: Die Szintillationsdetektoren der Photonenmarkierungsanlage mit den
vorgelagerten Szintillationsfasern werden von einem Elektron (rot) ge-
tro↵en, welches in zwei szintillierenden Fasern (grün) und zwei überlap-
penden Szintillationsdetektoren (blau) Einträge hinterlässt. Die Orts-
auflösung wird durch die Breite der szintillierenden Fasern verbessert.

für Bar 35 bis Bar 81

E� =
3176.1

2383.98
(178.4 + 168.1x � 5.318x2 + 0.07679x3

�0.0005674x4 + 1.637 · 10�6x5),
(5.9)

für Bar 82 bis Bar 96

E� =
3176.1

2383.98
(�2859 + 121.2x � 0.907x2). (5.10)

Für die szintillierenden Fasern wurde ein Polynom gefunden, das den gesamten Bereich
beschreibt und in Abbildung 5.10 aufgetragen ist:

E� = (2651.61 � 1.57935x + 0.00247967x2 � 4.60888 · 10�5x3

+1.39496 · 10�7x4 � 1.71282 · 10�10x5).
(5.11)

Mit diesen Polynomen kann jedem Tre↵er eine Elektronenenergie und somit auch eine
Photonenenergie zugeordnet werden. Dabei ist zu beachten, dass die Polynome auf die am
Elektronenbeschleuniger ELSA eingestellte Energie skaliert werden müssen. Diese Ener-
gie der Elektronen, welche das Crystal-Barrel-Experiment erreichen, stimmt jedoch nicht
genau mit der eingestellten Energie des Beschleunigers überein. Der Wert muss über eine
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detektoren

Abbildung 5.7.: Die Szintillationsdetektoren der Photonenmarkierungsanlage werden
von einem Elektron (rot) durchflogen, welches in zwei Detektoren Si-
gnale hinterlässt (blau). Die Ortsauflösung ist dabei durch den über-
lappenden Bereich der beiden Szintillationsdetektoren gegeben.
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Abbildung 5.8.: Die Szintillationsdetektoren der Photonenmarkierungsanlage mit den
vorgelagerten Szintillationsfasern werden von einem Elektron (rot) ge-
tro↵en, welches in zwei szintillierenden Fasern (grün) und zwei überlap-
penden Szintillationsdetektoren (blau) Einträge hinterlässt. Die Orts-
auflösung wird durch die Breite der szintillierenden Fasern verbessert.

für Bar 35 bis Bar 81

E� =
3176.1

2383.98
(178.4 + 168.1x � 5.318x2 + 0.07679x3

�0.0005674x4 + 1.637 · 10�6x5),
(5.9)

für Bar 82 bis Bar 96

E� =
3176.1

2383.98
(�2859 + 121.2x � 0.907x2). (5.10)

Für die szintillierenden Fasern wurde ein Polynom gefunden, das den gesamten Bereich
beschreibt und in Abbildung 5.10 aufgetragen ist:

E� = (2651.61 � 1.57935x + 0.00247967x2 � 4.60888 · 10�5x3

+1.39496 · 10�7x4 � 1.71282 · 10�10x5).
(5.11)

Mit diesen Polynomen kann jedem Tre↵er eine Elektronenenergie und somit auch eine
Photonenenergie zugeordnet werden. Dabei ist zu beachten, dass die Polynome auf die am
Elektronenbeschleuniger ELSA eingestellte Energie skaliert werden müssen. Diese Ener-
gie der Elektronen, welche das Crystal-Barrel-Experiment erreichen, stimmt jedoch nicht
genau mit der eingestellten Energie des Beschleunigers überein. Der Wert muss über eine

electron electron

scintillating bars

scintillating fibers

Figure 4.3: Illustration of the coincidence requirements in the tagger bars
(left) and between the tagger bars and the scintillating fibers (right). Figure
adapted from [190].

In order to correlate a photon from the beam with a detected electron, the indi-
vidual timing signals of the tagger elements have to be investigated. This is achieved
by coincidence requirements among the neighboring fibers and bars individually and
afterwards, additionally among adjacent bars and fibers. Hits in the bars are consid-
ered coincident if they occur within 12 ns, in the fibers within 7 ns, and in the region
of the overlap within 4 ns. This ensures that random tagger hits from electronic
noise or cosmic radiation are suppressed. Furthermore, covering a certain region of
the tagger with bars and fibers yields a higher energy resolution. The situation is
illustrated in Figure 4.3

4.2.2 Reconstruction of Particles in the Crystal Barrel and
Forward Cone Detector

In principle the cluster reconstruction in the Crystal Barrel detector is equivalent
to that of the Crystal Ball detector, as explained in Section 4.1.2, except for the
number of neighboring crystals that may contribute to the cluster. The procedure
is as follows: every crystal with a measured energy above the threshold of 2 MeV
is considered in the clustering algorithm. The crystal with the maximum deposited
energy is set as the cluster center. In the case where one particle deposited its energy
irregularly in the crystals, besides the main maximum, a second cluster (called a split-
off) can occur. To avoid such misleading contributions, the central crystal of the
cluster must have an energy above 20 MeV. The energy of the reconstructed particle
is then given by the sum of the energies of the central crystal and its neighbors
according to Equation (4.2). In the case of two individual but overlapping clusters,
the energies are summed up weighted by the corresponding Molière radius [191]. The
reconstructed cluster energy is then corrected for shower losses due to particles that
do not fully deposit their energy in the crystals. This correction function has been
determined by Monte Carlo simulations and allows for a correction depending on the
impact point of the particle in the detector [192]. As for the Crystal Ball detector,
the position vector ~rcluster is reconstructed by the weighted arithmetic mean of the
position vectors from the n crystals that were assigned to the cluster. But in this case
the vectors are weighted with the logarithm of the individual energy ratios Ei/Ecluster
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Abbildung 5.13.: Zwei elektromagnetische Schauer (gelb und orange) erzeugen im Cry-
stal Barrel einen gemeinsamen Cluster: zwei Zentralkristalle (rot) mit
Clusterkristallen (grün).

Energiekorrekturfunktion

Bevor die eigentliche Kalibration stattfindet, müssen eventuelle Schauerverluste korrigiert
werden. Diese Verluste können auftreten, wenn Teile eines Schauers auf insensitives Mate-
rial, zum Beispiel die Ummantelung an den Rändern der Kristalle oder die Haltestruktur
des Crystal-Barrel-Detektors tre↵en oder am Rand des Detektors austreten. Zur Korrek-
tur werden die Energien der Reaktionsprodukte mithilfe einer Energiekorrekturfunktion
[Mül07], welche ringabhängig über unterschiedliche Parameter verfügt, angepasst. Diese
Energiekorrekturfunktion wurde durch Simulationen bestimmt und ermöglicht die Berech-
nung des Energieverlusts anhand des Auftre↵punkts des Teilchens im Detektor. Damit
können die Kristallenergien clusterweise korrigiert werden, so dass die Gesamtenergie des
Schauers im Mittel der realen Energie des Reaktionsproduktes entspricht.

Rekonstruktion der ladungssensitiven Detektoren des Vorwärtskonus

Bei der Rekonstruktion der szintillierenden Plättchen des Vorwärtskonus wird zunächst
überprüft, ob Signale in benachbarten Plättchen vorlagen. Da die Plättchen jeweils einen
Winkelbereich von 12� abdecken und in zwei Lagen um 6� versetzt zueinander positio-
niert sind, wird jeder Winkelbereich von zwei Plättchen überdeckt. Damit kann gefordert
werden, dass jeweils zwei benachbarte Plättchen ein Signal detektiert haben müssen. Aus
dieser Information kann eine Auflösung in � von 6� erreicht werden. Da bei den ladungssen-
sitiven Detektoren auch Zeitinformationen vorliegen, werden die benachbarten Plättchen
zusätzlich auf eine zeitliche Koinzidenz von 20 ns überprüft. Ist diese Bedingung erfüllt, so
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Abbildung 5.12.: Elektromagnetischer Schauer (gelb) erzeugt im Crystal Barrel einen
Cluster um den Auftre↵ort (schwarzer Punkt): Zentralkristall (rot)
mit Clusterkristallen (grün).

Teilchen über dieselbe Energie und Richtung wie das ursprüngliche Teilchen verfügt. Um
die Kristalle einem Cluster zuzuordnen, müssen die einzelnen Kristalle über einer Schwel-
le von 1 MeV liegen, damit Spannungsfluktuationen aus der Elektronik nicht als Cluster
betrachtet werden. Falls sich ein Cluster ungleichmäßig ausbreitet, so dass ein sekundäres
Maximum entsteht, das von keinem weiterem Photon erzeugt wurde, kann es zu einem
falsch detektiertem PED6 kommen. Um diese sogenannten Split-O↵s zu unterdrücken,
muss der Zentralkristall eines Clusters eine minimale Energie von 20 MeV besitzen.
Die Schauerausbreitung auf mehrere Kristalle kann genutzt werden, um die Ortsauflösung
des Detektors zu verbessern. Dazu wird nicht nur der Zentralkristall betrachtet, sondern
auch die benachbarten Kristalle, welche Energieeinträge enthalten. Aus der Energiever-
teilung wird der Schwerpunkt des Clusters berechnet und daraus der Auftre↵punkt des
Teilchens auf den Kristall. Damit wird die Ortsauflösung des Crystal-Barrel-Detektors auf
genauer als 2� [Jun00] in ✓ und in � verbessert.
Um die Energie eines Clusters zu berechnen, werden die Energien sämtlicher am Cluster
beteiligten Kristalle aufsummiert, falls es sich nur um ein PED handelt. Es kann jedoch
vorkommen, dass zwei Photonen dicht nebeneinander einen Schauer in den Kalorimeter-
Kristallen ausgelöst haben. Diese können sich überlagern, wie in Abbildung 5.13 dargestellt
ist. Dies wird identifiziert, falls es bei einem Cluster mehrere Maxima in der Energiedeposi-
tion gibt (Abbildung 5.13, rot). Um daraus die Energien der einzelnen Teilchen bestimmen
zu können, werden die Energieeinträge der Kristalle mit beiden Schauerbeiträgen entspre-
chend dem Molière-Radius gewichtet aufaddiert [Sei09]. Damit lassen sich sowohl Energie
als auch Auftre↵ort der beiden Teilchen mit großer Genauigkeit rekonstruieren.

6PED: Particle Energy Deposit, Energieeintrag eines Teilchens in den Kalorimetern.

Figure 4.4: Illustration of the cluster reconstruction in the Crystal Barrel
and Forward Cone detectors. Black: schematic representation of the crystal
arrangement. Red: central crystals. Green: contributing crystals. Yellow:
electromagnetic shower in the calorimeter. Left-hand side: cluster from an
electromagnetic shower created by one incident particle. Right-hand side: clus-
ter from two overlapping electromagnetic showers from two incident particles.
Figure adapted from [190].

and an additional cut off parameter P = 4.25 [193]:

~rcluster =

∑n
i=1

(
P + ln

(
Ei

Ecluster

))
· ~ri

∑n
i=1

(
P + ln

(
Ei

Ecluster

)) where
Ei

Ecluster
≥ exp(−P ) (4.7)

The inner detector which surrounds the target inside the Crystal Barrel detector
provides the information about the charge of the identified clusters. As described
in Section 2.5.4, it consists of three layers of scintillating fibers which are rotated
by roughly ± 25 ◦ with respect to each other. This allows for the unambiguous
determination of the crossing point of a particle from a hit in at least two of the
three layers. Thus, in the first step, the cluster reconstruction is performed for each
layer individually. Figure 4.5 illustrates the clustering process. For every layer, the
fibers that received a signal are grouped into spatial clusters. Each spatial cluster is
then subdivided into smaller clusters if the time difference between neighboring fibers
is more than 14 ns. Spatial clusters that (due to the timing) have been divided into
two or more sub-clusters are finally separated from each other. In the next step, the
clusters of the individual layers are combined with each other in order to determine
the penetration point. For this, every fiber is parametrized by an equation such
that the intersection of two fibers, corresponding to a certain azimuthal angle φ and
polar angle θ, can be determined analytically. Depending on the number of layers
that successfully yield an intersection point, the cluster is marked as charged with a
quality factor of 1 (all three layers) or 2/3 (two of three layers). By comparing the
azimuthal angle φ and polar angle θ of the cluster in the Crystal Ball detector with
those from the Inner detector, the cluster is marked as charged when the difference
in φ is smaller than 12◦ and smaller than 30◦ in θ, as determined from the upper two
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Abbildung 5.11.: Das Clustering der Innendetektorfasern. Erstes räumliches Zusam-
menfassen (a): die Fasern werden in zwei getrennte Faserbereiche auf-
geteilt. Zeitliches Clustern (b): Fasercluster 1 wird aufgrund der Zeit-
di↵erenz in zwei Abschnitte unterteilt. Zweites räumliches Zusammen-
fassen (c): die beiden durch die zeitliche Überprüfung getrennten Be-
reiche werden in zwei getrennte Fasercluster aufgeteilt.

Funktion umgerechnet werden, um die Energie der Elektronen am Experiment zu erhalten
[Hof01].
Da in dieser Analyse linearpolarisierte Photonen verwendet werden, muss der Polarisati-
onsgrad für jedes Strahlphoton energieabhängig bestimmt werden. Dazu stehen in einer
Datenbank Referenzhistogramme zur Verfügung, aus denen bei bekannter Photonenener-
gie der Polarisationsgrad ermittelt werden kann. Die Referenzhistogramme wurden mit-
hilfe des Analyseprogramms ANB5 [NGH+03] erstellt, welches anhand von verschiedenen
Strahlinformationen die Form der kohärenten Kante mit einer Funktion beschreiben kann.
Aus dieser Anpassung, welche für verschiedene Positionen der kohärenten Kanten in Ab-
bildung 4.1 dargestellt ist, lässt sich der Polarisationsgrad der Photonen energieabhängig
ablesen. Die Referenz-Histogramme für die kohärenten Kanten wurden in regelmäßigen
Abständen für die beiden Diamanteinstellungen angefittet und so der Polarisationsgrad der
Photonen bestimmt [Ebe12]. Die Polarisationsinformationen werden jedem Strahlphoton
zugeordnet, damit sie in der weiteren Analyse bei jedem Ereignis zur Verfügung stehen.

5.3.2. Der Innendetektor

Um aus den Signalen der drei Faser-Lagen eindeutige Durchstoßpunkte rekonstruieren zu
können, werden sie zunächst lagenweise betrachtet. Fasern, welche ein Signal ausgelöst
haben, werden räumlich zu einem Cluster zusammengefasst (siehe Abbildung 5.11a, rot).
Ist in benachbarten Fasern ein Signal aufgetreten, wird dieses als ein gemeinsamer Tref-
fer betrachtet. Im zweiten Schritt werden diese Signale zeitlich miteinander verglichen, so

5ANB: ANalytical Bremsstrahlung code

Figure 4.5: Illustration of the cluster reconstruction in the Inner detector.
a) Initial spatial clustering of the fibers of an individual layer. b) Additional
clustering based on the timing of the fibers within each cluster. c) Subsequent
and final spatial re-clustering. Figure taken from [190].

spectra in Figure 4.6.

4.2.3 Reconstruction of Particles in the Forward Cone Detec-
tor

As already mentioned in sections 2.5.2 and 2.5.3, the Forward Cone detector consists
of the same crystals as the Crystal Barrel detector. Hence, the clustering algorithm
for particles in the Forward Cone detector is identical to the one described for the
Crystal Barrel in Section 4.2.2
It is then checked to see if the charge sensitive scintillator plates have been fired.
As mentioned in Section 2.5.3, these plastic scintillators are arranged in two layers
that are shifted by 6◦. In this configuration, the full angular range of the detector
is covered by two plates and a cluster is only marked as charged if both plates have
been fired within 20 ns. If the angular difference between the cluster in the Forward
Cone and the coincident hit in the Veto detector is smaller than 14 ◦ in φ and 15 ◦ in
θ, the hit is marked as charged. This criterium is illustrated in the bottom spectra
of Figure 4.6.

4.2.4 Reconstruction of Particles in MiniTAPS

For the cluster reconstruction in the MiniTAPS detector, the energy threshold of
a contributing crystal has to exceed 13 MeV and the minimal cluster energy is 25
MeV. In addition, as the two most inner rings are close to the photon beam, a slightly
higher crystal threshold of 17 MeV was chosen in order to avoid contributions from
interactions of the photon beam. The cluster algorithm is equivalent to the one
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Figure 4.6: Illustration of the coincidence requirements for the identification
of charged particles in the Crystal Barrel detector and the Forward Cone de-
tector. The identification is based on the difference between the azimuthal
angle φ and polar angle θ of the clusters from the Crystal Barrel detector (CB)
and the Inner Detector (Inner), and from the Forward Cone (FP) and Veto
Detectors (Veto).

for the Inner detector. First, spatial clusters are formed which then are regrouped
depending on a time coincidence of 5 ns. The resulting groups then form the final
clusters that are marked as charged with the same condition used for the TAPS
detector at A2, i.e. if one of the vetos in front of any cluster crystal was fired.
As described in Section 4.1.3, the position vector of the cluster in the MiniTAPS
detector has to be corrected for the penetration depth of the electromagnetic shower.
Even though the same correction (Equation (4.4)) could be applied1, an improved
correction based on Monte Carlo simulation was developed, resulting in a better
angular homogeneity. The correction is based on an initial linear correction (similar
to the old method) and an additional correction of the energy due to shower losses.
More details about the correction are given in [194].

1However, due to the geometrical difference between TAPS and MiniTAPS the summand in the
formula for the penetration depth has to be changed from 1.2 to 2. [194]





5
Calibrations

The calibration of the experimental data is an important step and strongly affects
the precision and resolution of the different analysis steps and thereby the results.
The A2 data for this work includes a beamtime of liquid hydrogen (April 2009), three
beamtimes of liquid deuterium (December 2007, February 2009 and May 2009), three
beamtimes of deuterated butanol (July 2013, February 2014 and March 2015) and
a beamtime of a carbon foam target (February 2014). The CBELSA/TAPS data
for this work includes a beamtime of liquid hydrogen (November 2008) and liquid
deuterium (December 2008), two beamtimes of deuterated butanol (January and
June 2011) and one of a carbon foam target (November 2011). All beamtimes were
calibrated after the beamtime concluded but since it would have exceeded the time
frame, not all of the calibrations were done as part of this work. Furthermore,
the data from the unpolarized targets (liquid hydrogen and deuterium) at A2 and
CBELSA/TAPS was already taken in advance and thus, their calibration was part
of a different work. In the A2 collaboration, the calibration software CaLib (as
introduced in Section 3.2.3) allows for a completely single-handed data calibration
within a reasonable time and hence, most often is carried out by one person alone.
In contrast, at CBELSA/TAPS, every calibration step is distributed among the lo-
cal group members [195] and hence, was carried out outside of this work. However,
their standard calibration procedure does not include the energy calibration of the
short gate component of the BaF2 crystals of the MiniTAPS detector. In order to
be able to do a pulse shape analysis (PSA, see Sections 5.2.6 and 6.4.1), the short
gate information was additionally calibrated single-handedly.

The following sections introduce the main principles and techniques of the dif-
ferent calibration procedures of the A2 and CBELSA/TAPS data and presents an
overview of the resulting calibration quality.

117
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5.1 Calibration Principle

The measurement of time and energy information with electronic devices always re-
quires an elaborate calibration of the individual components. While energies are
usually measured by an accumulated charge in a QDC (Charged to Digital Con-
verter), times are measured with TDCs. It is necessary to determine the correct
conversion of the raw electronic signals into the corresponding physical quantity,
which is the goal of the calibration procedure. Based on the linear response of the
electronic devices, the conversion is similar for both cases.
In this way, the conversion from a TDC channel c to the physical time t is given by

t = g · (c− o) , (5.1)

where g is the proportional constant called the gain, which depends on the intrinsic
behavior of the device and o is an offset that can be chosen according to the aim of
the calibration. In general, it is chosen such that the coincidence time between any
two elements is zero.
Concerning the readout of the PMTs with QDCs, in first approximation the depen-
dence of the accumulated on the deposited energy is also linear, resulting in a similar
conversion from charge to energy:

Edep = g · (c− p) , (5.2)

where c corresponds to the digital channel of the QDC, p to the position of the
pedestal, and g to the gain. The pedestal indicates the channel that corresponds
to zero charge, i.e. zero energy. This intrinsic characteristic is individual for every
device and is an anchor for the conversion. The gain is the proportionality constant
and is a measure for the correlation of charge and energy. Using energy calibrations,
the pedestal and gain of every individual detector component can be determined
in a way that depending on the quality of the calibration, every device yields the
same values for identical signals. By the above definitions, the unit of the gains are
[ns/channel], respectively [MeV/channel], that of the offset and pedestal is [channel].

5.2 Calibration of the A2 Data

As previously mentioned, the four beamtimes on unpolarized targets were already
calibrated in advance [100]. In this work, preliminary and raw calibrations have been
carried out right before the data taking of the deuterated butanol beamtimes. This
was important in order to provide a sufficiently accurate online analysis for the rate
estimation, which was used to optimize the experimental conditions and settings.
Furthermore it allows for the production of preliminary results that includes the
rates and show the quality of the data. After the beamtime, the final calibrations
were carried out by Dr. Lilian Witthauer [173].
In the following sections, the main principles and steps of the energy and time cali-
brations of the different detector components of the A2 experiment will be presented,
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specifically for the May 2009 beamtime, a liquid deuterium beamtime, used in this
work.

5.2.1 Crystal Ball Energy Calibration

Covering about 94% of the solid angle, the Crystal Ball detector is the main part of
the detector system. Furthermore, the ability of using the sum of deposited energies,
i.e. the Crystal Ball energy sum (see Section 6.6.2), in the first level trigger makes
it a very powerful component of the experimental setup. Hence, it is necessary to
have high quality calibrations, not only for the analysis, but also already during data
taking. For this reason, the calibration procedure is divided into several parts, of
which one, the low energy calibration, already takes place before the experiment.
This mainly ensures that the relative behavior of the many detector components of
the Crystal Ball is equal and that the information of the sum of deposited energy
that is used for the trigger decision is sufficiently accurate.

Low Energy Calibration
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Abbildung 5.13: Fit an 241Am/9Be. Die durchgezogene Linie stellt den Fit aus der Expo-
nentialfunktion (5.10) für den Untergrund und der Gaussfunktion (5.11)
dar; die gestrichelten Linien sind die beiden einzelnen Funktionen. Das
Maximum der Gaussfunktion liegt bei ca. 59 Kanälen.

f (x) = exp [p1+ p2 · x] (5.10)

g(x) = A0 · exp
[
−1
2

(
x−E0
σ

)2]
(5.11)

Das ROOT-Programm gibt nach dem Fit die Peak-Position der Photolinie zurück. Die
Subtraktion der Pedestal-Position, wie es bei 60Co nötig war, musste nicht berechnet wer-
den, da sie automatisch im Analyseprogramm für jedes Event durchgeführt wurde.

Aus den Peak-Positionen der Gaussfunktionen aller aufgenommenen Kanäle wurde
ein Mittelwert gebildet. Nun wurden die Abweichungen der Maxima von diesem Wert
betrachtet. Jeder Kanal, der 20% oder mehr vom Mittel abwich, wurde über das Poten-
tiometer abgeglichen. Dazu wurde die Quelle innerhalb des borierten Polyethylens wie-
der in die Mitte des CB gelegt und das Spektrum eines ausgewählten Kanals betrachtet.
Durch kleine Justierungen des Potentiometers wurde die abgeschätzte Peak-Position auf
den Mittelwert geschoben. Anschließend wurden für alle Kanäle erneut Daten genom-
men, um das Ergebnis der Kalibration zu prüfen.

In Kapitel 6 sind die Resultate der Messungen vor und nach der Justierung der Poten-
tiometer beschrieben. Dabei wird auch ein Vergleich zur Pion-Eichung gezogen, die im
nächsten Abschnitt dargestellt wird. Dieser Vergleich soll zeigen, in wie weit die Kalibra-
tion mit 241Am/9Be mit der Eichung mit Pionen übereinstimmt.

ENERGIE-EICHUNG DES CRYSTAL BALL-DETEKTORS Diplomarbeit Marc Unverzagt, 2004
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Figure 5.1: Measured signal of an individual NaI(Tl) crystal of the Crys-
tal Ball detector obtained from the measurement with a 241Am/9Be source.
Dashed blue curve: Gaussian fit of the 4.438 MeV photon peak. Solid green
line: position of the 4.438 MeV photon peak. Dashed red curve: exponential fit
of the neutron background. Solid magenta line: sum of signal and background
fit. Figure adapted from [196].

The low energy calibration is a hardware calibration and is realized by using a
neutron source 241Am/9Be. 241Am is a long-living nucleus that decays by the emission
of α particles that are captured by the 9Be nucleus, which then becomes an excited
13C* state. This excited nucleus then dominantly decays to an excited carbon 12C*
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state by the emission of neutrons and to the 12C ground state under the subsequent
γ emission. These monoenergetic photons of energy 4.438 MeV are then used for the
calibration of the readout of the NaI(Tl) crystals. The gains of all individual PMTs
were regulated such that the 4.438 MeV photon peak in the raw ADC spectrum was
located at the same position for all detector elements [196].

High Energy Calibration

The typical energies of the decay photons in an experiment are much higher than
those used for the low energy calibration. A direct application of the calibration to
such conditions, in general, can not be expected and therefore has to be verified, or
if necessary, has to be extended. An efficient and rather straightforward method for
this purpose is a calibration with real data where the kinematics are well defined,
such as is the case of single π0 photoproduction from free protons inside a hydrogen
target. The π0 decays into two photons of a broad energy range and are ideally suited
for the calibration. Furthermore, the kinematics of the reaction are overdetermined
such that the energy and the angles of the two decay photons can be calculated and
compared with the measured values [196]. This method was initially carried out in
addition to the calibration with the 241Am/9Be source at the time when the Crystal
Ball detector arrived at MAMI and the PMTs had to be recalibrated. Both results
were compared to each other and the gain of the PMTs was readjusted for those
channels where the difference between the two calibrations was larger than 20%.
Adjustments of the hardware components are not usually done frequently, unless the
detector components were changed or moved. However it is important to monitor
the calibration and detector responses for every beamtime. For this reason, every
beamtime data is calibrated individually and serves as a fine tuning of the hardware
settings.
The situation is different for data from beamtimes that used a nuclear target, e.g.

liquid deuterium. Due to the Fermi motion of the nuclei inside the nucleus, the
kinematics are not overdetermined anymore and a direct calibration, as mentioned
in the beginning of this section, is not possible. Instead, an iterative approach is
used that is based on the calibration of the individual detector elements against each
other. In the data used in this work, this is realized by measuring the invariant mass
of the two decay photons from single π0. For every NaI(Tl) crystal, the γγ invariant
mass mγγ,i is determined when one of the photons was detected in this particular
element i and the other photon in any other crystal o, by:

mγγ,i =
√

2Eγ,iEγ,o(1− cos(ψγ,io)) , (5.3)

where Eγ,i denotes the reconstructed photon energy from the cluster with central
element i and ψγ,io is the opening angle between the two photon clusters with central
element i and j. By comparing the measured invariant massmγγ,i with the theoretical
value of the pion, mπ0 = 134.976 MeV, the conversion gain for crystal i can be
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Figure 5.2: Invariant γγ mass spectrum of two photons detected in the Crys-
tal Ball detector with the final calibration values used in the analysis. The
spectrum was extracted in the analysis of single π0 photoproduction from quasi-
free protons after having applied all kinematic cuts. Shown is the integrated
spectrum over all beam photon energies. Black squares: measured distribution
from the May 2009 beamtime. Red line: polynomial of third order for the fit of
the background. Blue line: Gaussian function for the fit of the signal. Green
line: sum of polynomial and Gaussian functions.

determined and applied to the next calibration step1. As the invariant mass depends
on the energies of the two photons and those depend on the conversion gain, every
change in gain of one element affects the calibration of the other crystals. Using
a sufficient number of iterations2, the deviations of the invariant mass values can
be minimized and converges to the theoretical value. The quality of the energy
resolution obtained with this calibration procedure is presented in Figure 5.2 on the
example for π0 photoproduction from quasi-free protons.

Quadratic Energy Correction

The high energy calibration reliably adjusts the individual gains such that the in-
variant mass of the two photons peaks at the theoretical mass of the π0. However, it
assumes that the measured raw energies are correct, which is not the case. Due to the
detector thresholds, as well as shower losses (especially at the border of the detector
elements and the edges of the Crystal Ball detector), the uncalibrated energies are
smaller and should not add exactly to the pion mass. Hence, the calibration results
in an overcorrection, which is mainly prominent for higher photon energies as the
relative fraction of energy loss is smaller. As a consequence, decay photons of higher
energy, as produced in the decay of the η meson, receive a too high energy.

1Note, that due to the readout with sampling ADCs the pedestal is directly subtracted and
hence does not have to be determined by the calibration.

2up to 15 iterations were performed for the energy calibration of CB of the May 2009 beamtime.
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Fig. 3.5: CB time depending on deposited energy showing the time walk e�ect:
Black curve: fitting function (equation 3.20). Data from May 2009 beamtime.

Time prealignment

First, the time di�erences of all cluster hit combinations in Crystal Ball were
calculated depending on the central elements of the clusters. As no coincident hit
in the PID was requested, mostly clusters originating from photons were selected
and slow charged particles with larger times were rejected. The distributions of
the time di�erences for every detector element i were fitted with Gaussians and
from the mean values mi new individual o�sets oÕ

i were calculated via

oÕ
i = oi + mi

gi

, (3.19)

with the old o�sets oi and the gains gi, whereas the latter were the same for all
elements in case of CB. This procedure was performed iteratively and converged
su�ciently fast, so that in the end the mean values of all time di�erences were
centered at zero.

Time walk calibration

Because the signals in the NaI(Tl) crystal have a slow rise time and LEDs are
used in the electronics, the time signals are a�ected by time walk. This energy
dependence of the time has to be corrected to maximize the time resolution in
CB.

The main principle to establish the time walk correction is to plot the time
versus the energy for every detector element, followed by a fit of an appropriate

Figure 5.3: Illustration of the time walk effect of the NaI(Tl) crystals in the
Crystal Ball detector. The solid black line corresponds to the fit function that
was used for the correction of this effect. Figure taken from [100].

This effect is compensated by a quadratic energy correction:

E ′ = a · E + b · E2 , (5.4)

where E is the uncorrected photon energy and a and b are the parameters to be
determined. The correction is carried out for every detector element such that the
π0 and η meson peak in the γγ invariant mass are located at their correct theoretical
value.

5.2.2 Crystal Ball Time Calibration

The time calibration of the Crystal Ball detector requires more effort, as the rise
time of the NaI(Tl) crystal signals is rather slow. As a consequence, the time at
which a signal exceeds the LED threshold depends on the signals amplitude and on
the deposited energy. This effect is called time walk and is illustrated in Figure 5.3.
The calibration according to Equation (5.1) is performed in three steps. Only the
offset had to be determined by the calibration as the gain of the CATCH TDCs was
fixed to 117 ps/channel.

First, for every cluster in the Crystal Ball, the time difference between the con-
tributing elements was calculated depending on the central element of the cluster.
For every element, the mean value of the distribution was determined by a fit with
a Gaussian and then used to calculate the new offset. Only a few iterations are
necessary in order to align the mean time differences at zero.
The resolution of the CB time can be improved with the correction of the time walk
effect. The correction is determined by fitting the measured time dependent on the
deposited energy in the corresponding crystal with a four parameter power law, as
shown in Figure 5.3. For every detector element, according to the deposited energy,
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Figure 5.4: Time coincidence spectrum of clusters in the Crystal Ball de-
tector. Black squares: measured distribution from the May 2009 beamtime.
Red line: polynomial of third order for the fit of the background. Blue line:
Gaussian function for the fit of the signal. Green line: sum of polynomial and
Gaussian functions.

the time is then shifted to zero by the value of the fit result.
As the time walk correction affects the time, improper fits yield in a misalignment of
the relative timing that has to be corrected by repeating the first step. The quality
of the time calibration is presented in Figure 5.4.

5.2.3 Crystal Ball LED2 Threshold Calibration

As discussed in Section 2.3.1, the high LED threshold (LED2) is used for the mul-
tiplicity trigger condition. Unfortunately, the information, about which element
contributed to the multiplicity by exceeding the threshold, is not written to the data
stream. Hence, the energy threshold has to be reconstructed as follows: For each of
the 45 discriminator blocks containing signals from 16 neighboring NaI(Tl) crystals,
the element with the maximum deposited energy was determined. The procedure had
to be repeated for the 6 logical segments from TAPS, as it was allowed to contribute
to the total multiplicity as well. Then, depending on the multiplicity condition, the
two or three elements that had the highest amount of deposited energy of all blocks,
were expected to have contributed to the multiplicity condition and contain the in-
formation for the LED high calibration. For these elements, an energy spectrum is
created (see left-hand side of Figure 5.5), from which the LED high threshold can be
determined by fitting the derivative of the histogram with a Gaussian (see right-hand
side of Figure 5.5).

5.2.4 PID Angle Calibration

The PID only provides information about the azimuthal angle, φ, and not about the
polar angle, θ. Since φ is used for the identification of charged particles in the Crystal
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Abbildung 7.8. Bestimmung der Diskriminatorschwellen exemplarisch für einen Kanal des Crystal
Ball. Oben: Spektrum der im NaI(Tl)-Kristall deponierten Energie (Experimentdaten) nach der Iden-
tifikation als am L2-Trigger beteiligter Kanal. Unten: Steigung innerhalb des Energiespektrums. Die
Anpassung einer Gaußkurve an den Peak der steigenden Flanke liefert die Position der Schwelle.

Für diese Kanäle6 können dann Energiespektren aufgebaut werden, in denen die Diskriminator-
schwelle sichtbar wird (siehe Abb. 7.8 oben). Diese Schwellenposition wird in analoger Weise
wie bei der Untersuchung der Energiesumme im vorigen Abschnitt bestimmt, indem die Spek-
tren nach der Energie abgeleitet werden (siehe Abb. 7.8 unten) und an die Peaks, die die stei-
gende Flanke beschreiben, Gaußverteilungen angepasst werden. Die Mittelwerte µ entsprechen
auch hier den Punkten größter Steigung und stellen die verwendeten Diskriminatorschwellen

6Dieses Verfahren kann pro Ereignis grundsätzlich nur drei Kanäle mit überschrittener Diskriminatorschwelle
ermitteln, da zusätzliche Treffer in einem Bereich oder höhere Bereichsmultiplizitäten nicht sicher vorausgesetzt
werden können. Weiterhin müssen der Crystal Ball und die TAPS-Vorwärtswand hierbei gemeinsam untersucht
werden, da der Ursprung der einzelnen Beiträge zur Multiplizität zunächst nicht bekannt ist.

STRAHLUNGSBEGLEITETE π0-PHOTOPRODUKTION AM PROTON Dissertation – Sven Schumann, 2007

7.3 TRIGGERSYSTEM 129

Abbildung 7.8. Bestimmung der Diskriminatorschwellen exemplarisch für einen Kanal des Crystal
Ball. Oben: Spektrum der im NaI(Tl)-Kristall deponierten Energie (Experimentdaten) nach der Iden-
tifikation als am L2-Trigger beteiligter Kanal. Unten: Steigung innerhalb des Energiespektrums. Die
Anpassung einer Gaußkurve an den Peak der steigenden Flanke liefert die Position der Schwelle.
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ermitteln, da zusätzliche Treffer in einem Bereich oder höhere Bereichsmultiplizitäten nicht sicher vorausgesetzt
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Figure 5.5: Determination of the CB LED2 threshold on the example of one
NaI(Tl) crystal. Left-hand side: deposited energy spectrum. Right-hand side:
derivative of the deposited energy fitted with a Gaussian. Dashed red line:
mean value of the Gaussian that corresponds to the LED2 threshold. Figure
adapted from [197].

Ball detector, a comparison of the azimuthal angle of the hit in the PID and the hit
in Crystal Ball can provide accurate knowledge of the orientation of the PID. For
this reason, the azimuthal correlation between both detectors was determined by an
offline calibration. For this, events with exactly one hit in the Crystal Ball detector
and one hit in the PID were selected and the measured φ angle of the hit in the
Crystal Ball detector was plotted as function of the PID element. This distribution
was then fit with a linear function in order to extract the corresponding azimuthal
angles of all PID elements.

5.2.5 PID Energy Calibration

The energy information of the PID is only qualitatively needed in the analysis. For
the discrimination of neutral and charged particles it is sufficient to know whether
the corresponding PID element registered a signal above the threshold. However, for
the identification of the charged particles it is necessary to have access to the energy
information, although knowledge of the relative deposited energies of the different
particles is sufficient. For this reason, the main principle of the energy calibration of
the PID is to match the detector response to that from the simulation, i.e. to find
the pedestals and gains such that a simulated proton deposits the same amount of
energy in the PID as it does in the real data.
For the calibration, it is necessary to know the amount of energy that a proton
of a certain energy deposits in the PID. Whereas the energy of the proton can be
measured with the Crystal Ball detector, since it was already calibrated at this
stage, from the PID only the raw ADC information is available. However, by using
simulations with protons, the deposited energy in a PID element is known and is
then used to determine the proper pedestal and gain of the data.
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5.2.6 TAPS Energy Calibration

The TAPS detector is arranged as a forward wall and has to cope with very high
rates. A sufficiently precise calibration of the hardware components of the detector is
mandatory. Usually it is done before and after every experiment in order to monitor
the stability and for setting the proper thresholds to accept or reject the desired
events. The calibration procedure is very similar to the one of the Crystal Ball, as
explained in Section 5.2.1 and will only be briefly summarized.

Low Energy Calibration

The horizontal alignment of the TAPS crystals allows for the calibration of the de-
tector elements with cosmic radiation as the cosmic radiation passes equally through
all crystals. In this way, the detector elements can be calibrated at any time without
the need for any radioactive sources or a particle beam. For every detector element,
the gain is then calculated with Equation (5.2) by using the position of the pedestal
and of the cosmic peak. The situation is illustrated in Figure 5.6.3.2. Energy calibrations 53
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Fig. 3.4: Raw energy spectrum of a single BaF2 crystal obtained with cosmics:
Black histogram: data. Red curve: exponential for background. Blue curve: Gaus-
sian for cosmics peak. Green curve: total fitting function. The position of the
cosmics peak corresponds to 37.7 MeV. The pedestal is located around channel
100.

The mean deposited energy of minimum ionizing particles in the BaF2 crystals
was determined to be 37.7 MeV [74]. A typical raw spectrum is shown in figure 3.4.
The distribution can be fitted with a Gaussian and an exponential background
function, and consequently the channel that corresponds to the mean deposited
energy can be extracted. Also the pedestal position can be determined and using
equation 3.9 the conversion gain can be calculated. This was done before all
beamtimes to normalize the gains of the individual detectors by adjusting the high
voltage of the photomultipliers and to establish a first rough energy calibration.

High energy calibration

In the o�ine analysis, the pedestal position was determined from the raw ADC
spectra of the production data runs. For the calibration of the gains, the same
method as used for CB was applied. Due to insu�cient statistics, fi0-mesons with
both decay photons in TAPS could not be used. One photon was required to
be in CB, making the calibration dependent from the CB energy calibration. As
a consequence, the TAPS energy calibration had to be made after the final CB
energy calibration was established.

Figure 5.6: Typical BaF2 energy calibration spectrum using cosmic radiation.
Solid black histogram: raw ADC signal showing the pedestal at about channel
100 and the cosmic peak on background around channel 250. Red line: expo-
nential fit of the background. Blue line: Gaussian fit of the 37.7 MeV cosmic
peak. Green line: sum of exponential and Gaussian functions. Figure taken
from [100].

High Energy Calibration

For every individual detector element, the position of the pedestal can be directly
determined from the raw ADC spectra that were obtained during data taking. The
gains were determined by the same method as used for the Crystal Ball. However,
as the two decay photons from the pion only rarely go into TAPS, the statistics are
too poor to do the calibration with the TAPS crystals only. As a consequence, the
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Figure 5.7: Invariant γγ mass spectrum of one photon detected in the Crystal
Ball detector and one detected in TAPS with the final calibration values used
in the analysis. The spectrum was extracted in the analysis of single π0 pho-
toproduction from quasi-free protons after having applied all kinematic cuts.
Shown is the integrated spectrum over all photon beam energies. Black squares:
measured distribution from the May 2009 beamtime. Red line: polynomial of
third order for the fit of the background. Blue line: Gaussian function for the
fit of the signal. Green line: sum of polynomial and Gaussian functions.

calibration has to be done with only one photon in TAPS and the other one in the
Crystal Ball detector, making the TAPS energy calibration dependent on the Crystal
Ball energy calibration. A representative spectrum of the invariant mass resulting
from one photon in TAPS and one in the Crystal Ball detector is illustrated in Figure
5.7

Short Gate Calibration

As previously mentioned in Section 2.2.4, the BaF2 have two well separable scintil-
lation components that, in the readout, are integrated over a short and a long time
interval. The standard energy calibration of the BaF2 crystals corresponds to the
energy calibration of the long component. However, proper knowledge of both com-
ponents allows for a investigation of the correlation between the two energy yields,
referred to as the pulse shape analysis (PSA), as illustrated in Figure 5.8. For the
identification of particles, instead of the energy yields, the PSA radius rPSA and PSA
angle φPSA, as seen in the left-hand side of Figure 5.8 are suitable. They are defined
as:

φPSA = arctan

(
ES
EL

)

rPSA =
√
E2
S + E2

L ,

(5.5)

where ES denotes the short gate energy, and EL the long gate energy. As for photons,
the ratio of the short to the long component is larger than for massive particles such
as protons or neutrons. The energy yield is different and allows for a separation of
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Figure 5.8: Typical pulse shape analysis (PSA) spectra of a BaF2 crystal
from the TAPS detector. Left-hand side: short gate energy as function of the
long gate energy. Right-hand side: PSA radius rPSA as function of the PSA
angle φPSA. Data from the May 2009 beamtime. Photons are located at PSA
angles of φPSA = 45 ◦ for all PSA radii rPSA whereas for nucleons the PSA angle
increases with increasing PSA radius. Left-hand side figure adapted from [188],
right-hand side figure taken from [100].

these (see left-hand side of Figure 5.8).
In the calibration process, the gain and pedestal of the short gate readout are chosen
such that the energy yield for photons is identical for both components, i.e. ES = EL,
corresponding to PSA angles of φPSA = 45◦, as shown on the right-hand side of Figure
5.8.

Quadratic Energy Correction

The same procedure for the quadratic energy correction as for the Crystal Ball (see
Section 5.2.1) was applied to the TAPS detector. Thereby one decay photon from
the π0 and η meson, respectively, was requested in the Crystal Ball detector and one
in TAPS.

5.2.7 TAPS Time Calibration

The distance between the target and TAPS detector is about 1.5 m. Due to the high
intrinsic time resolution of the BaF2 crystals, the TAPS detector is ideally suited
for time of flight measurements, which can be used for the identification of various
particles (see Section 6.5.1). This is especially important as the energy resolution
of the Veto detectors is not sufficient for a quantitative, but only a qualitative, dis-
crimination among different particles. In order to maximize the time resolution, the
TDC’s were calibrated precisely. A time walk correction for the BaF2 crystals was
not necessary since the crystals have a very fast rise time and the time measurement
is initialized by CFDs3.

3CFD: Constant Fraction Discriminator
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Fig. 3.6: TAPS-TAPS coincidence time spectrum: Black squares: experimental
data (sum of all detector elements). Red curve: polynomial for background. Blue
curve: Gaussian for signal. Green curve: total fitting function. Data from May
2009 beamtime.

delayed by adding a series of cables with known delay to the electronic circuit one
by one. The exact delays of the used 10 ns cables were measured using a signal
generator and an oscilloscope. The frequency of the pedestal pulser is increased and
short TAPS standalone measurements are performed. The position of the pedestal
pulser signal is then fitted for every measurement. Afterwards, the di�erences of
the delays are plotted versus the di�erences of the pulser positions. Finally, the
data points are fitted linearly and the gain is extracted as the slope of the fitting
function. This procedure was carried out for all the BaF2 elements resulting in
individual TDC gains for all detectors.

TDC o�set calibration

The time o�sets were calibrated in the o�ine analysis using the production ex-
perimental data. Spectra of the time di�erences of all combinations of neutral
particles in TAPS were created with respect to the corresponding central cluster
detectors. In the following, the same technique as for the time prealignment of
the CB time was used. The positions of the coincidence peaks were fitted and
new o�sets were calculated using equation 3.19. This was done iteratively until
all peaks were centered at zero. Figure 3.6 shows the summed spectrum of all
detector elements after the calibration for the May 2009 beamtime.

Figure 5.9: Time coincidence spectrum of clusters in TAPS. Black squares:
measured distribution from the May 2009 beamtime. Red line: polynomial of
third order for the fit of the background. Blue line: Gaussian function for the
fit of the signal. Green line: sum of polynomial and Gaussian functions. Figure
taken from [100].

The conversion gains of the TDCs were determined experimentally before the
experiment. For this, the stop signal of the time measurement of the BaF2 crystals is
delayed with a series of cables of an exact known delay. Cosmics measurements were
carried out with and without the subsequent adding of the delay cables. From the
difference of the known delays plotted versus the difference of the pedestal positions,
the conversion gain is given by the slope of the linear fit function.
The determination of the TDC offsets is done equivalently as for the Crystal Ball.
The quality of the calibration is shown in Figure 5.9 for the example of the May 2009
beamtime.

5.2.8 TAPS LED Threshold Calibration

As for the Crystal Ball detector, the TAPS LED thresholds are used for the multi-
plicity trigger. However, in contrast to the Crystal Ball detector, the LED pattern of
TAPS is available from the data stream and can directly be used for the determina-
tion of the LED thresholds. For a given detector element, the energy spectrum that
contains all hits is divided by the same spectrum, but with the requirement of a co-
incident LED hit (see left-hand side of Figure 5.10). As was observed for the Crystal
Ball detector, the spectrum shows a sudden steep rise at a certain value of deposited
energy that corresponds to the LED threshold. For all elements the threshold was
then determined by fitting the derivative with a Gaussian (see right-hand side of
Figure 5.10).
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Fig. 3.8: Determination of the TAPS LED thresholds: Left-hand side: ratio
of LED hits and all hits (black histogram). Right-hand side: scaled derivative of
ratio (blue histogram), Gaussian fitting function (green curve). Red line: threshold
marker. Data from May 2009 beamtime.

The resulting spectra for the CB elements showed the clear influence of the
thresholds. At a certain energy, a steep rise of the counts could be observed. In
each spectrum, the threshold value was determined by calculating the discrete
derivative of the spectrum. The resulting distribution showed a maximum at the
threshold position that was fitted with a Gaussian. The so obtained mean was
then used as threshold value for the corresponding detector element. The CB high
thresholds were in the order of ≥10–30 MeV in the current experiment.

The obtained spectra for TAPS could in principle be used for the determination
of the LED thresholds in TAPS, using the same method as for CB. But, as the
LED pattern is recorded in the data stream in case of TAPS, the thresholds were
determined directly from the pattern, which was considered to be more accurate.

3.4.2 TAPS LED thresholds
The TAPS LED thresholds, which are used for the multiplicity trigger, can be set
individually for all BaF2 detectors. The actual values depend on the experiment
and are normally set at the beginning of data taking. Often, the thresholds are
varied with respect to the detector ring, e.g., the thresholds for inner rings are
increased to suppress contamination from electromagnetic background in the
trigger. However, for this work equal thresholds of around 30 MeV were set. The
threshold values were calculated using the cosmics calibration. Therefore, an
additional redetermination using the final photon calibration had to be performed
in the o�ine analysis.

Figure 5.10: Determination of the TAPS LED threshold for the example of
one BaF2 crystal. Left-hand side: ratio of the energy spectrum with all hits
and the spectrum with additional LED coincidence (black histogram). Right-
hand side: derivative of the deposited energy (blue histogram) fitted with a
Gaussian (solid green line). Solid red line: mean value of the Gaussian that
corresponds to the LED threshold. Figure taken from [100].

5.2.9 TAPS CFD and Veto LED Threshold Calibration

The TAPS CFD (see Section 2.3.1) and Veto LED thresholds (Section 2.3.1) are
calibrated with the same method as discussed above for the TAPS LED thresholds.

5.2.10 Veto Energy Calibration

In contrast to the BaF2, the Vetos can not be calibrated using cosmic radiation as
they are vertically aligned in front of the TAPS wall. Therefore, the calibration is
carried out using experimental data. The raw ADC spectra were used to determine
the positions of the pedestals. The conversion gain was, similarly to the calibration
of the PID, determined from a comparison of the energy deposit in the data and
simulation.

5.2.11 Tagger Energy Calibration

The quality and resolution of the energy information of the tagger is directly related
to those of the photon beam. The energy resolution is given by the design of the
tagger, i.e. the number, size, and overlapping of the scintillator bars. The quality
depends on the knowledge of the magnetic field that deflects electrons onto the de-
tectors, as well as on the electron beam energy. As both quantities depend on the
experimental requirements and can vary between beamtimes, the energy calibration
of the tagger has to be done individually for each beamtime. However, as the beam
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Fig. 3.7: Tagger-TAPS coincidence time spectrum: Black squares: experimental
data (sum of all detector elements). Red curve: polynomial for background. Blue
curve: Gaussian for signal. Green curve: total fitting function. Data from May
2009 beamtime.

3.3.3 Tagger

The time measurements in the tagger were also performed by CATCH TDCs
with fixed conversion gains, leaving only the o�sets to be calibrated. This was
implemented by the use of TAPS. Hence, TAPS had to be already fully calibrated
before the tagger calibration could be started. Spectra of the time di�erences
of all combinations of neutral particles in TAPS and hits in the tagger were
created individually for each tagger channel. The positions of the coincidence
peaks were determined and new o�sets were calculated from equation 3.19. If the
positions were estimated properly, one iteration was su�cient to achieve the final
calibration, as there is no dependence between the tagger channels. Figure 3.7
shows the summed spectrum of all detector elements after the calibration for the
May 2009 beamtime.

3.3.4 PID and Veto

The times of the PID and the Veto detectors were not used in this work. There-
fore, only a rough calibration was performed to align the relative timings of the
individual elements. This was done using the same iterative method described
above by centering the relative coincidence peaks of the individual detectors at
zero.

Figure 5.11: Time coincidence spectrum between clusters in TAPS and hits in
the tagger. Black squares: measured distribution from the May 2009 beamtime.
Red line: polynomial of third order for the fit of the background. Blue line:
Gaussian function for the fit of the signal. Green line: sum of polynomial and
Gaussian functions. Figure taken from [100].

energy is usually very stable and the magnetic field is monitored during the beam-
time, one calibration is sufficient and can be used for the entire beamtime.
The calibration is based on the knowledge of the electron beam energy and elabo-
rate measurements of the magnetic field [102]. In principle, this is sufficient for the
determination of the electrons that hit the center of each tagger channel. However,
an additional measurement with different magnetic fields and with a low intensity
electron beam of different energies was carried out. A linear relationship was then
used to allocate the electron energies to the tagger channels and to calculate the
mean electron energy and the energy range of every individual element.

5.2.12 Tagger Time Calibration

As for the Crystal Ball, the time in the tagger is measured with CATCH TDCs
with fixed conversion gains. Thus, only the offset had to be calibrated. The TAPS
detector was taken as reference for the offset, as it has the best time resolution and
it was already calibrated.
The time difference between the hits in the tagger and in TAPS dependent on the
corresponding tagger channel was used to determine the position of the coincidence
peak and by this the offset. Figure 5.11 shows the quality of the calibration.

5.3 Calibration of the CBELSA/TAPS Data

The calibration principle of the different detector components of the CBELSA/TAPS
experiment is almost identical to that used in A2 except for a few exceptions that will
be pointed out in the following sections. The energy and time calibrations are also
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based on the linear relation of electronical channel and physical quantity, as given
by Equations (5.1) and (5.2), even though the gain and offset at CBELSA/TAPS
in the definition of Equation (5.1) are decoupled in contrast to the definition at A2
[190]. The relation is defined as:

t = o+ (g · c) . (5.6)

However, this only affects the values and not the interpretation or procedure of the
calibration.

5.3.1 Time Calibrations

The time calibration of the individual detectors is first based on a rough calibration,
which is used to shift all the prompt peaks of the TDC spectra to zero. However, the
result is limited by the time resolution of the trigger signal and is optimized in the
subsequent fine tuning of the calibration. By considering time differences instead of
single time signals, the influence from the reference trigger signal can be removed.
Hence, a reference detector has to be used for the fine tuning of the calibration. In
the CBELSA/TAPS experiment the tagger is usually chosen as the reference detector
and had to be calibrated first. For this, the time information of the Cherenkov detec-
tor was used as reference signal as it has only one channel and a high time resolution.
For MiniTAPS, the only detector for which the time measurement is not done with
CATCH TDC’s, in addition to the offsets also gains had to be determined. Addi-
tional time walk corrections (see Section 5.2.2) were only performed for the CsI(Tl)
crystals of the Forward Cone detector. For the Crystal Barrel detector, it was not
possible since the correction needs time and energy information. For MiniTAPS, the
correction is nonessential as previously discussed for the TAPS detector at A2 (see
Section 5.2.7). The timing of the Inner detector was calibrated in the same way as for
the other detectors. However, time information of the Inner detector was not used
in this work since it was only assigned to charged particles, which for this analysis
were not considered in the trigger and hence, did not have to meet the coincidence
requirement.

5.3.2 Energy Calibrations

The high energy calibration of the detectors is also done iteratively. The peak of the
γγ invariant mass spectrum is matched to the theoretical mass of the π0 meson (see
Section 5.2.1 for an example). Whereas the rough low energy calibration of Mini-
TAPS is also done with cosmic radiation, the initial calibration of the Crystal Barrel
detector is different from that used for the Crystal Ball detector. At A2 the initial
calibration of the Crystal Ball detector is based on a low energy calibration with the
radioactive 241Am/9Be source, while at CBELSA/TAPS, a lightpulser system is used
that feeds every crystal of the Crystal Barrel with light signals of different intensi-
ties, covering the full range of the ADCs [198]. In order to have an optimal energy
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Figure 5.12: Showcase of a lightpulser measurement for the rough calibration
of the Crystal Barrel detector. Shown is the ADC value versus the transmis-
sion. The intersection of the two lines with the y-axis determine the individual
pedestals. The reduction factor is given from the ratio of the different slopes.
Figure taken from [198].

resolution in the Crystal Barrel detector, ADCs with two different energy ranges are
used. Therefore the conversion contains two equations with four unknowns, i.e. two
pedestals plow, phigh one conversion gain g and a reduction factor between low and
high range gR, which are related to the deposited energies Elow

dep and Ehigh
dep according

to Equation (5.2):
Elow

dep = g ·
(
clow − plow

)

Ehigh
dep = g ·

(
chigh − phigh

)
· gR .

(5.7)

For all crystals, a gain of g = 0.033 MeV/channel was used and the pedestals and the
reduction factor were determined from the lightpulser measurement. The lightpulser
is a type of flash lamp that emits light signals of similar shape as the spectrum of
the CsI(Tl) crystals. Using lightguides, the light pulses are fed into the wavelength
shifters of the individual crystals. Using six different filters, the intensity of the
light pulse can be changed. With this setup, the signals correspond to the dynamic
range of the Crystal Barrel detector. As the characteristics of the lightpulser are
well known and cover the full range of the ADC, the three parameters can be fully
determined from the measurement, as shown in Figure 5.12.
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5.4 Calibration of the A2 and CBGEANT Simula-
tions

The calibration of the simulation is necessary since the simulation is used to com-
pare or correct the experimental data. However, this depends on how accurate the
setup was described in the simulation. Due to the complex geometry and material
composition of the detectors, this is not self-evident and in general not within reach.
Furthermore, the response of the individual detectors and the interactions of the par-
ticles with the detector matter are based on calculations and do not have to match
reality.

5.4.1 Energy Calibration of the A2 Simulation

In general, time information does not have to be calibrated for the simulation, as co-
incidence is always given in the simulation. Hence, the calibration of the simulation
involved only the energy calibration of the Crystal Ball and TAPS detectors and the
thresholds were set to those determined from the real data. For this reason, the high
energy and quadratic energy calibration for the CB detector and TAPS have been
carried out in the same way as described for the data (see Sections 5.2.1, 5.2.6).

As in this work data from several beamtimes using different settings and target
lengths were analyzed, it was important to adapt the behavior of the simulation
to that of the experiment. For this reason, the energy and angular resolutions of
the Crystal Ball and TAPS detectors have been determined for every individual
simulation.

5.4.2 Energy Resolutions in the Simulations

In order to achieve the same energy resolution in the simulation as in the data, the
deposited energies in the simulation were smeared according to an experimentally
determined parametrization of the energy resolution for the Crystal Ball [199], Crys-
tal Barrel detector [119, 200], MiniTAPS, and TAPS. TAPS and MiniTAPS have the
same energy resolution [199]:

∆E

E
=

2%

(E[GeV])0.36
(Crystal Ball) , (5.8)

∆E

E
= 1.8% +

0.8%

(E[GeV])0.5
(TAPS) , (5.9)

∆E

E
=

2.8%

(E[GeV])0.25
(Crystal Barrel) , (5.10)

∆E

E
= 1.8% +

0.8%

(E[GeV])0.5
(MiniTAPS) . (5.11)
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Figure 5.13: Energy resolution for photons in the Crystal Ball and TAPS de-
tector (top row) at A2 and Crystal Barrel and MiniTAPS at CBELSA/TAPS
(bottom row). Open symbols: parametrized resolution for different target
lengths (see legend). Solid red line: resolution parametrization for the Crys-
tal Ball/Crystal Barrel detector (Equation (5.8)). Solid blue line: resolution
parametrization for MiniTAPS/TAPS (Equation (5.9)).

For this purpose, isotropically distributed photons of energies up to 1 GeV were
simulated. The deposited energy and the resolution were determined by fitting an
experimental response function to the measured spectra [107]. The energy of the sim-
ulation was smeared such that it fits the corresponding parametrization from equa-
tions (5.8)-(5.11). However, as the parametrizations were determined experimentally
and hence their precision obviously exceeds that obtained from the simulation, the
smearing procedure was only used to achieve a preferably similar resolution. The
energy resolution that was used in the analyses using different target lengths hence
was in all case given by that of the parametrizations, as illustrated in Figure 5.13.
Effects from the different target lengths hence can not be observed in that Figure.
Detailed information about the influence of the target length on the energy resolution
can be found in [100, 173].
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5.4.3 Angular Resolutions in the Simulations

The angular resolutions in the Crystal Ball and TAPS detector were determined
with the same simulation of isotropically distributed photons of energies up to 1
GeV. The difference between the generated and the measured photon azimuthal and
polar angles was calculated in dependence of the polar angle for every simulation
of a different experimental setup. A dependence on the energy was not taken into
consideration. The results for the resolution of the azimuthal angle, φ, and polar
angle, θ, for the Crystal Ball detector are presented in Figure 5.14 and for TAPS
in Figure 5.15. The influence of the target length on the resolution of the polar
angle, θ, for the detection in the Crystal Ball and Crystal Barrel detector is clearly
visible. With longer targets, the difference of the flightpath of a particle along
and perpendicular to the target increases and results in a poor resolution. Due to
the similar target diameters, the influence of the target length on the resolution
of the azimuthal angle, φ, is negligible in both the Crystal Ball and the Crystal
Barrel detector and only somewhat larger in MiniTAPS and TAPS. In MiniTAPS
and TAPS, the resolution does not really depend on the target length, but for TAPS
the effect of the PbWO4 crystals in the two most inner rings is visible in the top right
figure in Figure 5.15. As the PbWO4 crystals were not used in any of the beamtimes,
the resolution suddenly decreases at smaller polar angles.

5.5 Calibration Quality

A summary of the overall resolutions after the final calibration is presented in Table
5.1. Shown is the energy resolution on the example of the γγ invariant mass and the
different detector time resolutions. The values were determined in the analysis of
single and double π0 photoproduction from the proton in the July 2013 beamtime at
A2 and in the analysis of double π0 photoproduction from the proton in the January
2011 beamtime at CBELSA/TAPS.

A2 CBELSA/TAPS
Type Quantity ∆E or ∆t Quantity ∆E or ∆t

π0 in mγγ 21 MeV
Energy 2π0 in mγγ 20 MeV 2π0 in mγγ 19 MeV

CB-CB 3.53 ns FP-FP 2.35 ns
CB-TAPS 1.97 ns FP-TAPS 1.72 ns

Time TAPS-TAPS 0.54 ns TAPS-TAPS 0.73 ns
Tagger-CB 2.07 ns Tagger-FP 1.61 ns
Tagger-TAPS 0.91 ns Tagger-TAPS 0.86 ns

Table 5.1: Overview of the average energy and time resolutions (FWHM) of
the A2 (left) and CBELSA/TAPS (right) experiments. Values obtained from
the π0 and 2π0 analyses of the deuterated butanol data.
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Figure 5.14: Simulated angular resolution of photons in the Crystal Ball
detector (top row) and the Crystal Barrel detector (bottom row). Left-hand
side: resolution of azimuthal angle φ. Right-hand side: resolution of polar angle
θ. Solid red line: resolution for a 2 cm target. Solid green line: resolution for a
3 cm target. Solid blue line: resolution for a 5 cm target. Solid magenta line:
resolution for a 10 cm target.
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Figure 5.15: Simulated angular resolution of photons in the TAPS detector
(top row) and MiniTAPS (bottom row). Left-hand side: resolution of az-
imuthal angle φ. Right-hand side: resolution of polar angle θ. Solid red line:
resolution for a 2 cm target. Solid green line: resolution for a 3 cm target.
Solid blue line: resolution for a 5 cm target. Solid magenta line: resolution for
a 10 cm target.





6
Data Analysis

After the calibration of all detector components has been performed and a proper
reconstruction of the particles was done, the data can be analyzed for the quantities
of interest in specific physical reactions. This chapter presents the different steps and
methods to extract the differential mass distributions and differential and total cross
sections of unpolarized hydrogen and deuterium data as well as the extraction of the
differential and total helicity dependent cross sections and the double polarization
observable E of polarized deuterated butanol data.

Within this work, two experiments at ELSA and three experiments at MAMI (see
Table 2.8) were carried out using a polarized deuterated butanol target. At both ac-
celerators, an additional experiment with the identical setup, but with a different
target material, i.e. carbon foam instead of deuterated butanol, were performed (see
Table 2.7) in order to allow for the determination of the unpolarized background
reactions on the unpolarized nuclei of the deuterated butanol. The experiments on
liquid hydrogen and deuterium stem from previous works, but these data were used
for the extraction of the unpolarized results.
As the main goal of the experiments with the deuterated butanol and carbon tar-
get was to determine the helicity dependent cross sections and the double polariza-
tion observable E of η (see doctoral thesis of Lilian Witthauer [173]) and double π0

photoproduction from quasi-free protons and neutrons (this work), the trigger was
optimized to the rates of these two reactions. However, since the energy sum of the
Crystal Ball detector at A2 is a part of the first level trigger, it was possible to use
a multiplicity two trigger in order to allow for the measurement of the η → 2γ and
π0 → 2γ decays, which was not possible at the CBELSA/TAPS experiment. Since
the Crystal Barrel detector was not part of the first level trigger, only the detector
components in the forward direction (where due to the electromagnetic background
the highest rates occur) contributed to the trigger. With a lower multiplicity con-
dition the required production rates would not have been possible. For this reason,
only results for double π0 photoproduction (and not single for π0) could be extracted
from the CBELSA/TAPS experiment, whereas the A2 data allowed to determine
additional results for single π0 photoproduction.

139
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The data from the experiments on the unpolarized liquid hydrogen and deuterium
targets were on the one hand used for a high statistics measurement of differential
and total cross sections on the quasi-free proton and neutron, respectively. On the
other hand, it provided additional possibilities for the extraction of the double polar-
ization observable E as well as the helicity dependent cross sections, which improved
the investigation of systematic errors.

In this work, the following reactions were analyzed for the extraction of the
results (an initial state nucleon in brackets denotes the spectator nucleon, a final
state nucleon in brackets denotes that its coincident detection was not required):

Analyzed reactions from the A2 data

γN(N)→ π0(N) quasi-free inclusive π0 photoproduction from the deuteron
γp(n)→ π0p quasi-free exclusive π0 photoproduction from the proton
γn(p)→ π0n quasi-free exclusive π0 photoproduction from the neutron
γp→ π0π0(p) inclusive π0π0 photoproduction from the free proton
γp→ π0π0p exclusive π0π0 photoproduction from the free proton
γN(N)→ π0π0(N) quasi-free inclusive π0π0 photoproduction from the deuteron
γp(n)→ π0π0p quasi-free exclusive π0π0 photoproduction from the proton
γn(p)→ π0π0n quasi-free exclusive π0π0 photoproduction from the neutron

Analyzed reactions from the CBELSA/TAPS data

γp→ π0π0(p) inclusive π0π0 photoproduction from the free proton
γp→ π0π0p exclusive π0π0 photoproduction from the free proton
γN(N)→ π0π0(N) quasi-free inclusive π0π0 photoproduction from the deuteron
γp(n)→ π0π0p quasi-free exclusive π0π0 photoproduction from the proton
γn(p)→ π0π0n quasi-free exclusive π0π0 photoproduction from the neutron

The main analysis principle is identical for all of the reactions mentioned above.
The main difference is given between the inclusive and exclusive analyses, of which
the latter requires the detection of recoil nucleons, which is more difficult and requires
additional analysis steps. Another difference is given between the analyses of data
from free protons (liquid hydrogen data) and quasi-free nucleons (all other data).
Nucleons bound in nuclei exhibit Fermi motion (according to a certain momentum
probability distribution, see Figure 3.9 for a few example distributions), which dras-
tically affects the kinematics and also the resolution of the results. Additionally, it
complicates the extraction of the results as a function of the final state invariant
mass W , which will be discussed in Section 6.7.
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The analysis strategy is based on the reconstructed clusters in the individual
detectors. In the beginning, the clusters are assigned to neutral or charged par-
ticle candidates. According to the number of neutral and charged particles that
participate in the reaction of interest, in a first analysis step, the presort analysis,
the events with the corresponding clusters are selected and the remaining events
are rejected. First candidates for the π0 or π0π0 mesons and the recoil neutrons
(if required) are reconstructed out of the neutral clusters (see Section 6.1), whereas
the charged cluster is assigned to the proton. These particle candidates will then
be tested and confined with several primarily kinematics related cuts (see Section
6.4). Thereby, it is important to point out that for the identification of the neutral
and charged particles, only logical information of the charged particle identification
detectors have been used, i.e. if the detector has seen a charged particle or not and
not any information about time of flight or deposited energies. Such information
was only used at the final stage before the extraction of the results in order to check
the quality of the identification (see Section 6.5). In contrast to an analysis that is
based on the usage of all possible detector information from the beginning, this in
fact might result in a worse efficiency of the particle reconstruction, but it is less
prone to inconsistencies between simulation and data. Reproducibility of simulation
and data is one of the main fundaments of a reliable analysis with the aim of ab-
solute normalization. Therefore the main challenge of the simulation is the realistic
modeling of the detection of nucleons, which depends on the correct implementation
of the detector geometries and materials, but also on the physics models that are
used. This mainly affects the exclusive analyses that rely on the coincident detection
of the recoil nucleon. In contrast to the modeling of nucleon interactions, the mod-
eling of the photon interactions in the simulation is much more solid. Therefore, the
identification of the particles in the analysis primarily relies on the latter, i.e. the
reconstruction of the intermediate state meson(s) and by that, on the detection of
photons.

Section 6.1 is dedicated to the method and quality of the π0 and π0π0 meson
reconstruction. In Section 6.2, the coincidence requirements between the detectors
and the participating particles will be explained and Section 6.3 presents the sub-
traction of random background hits in the tagging spectrometer. The identification
of the reaction by using different cuts on kinematics and other characteristics will be
discussed in Section 6.4 and the quality of the particle identification will be investi-
gated in Section 6.5. The next sections will introduce the application of the software
trigger (Section 6.6), the reconstruction of the final state invariant mass W (Section
6.7), the determination of the detection efficiencies (Section 6.8), the correction of
the gap between the Crystal Ball and TAPS detectors at A2 (Section 6.9), the cal-
culation of the photon flux (Section 6.10), and the determination of the polarization
values (Section 6.11). The last sections present the estimation of the cross section
on the free neutron (Section 6.12), the different methods that have been used for
extraction of cross sections, mass distributions and the polarization observable E
(Section 6.13), the empty target subtraction (Section 6.14), the determination of the
systematic uncertainties (Sections 6.15 and 6.16) of the experiment and analysis and
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finally the merging of datasets (Section 6.17).

6.1 Identification of the π0 and π0π0 Mesons

After the reconstruction of the neutral and charged clusters, the first step of the anal-
ysis is to assign the available clusters to the particles of the reaction. In principle,
considering the rather large Molière radius of the NaI(Tl) crystals of the Crystal Ball
detector (4.105 cm [201]), the slightly shorter Molière radius of the CsI(Tl) crystals
of the Crystal Barrel and Forward Cone detector (3.531 cm [201]), and the again
shorter Molière radius of the BaF2 crystals of the TAPS and MiniTAPS detectors
(3.117 cm [201]), one could suggest that a discrimination between photons and neu-
trons is possible by regarding the size of the individual clusters. Figure 6.1 shows
the typical cluster sizes for the different cluster types of single π0 photoproduction
(upper row) and double π0 photoproduction (lower row) in the Crystal Ball and
Crystal Barrel1 detectors (left column) and in the TAPS and MiniTAPS detectors
(right column). The cluster sizes from the Crystal Barrel and MiniTAPS detectors
were only determined for double π0 photoproduction and are only shown in the lower
row. The difference of the cluster sizes is the largest in the Crystal Ball detector from
A2 whose NaI(Tl) crystals have the largest Molière radius. The Crystal Barrel with
the CsI(Tl) crystals have a smaller Molière radius and exhibit slightly smaller differ-
ences in cluster size. The Molière radius of the BaF2 crystals is already too small for
achieving reasonably large cluster size differences for the individual types of particles.
Due to the large overlap of the individual distributions, even for the Crystal Ball,
where the largest differences were observed, a discrimination of the particles (espe-
cially between photons and neutrons) over the size of the clusters in the detectors
is not feasible. However, the differences of the cluster sizes of the different particles
are sufficient for a cross check of the particle identification, since it is clearly visible
that protons have the smallest and most well-defined cluster sizes. Neutrons have
larger, but still well-defined cluster sizes and photons, depending on their energy,
have rather extended clusters.
For this reason, the most suited identification method for the discrimination among
neutral particles is the χ2 test. This is a statistical hypothesis test that is based on
an assumption that gives a measure, the χ2 value, for the reliability of the considered
sample. In this analysis, the hypothesis is that the detected photons of the sample
originate from one or two π0 of the nominal pion mass. Reliable samples result in
small, improbable results in large χ2 values. Details about the mathematical back-
ground of the χ2 test can be found in the appendix, in Section B.1.

Table 6.1 summarizes the number of cluster types that were required for the differ-
ent analyses of single and double π0 photoproduction off free protons and quasi-free
nucleons. Whereas these events were selected, those with a different number of clus-
ters were rejected. Only one charged cluster was required in any of the analyzed

1combined with the Forward Cone detector
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Figure 6.1: Cluster sizes for photons (blue), neutrons (green) and protons
(red) as obtained from single π0 (upper row, only A2 data) and double π0 (lower
row) photoproduction from quasi-free protons and neutrons in the Crystal Ball
detector and TAPS from A2 (solid lines) and in the Crystal Barrel detector
and MiniTAPS from CBELSA/TAPS (dashed lines).

reaction channels. Whereas this cluster was thus simply assigned to a proton candi-
date, the neutral clusters that originate from the photons from the pion decay or from
the neutron had to be identified first. For quasi-free single π0 photoproduction from
the proton or when the recoil nucleon was not detected in coincidence (quasi-free
inclusive reaction), the identification was straightforward. In these cases, the two
neutral clusters were directly assigned to the two photon candidates. In the other
cases, where it had to be distinguished among the different neutral clusters, a χ2

test was performed (see Section B.1 for a detailed mathematical background). The
χ2 value for the reconstruction of one or two π0 mesons out of three to five neutral
clusters according to Equation (B.6) is given by:

(
χ2
)ij
k

=
k∑

i=1

(
mγiγj −mπ0

∆mγiγj

)2
{
k = 1, i, j = 1, 2, 3, i 6= j | π0

k = 2, i, j = 1, 2, 3, 4, (5), i 6= j | π0π0 , (6.1)

where mπ0 = 134.98766 MeV is the nominal mass of the π0 meson [202] and mγiγj

is the invariant mass of the considered photon pair. ∆mγiγj is the corresponding
error of the invariant mass mγiγj =

√
2EγiEγj · (1− cosφγiγj). As the invariant mass

depends on the energies of the two photons Eγ1 and Eγ2 and their opening angle
φγ1γ2 , the error depends on the errors of the azimuthal and polar angle, as well as



144 Chapter 6. Data Analysis

Required clusters χ2 test
Reaction channel Neutral Charged necessary

2 0 no
2 1 noγN(N)→ π0(N)→ 2γ(N)
3 0 yes

γp(n)→ π0p→ 2γp 2 1 no
γn(p)→ π0n→ 2γn 3 0 yes

4 0 yes
γp→ π0π0(p)→ 4γ(p) 4 1 yes
γp→ π0π0p→ 4γp 4 1 yes

4 0 yes
4 1 yesγN(N)→ π0π0(N)→ 4γ(N)
5 0 yes

γp(n)→ π0π0p→ 4γp 4 1 yes
γn(p)→ π0π0n→ 4γn 5 0 yes

Table 6.1: Overview of the number of required clusters for the individual
reaction channels. If multiple conditions are given for a certain reaction, they
are connected via a logical “OR”. Note: an initial state nucleon in brackets
denotes the spectator nucleon, a final state nucleon in brackets denotes, that
its coincident detection is not required.

of the deposited energy of the photons, as given in the appendix, in Section B.2.
Therefore, they had to be accurately determined for the individual calorimeters, i.e.
Crystal Ball and TAPS at A2 and Crystal Barrel, Forward Cone detector and Mini
TAPS at CBELSA/TAPS (see Sections 5.4.1 and 5.4.3 for the results).
The photon pair(s) with the lowest χ2 value is (are) the most confident combination
and hence most probably originate from the decay of the meson(s). The energy and
angular information of these photons are then assigned to the meson candidate and
the remaining neutral particle is selected as neutron candidate.

The quality of the identification of the π0 and π0π0 mesons can be investigated
by the corresponding χ2 distribution, as obtained from the χ2 test. Additional con-
siderations of the associated confidence intervals give evidence about the reliability
of the identification. The following sections discuss the results of the individual χ2

tests of the identification of the π0 and π0π0 mesons at A2, as well as those of the
π0π0 mesons at CBELSA/TAPS.

6.1.1 π0 Identification Quality at A2

The assignment of the neutral and charged clusters to the contributing photons,
neutrons, and protons of single π0 photoproduction from the deuteron is in most of
the cases straightforward. For the case of quasi-free exclusive photoproduction from
the proton, two photons and a proton have to be reconstructed from two neutral
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Figure 6.2: Normalized χ2 distributions from the reconstruction of the π0

meson out of two photons for single π0 photoproduction from the deuteron from
the A2 data. Left two figures: quasi-free inclusive γN → π0(N) reaction from
the deuteron. Right two figures: quasi-free exclusive reaction γn(p)→ π0n(p)
from the neutron. Shown are for both groups of figures the distributions of all
events (labeled as “all”) and after all cuts were applied (labeled as “accepted”).
Black histogram: experimental data. Blue histogram: simulated data. Red
histogram: sampled χ2 distribution f1(χ2).

and one charged cluster, where only one possibility exists. Thus, this case does not
need any discussion concerning the identification of the π0 in the following sections.
The same applies if the recoil nucleon was not detected in coincidence, as it is the
case for the quasi-free inclusive reaction. In this case, only the two photons have
to be identified from two neutral clusters, which is trivial. Hence, only when the
two decay photons have to be detected in coincidence with the recoil neutron is a
combinatorial χ2 test necessary. This is the case for the quasi-free exclusive reac-
tion on the neutron, as well as in one of the three contributions to the quasi-free
inclusive measurement (see Table 6.1 for the different contributions). Even though
this is the only contribution to the quasi-free inclusive measurement (and thus the
results from the χ2 test should in principle correspond to those of the exclusive reac-
tion on the neutron), this analysis is slightly different from the quasi-free exclusive
analyses, since kinematical cuts that depend on the recoil nucleon can not be applied.

The results of the χ2 test for single π0 photoproduction according to Equation
(6.1) are shown in Figure 6.2 and the corresponding confidence levels are shown in
Figure 6.3. Shown are the χ2 distributions and confidence levels for the quasi-free
inclusive reaction (two left-hand side figures) and for the quasi-free exclusive reac-
tion on the neutron (two right-hand side figures) as obtained from the analysis of
the experimental data, as well as of the simulation. The distributions are given for
all initial events of three neutral clusters (labeled as all), as well as for the final
events after all cuts were applied (labeled as accepted), as discussed in Section 6.4.
Additionally, the distributions are compared to the expected distributions f1(χ2),
W1(χ2), that were sampled according to Equations (B.4) and (B.7) with k = 1 as
degree of freedom.
If the reconstructed invariant masses, mγγ, are truly independent and normally dis-
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Figure 6.3: Normalized confidence level distributions of the reconstruction
of the π0 meson out of two photons for single π0 photoproduction from the
deuteron from the A2 data. Left two figures: quasi-free inclusive γN → π0(N)
reaction from the deuteron. Right two figures: quasi-free exclusive reaction
γn(p) → π0n(p) from the neutron. Shown are for both groups of figures the
distributions of all events (labeled as “all”) and after all cuts were applied
(labeled as “accepted”). Black histogram: experimental data. Blue histogram:
simulated data. Red histogram: sampled confidence level distribution W1(χ2).

tributed random variables and the errors ∆mγγ are realistically estimated, the ob-
tained χ2 distribution should correspond to the theoretical distribution from Equa-
tion (B.4) with one degree of freedom, i.e. k = 1, as illustrated by the red curves
in Figure B.1. This theoretical formalism was used to generate a sampled distribu-
tion and is compared to the measured yield in Figure 6.2. Although the y-axis is
shown logarithmically, which visibly strengthens the difference, the agreement be-
tween reconstructed and sampled distributions is rather poor in all cases. This is
most probably due to the fact that the measured invariant mass is not normally
distributed. The spectra are clearly asymmetric and exhibit a low energy tail, which
is due to the resolution of the detector components (see Figure 5.2 or 5.7 for a visu-
alization of this characteristic). Another explanation may be found in the estimation
of the errors of the invariant mass ∆mγγ. The χ2 values obtained from the test are
clearly higher than those of the sampled distribution, which indicates that the errors
are underestimated. This indeed might be the case since the correlation between
energy and angles was neglected. The assumption is supported by the correspond-
ing confidence level distributions W (χ2) (see Figure 6.3). As discussed in Section
B.1, the confidence level represents the possibility that a random value x2 of the
same distribution is greater than or equal to the χ2 value. Thus, large values of χ2

correspond to small values of W (χ2) and vice versa and the ideal confidence level
for distributions of any number of degrees of freedom should be flat. However, the
measured confidence level exhibits a strong increase at lower values, corresponding
to too high values of χ2. Indeed, by comparing the χ2 distributions of all and the
accepted events, it can be seen that contributions from background reactions, as
present in the distribution of all events, correspond to large χ2 values. Applying the
cuts drastically lowers the average χ2 value, but a certain amount of the events with
large χ2 values was not removed in the analysis. However, this is not a big issue, as
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the most important requirement is the conformity of data and simulation. Whereas
the differences of the simulation and data are rather large in the distributions of all
events, an almost perfect agreement between the two is achieved when the events
passed all the cuts. This is especially important, since the simulation only contains
events from the desired reaction, whereas the experimental data involves all reactions
that fulfill the required conditions. Therefore, the good agreement between the χ2

and confidence level distributions shows that the event selection in the analysis of
the experimental and simulated data is equivalent. Based on these quality checks,
the identification of the π0 meson seems to be well under control and is equivalently
reproduced by the simulation.

6.1.2 π0π0 Identification Quality at A2
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Figure 6.4: Normalized χ2 distributions of the reconstruction of the two π0

mesons out of four photons for double π0 photoproduction from the A2 data.
Upper row: all events. Lower row: accepted events. First column from left:
inclusive reaction γp→ π0π0(p) from the free proton. Second column from left:
exclusive reaction γp → π0π0p from the free proton. Middle column: quasi-
free inclusive reaction γN → π0π0(N) from the deuteron. Second column
from right: quasi-free exclusive reaction γp(n) → π0π0p(n) from the proton.
First column from right: quasi-free exclusive reaction γn(p)→ π0π0n(p) from
the neutron. Black histogram: experimental data. Blue histogram: simulated
data. Green histogram: sampled χ2 distribution f2(χ2).

Compared to single π0, the identification of the two π0 mesons is more delicate.
On the one hand, more combinations are possible2 to form two photon pairs out

2For single π0 one pair has to be formed out of three clusters, yielding three possible com-
binations. For double π0 two pairs out of four or five clusters are required, yielding three or 15
possibilities.
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Figure 6.5: Normalized confidence level distributions of the reconstruction of
the two π0 mesons out of four photons for double π0 photoproduction from the
A2 data. Upper row: all events. Lower row: accepted events. First column
from left: inclusive reaction γp→ π0π0(p) from the free proton. Second column
from left: exclusive reaction γp→ π0π0p from the free proton. Middle column:
quasi-free inclusive reaction γN → π0π0(N) from the deuteron. Second column
from right: quasi-free exclusive reaction γp(n) → π0π0p(n) from the proton.
First column from right: quasi-free exclusive reaction γn(p)→ π0π0n(p) from
the neutron. Black histogram: experimental data. Blue histogram: simulated
data. Green histogram: sampled confidence level distribution W2(χ2).

of four or five neutral clusters than to form one pair out of three clusters. On the
other hand the identification of the two π0 mesons is complicated by combinatorial
background, i.e. when a wrong combination of photons exhibit the lowest χ2 and
hence are erroneously accepted for the analysis. These events may originate from the
desired reaction, but the wrong combination does not possess the correct physical
information and these events should be rejected. The main difficulty with this prob-
lem is that, as these events exhibited the best χ2, this also means that they most
likely fulfill the general kinematic relations and will pass the different cuts such that
they end up in the selection for the results. Therefore, special attention concerning
the identification of the π0 pair is required in the analysis, which will be discussed
in Section 6.5.

Photoproduction of π0π0 was investigated on the free proton (using a liquid hy-
drogen target) and on quasi-free nucleons (using a liquid deuterium or deuterated
butanol target). In all three cases, the mesons were detected once in coincidence with
the recoil nucleon (exclusive reaction) and once without this requirement (inclusive
and quasi-free inclusive reactions). For this reason, four neutral clusters had to be
considered in the inclusive analysis. In the exclusive analysis, an additional fifth clus-
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ter had to be taken into account for the in coincidence detected recoil neutron. For
all cases, the two π0 were identified using the χ2 test and, if available, the remaining
neutral cluster was assigned to the neutron candidate. The test was performed in
the same way as for single π0, but for 2π0 photoproduction two terms (one for each
pion) contribute to the χ2 value (see Equation (6.1)). The resulting χ2 distributions
are shown in Figure 6.4 and the corresponding confidence level distributions in Fig-
ure 6.5. The upper row shows the initial distribution of all available events of the
corresponding requirement and the lower row shows the distribution of those events
that passed all different analysis cuts. The results for the analysis of the free proton
data are shown in the two most left-hand sided Figures and the three right-hand
sided Figures correspond to the analysis of the quasi-free data.
Compared to the distributions from single π0 photoproduction, it can immediately
be seen that the discrepancies between the initial distributions from the experimen-
tal, simulated, and sampled data are much larger. In contrast to single π0, the ideal
distributions were sampled as well with the same mathematical description from
Equation (B.4), but in this case with one additional degree of freedom, i.e. k = 2.
The large differences between data and simulation again demonstrate the large con-
tamination of the data with background that is primarily due to contributions from
competing reactions as all events with four or five neutral clusters contribute to the
distributions. Any reaction with the same or a larger number of final state particles
can contribute either directly or when, due to detector inefficiencies, particles were
not detected. The largest difference is observed for the quasi-free inclusive reaction,
which is evident, as it contains events with two pions and a coincident recoil nucleon
but also events where the recoil nucleon was lost. In contrast, the smallest initial dif-
ference can be seen in the exclusive reaction on the free proton. This is also evident,
since in this case only the two pions have to be identified. The difference between the
measured and the sampled distributions has the same origin as discussed for single
π0 photoproduction and will be omitted from further discussions.
Considering the distributions in the lower row of Figure 6.4, i.e. at the final stage
when only those events remain that passed all cuts, the situation has already im-
proved. Nearly perfect agreement between the distributions of the experimental data
and simulation are visible. Again this indicates that the most important requirement
of conformity of simulation and data was met. The corresponding confidence level
distributions (Figure 6.5) confirm the above discussion: the initial distributions of
the data exhibit much higher χ2 values compared to the simulation and even higher
values compared to the sampled distributions. The confidence levels after all cuts
demonstrates that background events from competing reactions are eliminated and
that remaining combinatorial background is equivalently present in data and simu-
lation.

6.1.3 π0π0 Identification Quality at CBELSA/TAPS

The starting position and the methods used for the identification of the two neutral
pions in the analysis of the CBELSA/TAPS data is identical to the analysis of the
A2 data, which was discussed in the Section 6.1.2. From four or five neutral clusters,
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Figure 6.6: Normalized χ2 distributions of the reconstruction of the two
π0 mesons out of four photons for double π0 photoproduction from the
CBELSA/TAPS data. Upper row: all events. Lower row: accepted events.
First column from left: inclusive reaction γp → π0π0(p) from the free pro-
ton. Second column from left: exclusive reaction γp → π0π0p from the
free proton. Middle column: quasi-free inclusive reaction γN → π0π0(N)
from the deuteron. Second column from right: quasi-free exclusive reaction
γp(n)→ π0π0p(n) from the proton. First column from right: quasi-free exclu-
sive reaction γn(p) → π0π0n(p) from the neutron. Black histogram: experi-
mental data. Blue histogram: simulated data. Green histogram: sampled χ2

distribution f2(χ2).

the photon pairs that stem from the pion decays were identified using the χ2 test.
In the case of five neutral clusters, the remaining fifth cluster was assigned to the
neutron candidate. The resulting χ2 distribution are shown in Figure 6.6 and the
corresponding confidence level distributions in Figure 6.7. The obtained distribu-
tions for all events show large discrepancies compared to the sampled distributions
(green histogram) but in this case show slightly smaller deviations among each other.
When those events that do not fulfill the analysis cuts were rejected, the agreement
improves significantly. Again, the agreement between data and simulation is excellent
throughout all analyzed reactions as affirmed by the confidence level distributions
(see Figure 6.7). Overall, it seems that the quality of the identification of the π0 pair
even exceeds the quality of the identification as shown in the A2 data. The quality of
the identification of the pion pairs of both analyses will be investigated and discussed
in more detail in Section 6.1.4.
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Figure 6.7: Normalized confidence level distributions of the reconstruction of
the two π0 mesons out of four photons for double π0 photoproduction from
the CBELSA/TAPS data. Upper row: all events. Lower row: accepted
events. First column from left: inclusive reaction γp → π0π0(p) from the
free proton. Second column from left: exclusive reaction γp → π0π0p from
the free proton. Middle column: quasi-free inclusive reaction γN → π0π0(N)
from the deuteron. Second column from right: quasi-free exclusive reaction
γp(n) → π0π0p(n) from the proton. First column from right: quasi-free ex-
clusive reaction γn(p) → π0π0n(p) from the neutron. Black histogram: ex-
perimental data. Blue histogram: simulated data. Green histogram: sampled
confidence level distribution W2(χ2).

6.1.4 Identification Quality at A2 and CBELSA / TAPS

Figure 6.8a shows the χ2 distributions of the π0π0 identification of the A2 and
CBELSA/TAPS analysis for double pion photoproduction off the free proton af-
ter all cuts have been applied. The corresponding confidence levels are shown in
Figure 6.9a. It can be seen that besides the small differences that will be discussed
below, the identification of the π0 pairs is of high quality in the analysis of the A2
and CBELSA/TAPS data. However, as already noticed in Section 6.1.3, the direct
comparison of both distributions clearly shows that the quality of the identification
in the CBELSA/TAPS data is slightly better, i.e. yields smaller χ2 values. This is
also confirmed by the corresponding confidence level distributions, that are flatter
in the case of CBELSA/TAPS, which indicates that the average χ2 is lower and the
identification is more reliable. However, the most important criterium is the agree-
ment between data and simulation, which for A2 and CBELSA/TAPS is excellent.

The two datasets can moreover be better compared by using a probability plot,
the quantile-quantile plot. A q-q plot compares two distributions by plotting the
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(a) f2(χ2) from the A2 and CBELSA/TAPS data
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Figure 6.8: (a) Normalized χ2 distributions. (b) f2(χ2) quantile-quantile
plots of the reconstruction of the two π0 mesons out of four photons for 2π0

photoproduction from free protons. Data from A2 and CBELSA/TAPS after
all cuts were applied. Notations are given in the figure. The dashed lines in
the q-q plot connect the x0.25 and x0.75 quantiles of data and simulation.

quantiles of one distribution against those of the other. Quantiles xq correspond to
the inverse function of the cumulative distribution function (see Equation (B.3) in
Section B.1) and can be interpreted as a function of the probability q. For exam-
ple, the 25% quantile x0.25 represents the value at which the cumulative distribution
function has the value 0.25 and the 75% quantile x0.75, where the CDF has the value
0.75 and so on. Therefore, the quantile xq gives the probability q that a sample value
that follows the distribution lies below that value. Such a quantile-quantile plot for
the final χ2 distribution of the A2 and CBELSA/TAPS data is presented in Figure
6.8b and for the final confidence levels in Figure 6.9b. In both figures, the quantiles
of the A2 dataset are plotted against those of the CBELSA/TAPS data. Shown are
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(a) W2(χ
2) from the A2 and CBELSA/TAPS data
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Figure 6.9: (a) Normalized confidence level distributions. (b) W2(χ2)
quantile-quantile plots of the reconstruction of the two π0 mesons out of
four photons for 2π0 photoproduction from free protons. Data from A2 and
CBELSA/TAPS after all cuts were applied. Notations are given in the figure.
The dashed lines in the q-q plot connect the x0.25 and x0.75 quantiles of data
and simulation.

the results for the data (open black circles) and the simulation (solid blue line). The
dashed line connects the x0.25 and x0.75 quantiles and thus represents a robust linear
fit, which is not sensitive to the extreme values of the datasets. If both datasets
come from the same distribution, the points should all fall on a 45◦ line with respect
to the x- and y-axis. If they originate from the same distribution function, but of
different parameters, they still fall on a line but not at 45◦.
The q-q plots of the χ2 distributions (Figure 6.8b) show that the χ2 distributions
of both datasets are rather equal, but it confirms that the average χ2 value is lower
for the identification of the mesons in the CBELSA/TAPS data. For the exclusive
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Figure 6.10: (a) Normalized χ2 distributions. (b) f2(χ2) quantile-quantile
plots of the reconstruction of the two π0 mesons out of four photons for 2π0

photoproduction from the deuteron. Data from A2 and CBELSA/TAPS after
all cuts were applied. Notations are given in the figure. The dashed lines in
the q-q plot connect the x0.25 and x0.75 quantiles of data and simulation.

reaction on the free proton the difference is smaller, but of the same trend. However,
in general the identification is equally good. This is even more emphasized by the
q-q plots of the confidence level distributions shown in Figure 6.9b. The points of
data and simulation lie almost perfectly on the dashed line, which indicates that the
quality of the identification at A2 and CBELSA/TAPS is equal for at least 75 % of
the events.
Possible reasons for the difference of the quality of the identification of the pion pairs
from A2 and CBELSA/TAPS might be the different method of the identification of
the charged particles, i.e. the veto condition that is imposed on the neutral particles.
Whereas at forward angles, the identification with the TAPS (A2) and MiniTAPS
(CBELSA/TAPS) detectors are nearly identical, this does not hold for the main
calorimeters, the Crystal Ball (A2) and Crystal Barrel (CBELSA/TAPS) detectors.
As discussed in Sections 4.1 and 4.2, the charge characteristic of the individual par-
ticles in the Crystal Ball is determined with the help of the particle identification
detector (PID) and in the Crystal Barrel detector with the Inner detector. The an-
gular resolution of the Inner detector is much better than that of the PID. Whereas
the Inner detector allows for the identification of charged particles (and hence for the
veto condition for neutral particles) in both azimuthal and polar angles with high
resolution, the identification with the PID is only possible in the azimuthal angle.
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Figure 6.11: (a) Normalized confidence level distributions. (b) W2(χ2)
quantile-quantile plots of the reconstruction of the two π0 mesons out of
four photons for 2π0 photoproduction from the deuteron. Data from A2 and
CBELSA/TAPS after all cuts were applied. Notations are given in the figure.
The dashed lines in the q-q plot connect the x0.25 and x0.75 quantiles of data
and simulation.

Hence, when using the PID, there is a nonzero probability that a neutral particle is
marked as charged, or vice versa, because the coincidence was only checked with the
azimuthal angle. This could result in events where particles are misidentified, which
results in an unreliable identification and large χ2 values.
As the estimation of the energy and angular errors was carried out identically for
both experimental setups and only affects photons, an influence on the difference
between the two datasets from this part is unlikely and rather expected to be of the
same quality for both cases.
The situation for the quasi-free reactions on the deuteron is similar. The results
are shown in Figures 6.10 and 6.11. The χ2 distributions are in good agreement
but tend towards higher values in the A2 data. Therefore, it is also reflected in the
distribution of the confidence levels, which though, to a high percentage, are in ex-
cellent agreement. However, the behavior is the same for the simulation, which again
indicates that the identification is systematically under control in both analyses.
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6.1.5 Identification Quality with Polarized Data
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Figure 6.12: (a) Normalized χ2 distributions. (b) f1(χ2) quantile-quantile
plots of the reconstruction of the π0 meson out of two photons for π0 photo-
production. Data from liquid deuterium and deuterated butanol from A2 after
all cuts were applied. Notations are given in the figure. The dashed lines in
the q-q plot connect the x0.25 and x0.75 quantiles of data and simulation.
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Figure 6.13: (a) Normalized confidence level distributions. (b) W1(χ2)
quantile-quantile plots of the reconstruction of the π0 meson out of two photons
for π0 photoproduction. Data from liquid deuterium and deuterated butanol
from A2 after all cuts were applied. Notations are given in the figure. The
dashed lines in the q-q plot connect the x0.25 and x0.75 quantiles of data and
simulation.

The last section about the identification of the π0 mesons is dedicated to the
reconstruction and quality of the mesons in the analysis of the polarized deuterated
butanol data. Besides the polarized deuterons, this target comprises unpolarized car-
bon and oxygen nuclei. Therefore, many reactions occur on the unpolarized nuclei



6.1. Identification of the π0 and π0π0 Mesons 157

0 5 10 15
-310

-210

-110

1

 data2LD
 MC2LD
OD data9D4C
OD MC9D4C

sampled

accepted
)n(p)γ(->40π0π

0 5 10 15
-310

-210

-110

1

accepted
)p(n)γ(->40π0π

0 5 10 15 5 10 15
-310

-210

-110

1

2χ

)2 χ( 2f

(a) f2(χ2) from the LD2 and C4D9OD data from A2

0 0.1 0.2 0.3
0

0.1

0.2

0.3

data

MC

)n(p)γ(->40π0π

)n(p)γ(->40π0π
0 0.1 0.2 0.3

0

0.1

0.2

0.3

)p(n)γ(->40π0π

)p(n)γ(->40π0π
0 0.1 0.2 0.3 0.1 0.2 0.30

0.1

0.2

0.3

2
) quantiles LD2χ(2f

O
D

9
D 4

) 
qu

an
til

es
 C

2 χ( 2f

(b) f2(χ2) q-q plot

Figure 6.14: (a) Normalized χ2 distributions. (b) f2(χ2) quantile-quantile
plots of the reconstruction of the two π0 mesons out of four photons for 2π0

photoproduction. Data from liquid deuterium and deuterated butanol from A2
after all cuts were applied. Notations are given in the figure. The dashed lines
in the q-q plot connect the x0.25 and x0.75 quantiles of data and simulation.

that contaminate the sample. These additional degrees of freedom severely compli-
cate the identification and reconstruction of the pions and recoil nucleons. Therefore,
it can be expected that the quality of the identification is poor compared to hydrogen
or deuterium data.
The main goal of the analysis of the polarized data is to isolate the events that con-
tain particles from reactions on the polarized deuterons. Events from reactions on
unpolarized nuclei have to be rejected or eventually estimated and subtracted by a
carbon background measurement (see Section 6.13.4). Hence, the comparability of
the results with those from liquid deuterium is very important for the analysis of
polarized data. For this reason, the χ2 and confidence level distributions from the
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Figure 6.15: (a) Normalized confidence level distributions. (b) W2(χ2)
quantile-quantile plots of the reconstruction of the two π0 mesons out of four
photons for 2π0 photoproduction. Data from liquid deuterium and deuterated
butanol from A2 after all cuts were applied. Notations are given in the figure.
The dashed lines in the q-q plot connect the x0.25 and x0.75 quantiles of data
and simulation.

analysis of liquid deuterium data were directly compared to those from the analysis
of the deuterated butanol data.

The comparison of the χ2 distributions and the corresponding q-q plots of the
single π0 analysis of A2 data are shown in Figure 6.12 and the confidence level dis-
tributions and the q-q plots are shown in Figure 6.13. The χ2 and confidence level
show an incredible agreement between the identification quality of the two different
datasets and between data and simulation. This demonstrates the high quality iden-
tification of the π0 in the liquid deuterium data. The analysis cuts that have been
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Figure 6.16: (a) Normalized χ2 distributions. (b) f2(χ2) quantile-quantile
plots of the reconstruction of the two π0 mesons out of four photons for 2π0

photoproduction. Data from liquid deuterium and deuterated butanol from
CBELSA/TAPS after all cuts were applied. Notations are given in the figure.
The dashed lines in the q-q plot connect the x0.25 and x0.75 quantiles of data
and simulation.

established in the liquid deuterium analysis have also been used for the analysis of
the polarized data. Hence an agreement on this level is only possible if the analysis
and identification methods are reliable.

The corresponding comparison of the distributions of the π0π0 analysis of the A2
data is shown in Figures 6.14 and 6.15 and the CBELSA/TAPS data in Figures 6.16
and 6.17. Overall, good agreement between the different datasets and between data
and simulation can be observed for both the A2 and CBELSA/TAPS data. For the
CBELSA/TAPS analyses, the agreement between liquid deuterium and deuterated
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Figure 6.17: (a) Normalized confidence level distributions. (b) W2(χ2)
quantile-quantile plots of the reconstruction of the two π0 mesons out of four
photons for 2π0 photoproduction. Data from liquid deuterium and deuterated
butanol from CBELSA/TAPS after all cuts were applied. Notations are given
in the figure. The dashed lines in the q-q plot connect the x0.25 and x0.75

quantiles of data and simulation.

butanol data and between simulation and data is excellent, all four χ2 and confidence
level distributions are highly superimposable, and the q-q plots of both quantities
show an almost perfect correlation. The largest discrepancy can be found in the
identification of the pion pair from the deuterated butanol data at A2. Whereas the
yields from the simulations on both targets, as well as that from the liquid deuterium
data are identical, that from the polarized data is slightly off and exhibits larger χ2

values. Most probably it comes from reactions on the unpolarized carbon and oxygen
background, which are not present in the liquid deuterium data and the simulations.
However, the corresponding q-q plots show that the discrepancy is very small and
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not of a systematic problem.
In summary, for all reaction channels of data from A2 and CBELSA/TAPS, the

χ2 and confidence level distributions show a very good agreement between data and
simulation. This is the most important criterion as it indicates that the selection
of the events, as well as the identification of the π0 pairs, are equivalent with high
precision. The difference to the sampled distributions is mostly due to the underesti-
mation of the invariant mass errors. The small difference between the identification
quality of the A2 and CBELSA/TAPS analyses probably stem from the particle
identification with the PID in the A2 analysis. The identification with the PID is
more error-prone and hence should yield higher χ2 values and a lower confidence
level. However, both differences do not pose a systematic problem, as their influence
on the event selection is negligible. Cuts on the confidence level were attempted but
did not show a significant change of the results and were omitted for this reason.
The comparison of the identification quality in the analysis of liquid deuterium with
deuterated butanol data showed no systematic discrepancy and demonstrates that
the analysis methods established in the analysis of the unpolarized data can be ap-
plied to the polarized data.

The coordinates and deposited energies of the clusters were then used to create
the four momentum of the corresponding particle. The clusters from the best combi-
nations were assigned to the photons of the associated pion and the remaining neutral
cluster, if available, to the neutron candidate. In the case of a charged cluster, it was
directly assigned to the proton candidate. An additional energy correction3 [188],
described by

E ′γi,j =
mπ0

mγiγj

Eγi,j , (6.2)

where mπ0 is the nominal π0 mass, Eγi,j is the energy and mγiγj the invariant mass of
each photon pair. It was shown that this correction improves the energy resolution
of the photons. However, it is only exact for equivalent photons, i.e. photons of the
same energy, which is generally not the case. This effect was investigated, but no
significant change of the results was observed.

6.2 Photon Time Coincidence Criteria

From the selected events an additional condition on the time coincidence of the de-
tected photons is required in order to ensure that the photons originate from the
same reaction. For this purpose, the time difference of all detected photons of the
corresponding detectors was considered. Only those events were accepted, for which
the difference is within a certain window around the prompt peak, the others were
rejected. The window was intentionally chosen as conservative since the background
is negligible. Figures 6.18 for A2 and 6.19 for CBELSA/TAPS show typical spectra

3The correction is based on a kinematic fit of the energies whereas the angular resolutions are
neglected. This simplification is only valid as long as the angular resolution is much better than
the energy resolution.
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Figure 6.18: Time coincidence of the detected photons in the detectors of the
A2 setup. Left-hand side: Crystal Ball - Crystal Ball. Middle: Crystal Ball
- TAPS. Right-hand side: TAPS - TAPS. Gray histogram: all events. Blue
histogram: accepted events. Data from the April 2009 beamtime.
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Figure 6.19: Time coincidence of the detected photons in the detectors of
the CBELSA/TAPS setup. Left-hand side: Forward Cone - Forward Cone.
Middle: Forward Cone - MiniTAPS. Right-hand side: MiniTAPS - MiniTAPS.
Gray histogram: all events. Blue histogram: accepted events. Data from the
November 2008 beamtime.

and the required coincidence conditions (red lines) on the example of the liquid hy-
drogen data.

Shown are the spectra of all allowed events (gray) as well as those of the events
that passed all analysis cuts (blue). The effect of the analysis cuts to the time
coincidence is clearly visible, especially for the spectra from the analysis of the
CBELSA/TAPS data where the Forward Cone detector contributes. Since in the
Forward Cone detector only those particles that fired both veto layers are marked as
charged (which for the electromagnetic background might not be the case), the ini-
tial photon selection (gray area) is contaminated by charged particles. As soon as all
kinematic cuts are applied (blue area) and such misidentified particles are removed,
the spectra are symmetric and reasonably narrow.

6.3 Subtraction of Random Tagger Hits

The coincidence requirement explained in Section 6.2 ensures that the final state
photons originate from the same time window, i.e. from the same reaction. To know
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Figure 6.20: Time coincidence of the tagged electrons and the detected pho-
tons in the detectors of the A2 setup. Left-hand side: Tagger - Crystal Ball.
Right-hand side: Tagger - TAPS. Main window: full spectrum. Upper right
inset: prompt region. Blue histogram: true events in the prompt time win-
dow. Red histograms: random tagger events in the background and prompt
time windows. Green histogram: true and accepted events in the prompt time
window. Data from the April 2009 beamtime.

at which incident photon energy the reaction took place, the corresponding beam
photon, and hence the proper tagger electron, has to be identified. During the time
window of an event, all electrons that hit the tagger are registered, but only one of
them produced the bremsstrahlung photon. This specific electron has to be tagged
in order to know the energy of the incident beam photon. The number of detected
electrons per event depends on the intensity of the electron beam. With the compa-
rable high electron beam current of ∼10 nA at A2, up to 35 electrons per event are
be recorded. In contrast, at CBELSA/TAPS, where the beam current was below 1
nA, only up to 10 electrons per event are registered. This can be seen on the height
of the background in Figures 6.20 for A2 and 6.21 for CBELSA/TAPS.
Due to the rather high number of detected electrons and the finite time resolution
of the detectors, random background electrons can not be distinguished from the
true electron by means of a time coincidence requirement between the electrons and
detected photons. Instead, a time window for the true electron has to be specified
within which the contributions from random electrons has to be estimated and prop-
erly subtracted. This is realized by a so-called sideband subtraction [203].
The sideband subtraction is based on the assumption of the time coincidence be-

tween the true electron in the tagger and the signals of the detected photons in the
calorimeters. Such spectra are illustrated for the A2 analysis in Figure 6.20 and for
the CBELSA/TAPS analysis in Figure 6.21. Shown is the time coincidence between
the time of all hits in the tagging spectrometer and the detected photons in the
calorimeters for the γp→ π0π0p analysis for all possible events (full histogram in the
main window) and for the events that passed all analysis cuts (green histogram in
the upper right inset). The time difference is given by the difference of the time of an
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Figure 6.21: Time coincidence of the tagged electrons and the detected pho-
tons in the detectors of the CBELSA/TAPS setup. Left-hand side: Tagger
- Forward Cone. Right-hand side: Tagger - MiniTAPS. Main window: full
spectrum. Upper right inset: prompt region. Blue histogram: true events in
the prompt time window. Red histograms: random tagger events in the back-
ground and prompt time windows. Green histogram: true and accepted events
in the prompt time window. Data from the November 2008 beamtime.

individual tagger hit to the time average of all calorimeter hits. Because of the better
time resolution of TAPS and MiniTAPS (see the width of the prompt peak in Fig-
ures 6.20, 6.21), their time information was used as reference if possible. The prompt
peak from the coincident events, as well as the flat background from the random tag-
ger hits, is clearly visible in all spectra. In addition, the influence of the different
electron beam intensity is visible. In the spectra from the CBELSA/TAPS analysis,
which stem from experiments at rather low electron beam currents of below 1 nA,
the height of the background is much lower than in the spectra of the analysis of the
A2 data at electron beam currents of 10 nA. In addition, as previously discussed in
Section 6.2, the time difference between the Forward Cone detector and MiniTAPS
of the CBELSA/TAPS analysis exhibits contributions from misidentified charged
particles that broaden the prompt peak (see blue area in the insert of the left-hand
side of Figure 6.21). Nevertheless, the application of all analysis cuts (green area)
reliably removes such contributions. Another interesting feature is visible in the time
difference spectrum of the tagger and the MiniTAPS detector from CBELSA/TAPS.
On the left side of the peak, a periodic structure with a period of 2 ns is visible. This
comes from the beam characteristics at ELSA, since the electrons are accelerated by
a 500 MHz alternating field, which results in a time difference of the electron bunches
of 2 ns. It is also slightly visible in the spectrum of the tagger and Forward Cone
detector, but due to the poor time resolution of the Forward Cone, the structure is
almost smeared out. At MAMI the beam is much more continuous and hence the
time resolution is not sufficient for dissolving the structure.
In order to subtract the random background below the prompt peak, different time
windows were selected that contain the prompt peak on top of the background con-
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tribution (time window [t2, t3] in Figures 6.20, 6.21), as well as regions of pure back-
ground (time windows [t0, t1] and [t4, t5] in Figures 6.20, 6.21). Background contri-
butions in the time window are marked as red and prompt events as blue. If the
background hits are completely random, their contributions to any time interval in
the spectrum should be equal. Therefore, the events from the two background win-
dows can be used to statistically subtract the background contribution inside the
prompt window. This is realized by weighting events within the prompt window
with wprompt = 1 and those within one of the background windows with:

wrandom =
(t3 − t2)

(t1 − t0) + (t5 − t4)
. (6.3)

The number of true tagger hits Ntrue and its statistical error ∆Ntrue are then given
by:

Ntrue = Nprompt +

Nrandom∑

i=1

wrandom = Nprompt + wrandom ·Nrandom

∆Ntrue =
√
Nprompt + w2

random ·Nrandom ,

(6.4)

where Nprompt is the number of hits in the prompt window and Nrandom is the number
of hits in the background window. From the definition of the background weight
wrandom in Equation (6.3), it follows that using large background windows results
in a smaller statistical error. For this reason, rather large windows were chosen, as
shown in Figures 6.20 and 6.21.
In the simulation, for each event exactly one hit exists in the tagger. Therefore,
a sideband subtraction is not necessary and for all events, wprompt = wrandom = 1
applies.

6.4 Analysis Cuts

At this stage in the analysis, the events that contain the correct number of neutral
and charged particles were selected, charged clusters were assigned to protons, the
different neutral clusters were combined to the π0 meson or to the π0π0 pair and, if
available, the remaining neutral cluster to the neutron (see Section 6.1). Using coin-
cidence cuts (see Section 6.2), the proper correlation between the detected particles
was ensured. The electron that radiated the bremsstrahlung photon (that triggered
the reaction) was identified by means of a statistical sideband subtraction (see Sec-
tion 6.3). Therefore, the present sample of events contains mostly particles of the
same reaction and of the general properties as required for the reaction of interest.
However, the actual sample is not already clean, but contains all kind of particles
of any reaction that might fulfill the selection criteria. For example, as the charged
particle identification detectors (PID and Veto detectors at A2, Inner detector and
Veto detectors at CBELSA/TAPS) exhibit a certain detection inefficiency, charged
particles might have been wrongly identified as a neutral particle. In the same man-
ner, neutral particles can be marked as charged if a certain threshold value was not
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set properly, a detector component did not work properly, or simply because of ac-
cidentally coincidental signals. On the other hand, reactions of the same selection
criteria or reactions that initially have different criteria, might end up in the sample
when one or several particles were missed by the detectors. Therefore, it is impor-
tant to note at that point, that the particles that have been identified up to now are
only considered to be particle candidates. The subsequent analysis steps that will
be described in the following are necessary to remove the candidate flag.

Analysis Simulated Reaction Threshold
γp(n)→ π0p(n) 142.06 MeV∗
γp(n)→ π0π0p(n) 291.60 MeV∗

γp(n)→ π0p(n) γn(p)→ π0π−p(n) 296.87 MeV∗
γp(n)→ π0π+π−p(n) 462.06 MeV∗
γp(n)→ η(→ 2γ)p(n) 629.57 MeV∗

γn(p)→ π0n(p) 142.06 MeV∗
γn(p)→ π0π0n(p) 291.60 MeV∗
γp(n)→ π0π+n(p) 296.87 MeV∗

γn(p)→ π0n(p) γp(n)→ ∆0(1232)π+ → π0π+n(p) 296.87 MeV∗∗
γp(n)→ ∆+(1232)π0 → π0π+n(p) 296.87 MeV∗∗
γn(p)→ π0π+π−n(p) 462.06 MeV∗
γn(p)→ η(→ 2γ)n(p) 629.57 MeV∗

γp→ π0π0p 308.79 MeV
γp→ ∆0(1232)π0 → π0π0p 308.79 MeV∗∗

γp→ π0π0p γp→ N(1520)π0 → π0π0p 308.79 MeV∗∗
γp→ η(→ 2γ)π0p 930.60 MeV
γp→ η(→ 6γ)p 707.16 MeV
γp(n)→ π0π0p(n) 291.60 MeV∗
γp(n)→ ∆0(1232)π0 → π0π0p(n) 291.60 MeV∗∗

γp(n)→ π0π0p(n) γp(n)→ N(1520)π0 → π0π0p(n) 291.60 MeV∗∗
γp(n)→ η(→ 2γ)π0p(n) 808.80 MeV∗
γp(n)→ η(→ 6γ)p(n) 629.57 MeV∗

γn(p)→ π0π0n(p) 291.60 MeV∗
γn(p)→ ∆0(1232)π0 → π0π0n(p) 291.60 MeV∗∗

γn(p)→ π0π0n(p) γn(p)→ N(1520)π0 → π0π0n(p) 291.60 MeV∗∗
γn(p)→ η(→ 2γ)π0n(p) 808.80 MeV∗
γn(p)→ η(→ 6γ)n(p) 629.57 MeV∗

Table 6.2: Overview of the simulated reactions used for the different analyses.
(∗) Quasi-free production thresholds were approximated by the coherent thresh-
old plus the binding energy per nucleus (Eb ≈ 2.225 MeV for the deuteron).
(∗∗) Production thresholds for sequential decays depend on the width of the
intermediate resonance and an exact threshold value is not reasonable. For
this reason the quasi-free threshold is indicated.
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In order to reject such events from the sample, a combination of additional con-
ditions on the selected events were required. Such conditions involve criteria that are
based on the kinematics of the reaction, as well as on the information of the several
detector components. Conditions of the latter case were tried to keep at a minimum,
as they strongly depend on the detector performance and also sometimes are difficult
to model with simulation. The identification was focussed on the understanding of
the kinematics of the reaction, i.e. by rather excluding wrong background events
than selecting correct ones. This method might require a more extensive analysis
and more elaborate selection criteria, but avoids the above mentioned complications.
Finally, the information of the detector components that could have been used for
the selection of the events were used to check the quality of the definite sample (see
Section 6.5).
The development of the cuts on the reaction kinematics were mostly determined by
a comparison of a certain physical quantity from simulation with that from the data.
Thereby, one takes advantage of the fact that the simulation only contains the reac-
tion of interest and with a given experimental setup it is known which particle should
have deposited which amount of energy in which detector element. By comparing
the distribution of a certain spectrum of the simulation with that obtained from the
data, one can draw conclusions about what limits should be held. As the kinematics
are different for every kind of reaction, the distributions of different reactions will
certainly not be identical, but rather overlap to a certain degree or in the ideal case,
are separable from each other. The proper condition allows to either minimize the
contributions from background events or totally exclude them from the sample.
For the comparison of the kinematics of the reaction of interest with those from com-
peting reactions, distributions from the data as well as from the simulated reaction
of interest and of background reactions were carried out. For this purpose, it was
necessary to first identify which reactions may contribute to the sample in the exam-
ined energy range. Table 6.2 summarizes the reactions that have been simulated for
the different analyses. As the type of reaction is independent of the simulation, the
same reactions were generated for the analysis of the A2 and the CBELSA/TAPS
data. For this purpose, 20 · 106 to 100 · 106 events of each reaction have been gen-
erated with PLUTO (see Section 3.4.1) and then either passed through the A2 GEANT4
(see Section 3.2.2) or the CBGEANT Geant3.21 simulation (see Section 3.3.2). The
output was then analyzed with the same analysis used for the analysis of the data
(see Sections 3.1, 3.2.1, 3.3.1 and 3.4.2).

In the following sections, the different analysis cuts are discussed that have been
used to ensure a proper identification of the particles and of the reaction. At first,
the different cuts are described for the example of the analysis of single π0 photopro-
duction from quasi-free protons and neutrons using liquid deuterium data (December
2007 beamtime). Subsequently, its adaption to the analysis of polarized deuterated
butanol data will be described. In the next sections, the procedure of the analysis of
double π0 photoproduction from free protons, quasi-free nucleons and as well polar-
ized nucleons will be discussed. However, since a lot of the different analysis steps
were identical, their discussion will be kept short and only the applied cuts will be
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presented. In the end, the quality of the reaction and particle identification will be
presented.

6.4.1 Single π0 Analysis on quasi-free Nucleons

The main difficulty in the analysis of single π0 photoproduction from quasi-free pro-
tons and neutrons are the many different competing reaction channels that end up in
the selected events. As the neutral pion is the lightest meson, its production thresh-
old of ∼ 142 MeV is not only very low, but also well below the lowest tagged photon
energy of ∼ 400 MeV. Hence, at the first available energy, background reactions
such as photoproduction of π0π0 (threshold ∼ 292 MeV) and π0π± (threshold ∼ 297
MeV) mesons already contribute to the event selection. At slightly higher energies of
∼ 462 MeV and ∼ 630 MeV also contributions from photoproduction of π0π+π− and
η(→ 2γ) contaminate the sample. Depending on the final state of each competing
reaction, the chance of contributing to the event sample is different and depends on
the type of available particles. Contamination with events from 2π0 photoproduction
may occur, if two neutral particles or one neutral and one charged particle are not
detected. Additional possibilities arise if a charged particle is detected as neutral or
vice versa. The chance that this reaction contributes is rather small. In contrast, the
chance that the final state π0π± contributes is much higher, as it is already sufficient
that the charged pion is not detected, which is not too unlikely. The same applies
for photoproduction of π0π+π− with the difference that both charged pions must not
be detected. The decay of the η into two photons immediately meets the selection
requirement, but can be easily rejected by a condition of the invariant mass of the
two photons, as the η mass is roughly four times higher than the mass of the π0.
However, in case of combinatorial disorder, the reaction might survive the invariant
mass cut. This immediately points out the criticality of the other reactions. They
all comprise neutral pions and as soon as they end up in the data sample, they can
not be rejected by means of the invariant mass of the two photons and hence, need
further conditions on the coplanarity or missing mass of the reaction.

The last difficulty that discriminates single π0 photoproduction from other reac-
tions is also due to the light mass of the pion. The energy that is available for the
production of the final state particles depends on the incident photon energy and the
mass and momentum of the target nucleon. The heavier the sum of the masses of
the final state particles, the more energy is required by the incident photon. Every
additional energy of the photon beam is available as kinetic energy for the reac-
tion products. As the mass of the final state particles in single π0 photoproduction is
lower than for the other reactions, the recoil nucleon on average receives more kinetic
energy. At the available incident photon energies, this indeed results in a challenge.
The kinetic energy of the proton is especially high when it goes into TAPS, which is
the case when the pion has only few kinetic energy, i.e. at backward angles in the
center of mass of the proton-pion system. This is illustrated in Figure 6.22 for the
angular regions, when the proton goes in forward direction (cos(θ∗π0) < −0.6), and
for the regions when it goes in backward direction (cos(θ∗π0) > −0.6).
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Figure 6.22: Distribution of the kinetic energy of the recoil proton for single
π0 photoproduction off quasi-free protons from the A2 data. Shown are forward
and backward angles of the π0-meson in the center of mass frame of the π0p-
system. Black crosses: data. Red histogram: simulation. Left-hand side:
cos(θ∗π0) < −0.6. Right-hand side: cos(θ∗π0) > −0.6.

The rather high kinetic energy of the recoil nucleons results in them not being
stopped within the detector, i.e. they punch-through. This yields in a wrong energy
reconstruction as the nucleons will not deposit all of their energy in the detectors. In
addition, the amount of deposited energy of all nucleons with a higher energy (than
necessary to punch-through the detectors) is identical, which makes their identifica-
tion via their energy useless. Furthermore, these punch-through protons might even
not deposit enough energy in the veto detectors and can be misidentified as neutrons.
The problem of protons that are misidentified as neutrons has to be investigated to
ensure a clean separation of the reaction on the proton and on the neutron and will
be examined in more detail in the subsequent sections. Nevertheless, the energy
can be reconstructed by a kinematical calculation (see Section B.3), as used for the
reconstruction of the invariant mass W of the final state, which will be discussed in
Section 6.7.

In the following sections, the different analysis cuts will be discussed in the chrono-
logical order they were determined and applied. As a consequence, all events that
contribute to the spectra shown in this section have passed all cuts and requirements
from the previous sections. This implies that the events of the first spectrum, the
PSA, already fulfilled the time coincidence requirement of the individual detectors
and the random background hits in the tagger have been subtracted.

Pulse Shape Analysis (PSA)

The first condition was made on the scintillation properties of the BaF2 crystals of
the TAPS detector by means of the Pulse Shape Analysis (PSA). As the information
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Figure 6.23: PSA spectra for single π0 photoproduction from the deuteron
from the A2 data. No cut was applied to the data. Columns: analysis channels
(see labels). Solid black lines: cut positions.

about the short gate component of the BaF2 crystals is not available in the simula-
tion, this condition can only by applied to the data. Therefore, this cut is delicate
and should only be applied carefully. The resulting PSA spectra for the photons and
nucleons of the three investigated reactions are shown in Figure 6.23.

As mentioned in Sections 2.2.4 and 5.2.6, the energy information of the short gate
of the BaF2 crystals of TAPS has been calibrated such that that photons are located
at PSA angles of φPSA = 45◦ for all PSA radii rPSA. For massive particles such
as protons and neutrons, the PSA angle increases with an increasing PSA radius.
However, their PSA angles will not exceed 45◦ which allows for a proper distinction
from photons. Protons usually exhibit a much better defined band structure than
neutrons. Due to their charge, they always deposit roughly the same amount of
energy at a given proton energy. An exception is given for the protons when they
punch-through the crystals, as mentioned in Section 6.4.1 and is often the case in π0

photoproduction because of their comparatively high kinetic energy (see left-hand
side of Figure 6.22). This is especially problematic as in such cases the protons are
not distinguishable from photons anymore because their PSA band structure crosses
that of the photon. This can be seen when the PSA spectra obtained after all cuts
were applied are divided into the same two angular regions, as shown in Figure 6.24.
In the upper left figure the proton band exhibits a circular structure at PSA angles of
about φPSA = 45◦, which stems from the punch-through protons. As a consequence,
some of the protons were misidentified as neutrons, which is visible in the upper
right figure of Figure 6.24, where a small aggregation of events is visible at the same
position as observed in the proton spectrum. In the remaining angular range the
spectra do not exhibit any structures of punch-through particles.
Nevertheless, as the nucleon bands overlap with the photon band, the PSA spectrum
is not suited for solving this issue. Any cut on the punch-through region would also
involve photons and can cause loss of events. Instead, the problem can be considered
using the time of flight technique, which will be discussed in Section 6.5.1.

Due to the overlap of the proton and photon bands, a simple and conservative
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Figure 6.24: Illustration of the punch-through protons by means of nucleon
PSA spectra from π0 photoproduction from the deuteron from the A2 data. All
cuts were applied to the data. Left column: protons. Right column: neutrons.
Upper row: angular region of high kinetic energy recoil protons (cos(θ∗π0) <
−0.6). Lower row: remaining angular region (cos(θ∗π0) > −0.6). Punch-through
protons exceed PSA angles of φPSA = 45◦ (upper left figure). A contamination
of misidentified protons is visible in the neutron PSA (upper right figure).

cut on the nucleon PSA was applied. Only the events at the lowest PSA radii, where
photons contaminate the sample, were rejected by means of an exclusion zone as
illustrated in the two most right-hand side figures of Figure 6.23. For the identifica-
tion of the photons, the photon band was fit for different slices of PSA radii with a
Gaussian in order to determine a ±3σ exclusion zone, as illustrated with solid black
lines in Figure 6.23.

Invariant Mass Analysis

The invariant mass of a particle is a quantity of its total energy and momentum,
which is the same in all reference frames that are related by Lorentz transformations.
If a neutral pion with four momentum Pπ0 decays into two photons γ1 and γ2, of four
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momenta Pγ1 and Pγ2 , its invariant mass mπ0 is given by

mπ0 = mγγ =
√

P2
π0 =

√
(Pγ1 + Pγ2)2

=
√

P2
γ1︸︷︷︸

=0

+ P2
γ2︸︷︷︸

=0

+2Pγ1Pγ2

=
√

2 · (Eγ1Eγ2 − ~pγ1~pγ2 · cos(φγ1γ2)))

=
√

2Eγ1Eγ2(1− cos(φγ1γ2))

, (6.5)

where Eγi is the energy and φγ1γ2 the opening angle of the photons.

Since only neutral pions were considered in this work, the invariant mass of the
detected photons serves as the ideal tool to identify the contributing mesons and to
reject competing background reactions. For this reason, at this stage loose invariant
mass cuts were determined in order to already eliminate unessential events and al-
lowing for a better determination of the subsequent analysis cuts.

The invariant mass spectra of the two photons that are from the pion decay, as
identified with the χ2 test, are shown in Figure 6.32. Shown are the spectra from
the data analysis for all previous cuts, i.e. detector time coincidence, random tagger
background subtraction, and pulse shape analysis cuts. Selected energy and angular
bins are presented for the quasi-free exclusive reaction from the proton (open blue
upward triangles) and the neutron (open red downward triangles). Note that the
histograms were renormalized and that those in the first column are scaled further
down in order to have enough space for the legend.

In order to determine the cut positions (vertical solid black lines), the spectra
from the corresponding analysis were fit with the same spectra from the simulated
target reaction and all considered background reactions, as shown in Table 6.2. The
spectra show a clear peak at the mass of the neutral pion, mπ0 = 134.9766 [37]. The
sum of the line shapes of the simulations (black histogram) is in excellent agreement
with the yield of all energy and angular bins from the data. This indicates that the
most important competing reactions were successfully considered. Even though the
invariant mass spectra, as shown in Figure 6.32, are from a very early stage of the
analysis, not a lot of background (dotted magenta line) is visible. This is due to the
fact that most of the competing reactions involve true π0, which as a matter of fact
exhibit the proper invariant mass. Therefore, they exhibit the same line shape as
the signal and do not have to be considered for the fit. Events from η → 2γ are a
part of the sample, but their invariant mass is well outside the region shown in the
spectra and will be removed by this cut.

The line shape of the fit result for the target reaction was then fit with a Gaussian
in order to determine the mean value and the width, σ, of the true signal contribution.
Cut positions of ±3σ were determined by means of 75 energy and 20 angular bins.
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Figure 6.25: Illustration of the invariant mass cut for single π0 photopro-
duction from the deuteron from A2 data. Example result from the exclu-
sive reaction on the quasi-free proton. Only the PSA cut was applied to the
data. Left-hand side: invariant mass as function of cos(θ∗π0) for one energy bin
(Eγ = 953 MeV). Right-hand side: invariant mass as function of Eγ for one
angular bin (0.0 < cos(θ∗π0) < 0.1). Black circles: cut positions obtained from
the fit. Red lines: fit of the cut positions as applied in the analysis.

The size of the cut was intentionally chosen to be of this size since ±3σ already
contains 99 % of all true events. Hence, a minimum number of signal, but a maximum
number of background events are rejected. For every angular bin, the cut position
was then fit with a polynomial function as a function of the photon beam energy in
order to obtain a continuous smooth cut position. This is illustrated in Figure 6.25
for one angular bin as a function of the incident photon beam energy (right-hand
side) and for one energy bin as a function of the polar angle of the pion in the center
of mass system (left-hand side).

Coplanarity Analysis

The second condition that was required on the event sample in the analysis is the
meson-nucleon coplanarity, which is illustrated in Figure 6.26. If two particles, re-
ferred to as 1 and 2, are produced by a incident beam particle γ, due to momentum
conservation, all three momentum vectors lie in the same plane, i.e. are coplanar. As
there is no transversal momentum component in the initial state, the condition only
depends on the azimuthal angle and is fulfilled if the difference of the azimuthal an-
gles of particles 1 and 2 is 180◦. For symmetric reasons in the analysis, the difference
of the angles is determined according to:

∆φ12 =

{
φ1 − φ2 if φ1 − φ2 ≥ 0

360◦ − |φ1 − φ2| if φ1 − φ2 < 0
. (6.6)

However, the transversal component is only nonzero if the target nucleon is at rest,
e.g. for the reaction on the free proton. In deuterium, the nucleons are not at rest, but
exhibit Fermi motion of an arbitrary direction and with a magnitude that is given by
a probability density function (see Figure 3.9). This nonzero transversal component
results in statistical smearing and a loss of the resolution of the coplanarity condition.
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Figure 1: Coplanarity SchemeFigure 6.26: Illustration of the coplanarity analysis. Wiggly line: incoming
photon. Red (blue) arrows: final state particles 1 (2). The difference of the
two azimuthal angles of the nucleon and meson ∆φ is always 180◦.

Besides the effect on the resolution, this has no further consequence as it affects not
only the signal but also all background contributions.
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Figure 6.27: Illustration of the coplanarity cut for single π0 photoproduction
from the deuteron from A2 data. Example result from the exclusive reaction
on the quasi-free proton. The PSA and invariant mass cuts were applied to
the data. Left-hand side: coplanarity as function of cos(θ∗π0) for one energy
bin (Eγ = 953 MeV). Right-hand side: coplanarity as function of Eγ for one
angular bin (0.0 < cos(θ∗π0) < 0.2). Black circles: cut positions obtained from
the fit. Red lines: fit of the cut positions as applied in the analysis.

For the determination of the cuts on the coplanarity of the pion nucleon system,
the difference in the azimuthal angle of the pion and the recoil nucleon was fit with
the simulated signal and background contributions for 55 energy and 10 angular
bins in the same way as explained in the invariant mass analysis. The resulting
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coplanarity spectra for five angular bins and for five energy bins are shown in Figure
6.33. Again, the events that contribute to the spectra have passed all precedent cuts,
i.e. detector time coincidence, random tagger background subtraction as well as the
lastly described invariant mass cut.
Again the sum of the simulated line shapes is in good agreement with the data. Cut
positions of ±1.5σ have been determined from each individual fit and were then fit
with a polynomial function for every angular bin as a function of the energy. An
example for an energy and angular dependent cut is given in Figure 6.27. The size
of the cut was chosen rather narrow as it was found that in this way, the separation
from background and signal in the missing mass analysis (see Section 6.4.1) is more
sufficient.

Missing Mass Analysis

N!
N

m

π0π0

η
π0π±

…
X

Figure 6.28: Illustration of the missing mass analysis. Wiggly line: incoming
photon. Red arrow/particle: measured meson. Black arrows/particles: parti-
cles that are treated as missing particles, among which the solid black arrow
indicates the recoil nucleon and the dashed arrows the possible background
contributions.

The most powerful and most kinematically dependent method to reject events
from undesired reactions is the missing mass analysis. It is based on the reliable
detection and reconstruction of the meson, which is in general justified, as it mainly
decays to photons that can be confidentially detected. In addition, proper knowledge
of the initial state, i.e. the incoming photon beam and the target nucleon, is required.
These three quantities are the most well detected among the participating particles.
The fact that the target nucleon exhibits a certain Fermi momentum, that besides
its probability density is unknown, has thereby only an influence on the resolution
of the missing mass and poses no further problem.

The main idea of the missing mass is that the mass balance of every reaction
depends on its final state particles. When the final state meson is detected, the
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only remaining unknown particle is the recoil nucleon. In this kind of analysis, its
information, although measured, are ignored. Instead it is treated as the missing
particle, and its invariant mass is denoted as the missing mass. Using the known
four momenta of the incoming photon Pγ, the target nucleon PNIS , and the detected
meson Pm, the invariant mass of the final state nucleon mNFS , i.e. the missing mass
mX , is given by:

mNFS
!

= mX =
√
Pγ + PNIS − Pm

=

√
(Eγ + ENIS − Em)2 − (~pγ + ~pNIS − ~pm , )

(6.7)

or for a nucleon at rest

mX =

√
(Eγ +mN − Em)2 − (~pγ − ~pm) . (6.8)

The principle of the missing mass analysis is shown in Figure 6.28. The red labeled
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Figure 6.29: Illustration of the missing mass cut for single π0 photoproduction
from the deuteron from A2 data. Example result from the exclusive reaction
on the quasi-free proton. The PSA, invariant mass, and coplanarity cuts were
applied to the data. Left-hand side: missing mass as function of cos(θ∗π0) for
one energy bin (Eγ = 953 MeV). Right-hand side: missing mass as function
of Eγ for one angular bin (0.0 < cos(θ∗π0) < 0.2). Black circles: cut positions
obtained from the fit. Red lines: fit of the cut positions as applied in the
analysis.

particles are used for the calculation of the missing mass mX . Depending on the
number and type of the other (black labeled) particles, the missing mass is either
equal to the nucleon mass, i.e. if the desired reaction occurred, or higher than the
nucleon mass, if any additional particles contribute. In this analysis, the nucleon
mass mN is directly subtracted from the missing mass mX such that the correct
events exhibit a missing mass of zero:

∆M = mX −mN . (6.9)

The missing mass spectra from the analysis of single π0 photoproduction from quasi-
free protons and neutrons are shown in Figure 6.34 for the same energy and angular
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bins as for the coplanarity analysis. The cut positions have been determined in the
same way and were as well chosen to be of the size ±1.5σ. Wider cuts would increase
the signal rate, but in the same way would start to strongly contaminate the sample
with background. The cut positions again were fit with a polynomial function in
order to smoothen the cut as a function of energy. The situation is shown in Figure
6.29.

Time of Flight Cut

Figure 6.30: Identification of the punch-through protons by means of de-
posited energy versus time of flight (TOF) spectra from π0 photoproduction
from the deuteron from the A2 data. All cuts were applied to the data. Left
column: protons. Right column: neutrons. Upper row: angular region of
high kinetic energy recoil protons (cos(θ∗π0) < −0.6). Lower row: remaining
angular region (cos(θ∗π0) > −0.6). Protons of high kinetic energy may punch
through the detector and always deposit roughly the same amount of energy
in the detector. This results in the typical circular accumulation of events in
the TOF spectrum of the proton (upper left figure). If the deposited energy
of the protons does not exceed the threshold requirement of the crystal, they
may be misidentified as neutrons (accumulated events within the white border
in upper right figure). White region: cut on neutron TOF.

As already discussed in Sections 2.2.4 and 5.2.7, the sufficiently large distance
of the TAPS detector from the target of ∼ 1.5 m, as well as the excellent time
resolution of the BaF2 crystals, allow for the discrimination of particles that are



178 Chapter 6. Data Analysis

detected in TAPS with the time of flight technique (see Section 6.5.1). As mentioned
in the beginning of this section, it is advisable to use such techniques only for the
verification of the quality of the particle identification. However, it was observed
that protons in the very forward direction generally have high enough kinetic energy
to punch-through the detector and only deposit a minimum fraction of their energy.
As a consequence, their energy reconstruction fails and a certain fraction is even
misidentified as neutrons. This behavior was already discussed in the pulse shape
analysis (see Figure 6.24), but an intervention at this stage was not possible, since
the punch-through protons could not be distinguished from photons.
In contrast, it was found that the time of flight property of the TAPS detector is

Figure 6.31: Influence of the cut on the neutron TOF onto the neutron
PSA. In order to reject events, where high energy protons were misidentified
as neutrons, a cut on the neutron TOF was applied (indicated by the white
border in the upper right figure of Figure 6.30). Left column: final proton
PSA. Middle column: final neutron PSA, without the cut on the neutron TOF.
Right column: final neutron PSA, including the cut on the neutron TOF. The
contamination from protons was eliminated. Upper row: angular region of high
kinetic energy recoil protons (cos(θ∗π0) < −0.6). Lower row: remaining angular
region (cos(θ∗π0) > −0.6).

ideally suited to solve this challenge. The TOF spectrum for π0 photoproduction from
quasi-free protons and neutrons is shown in Figure 6.30. Shown are the deposited
energy versus time of flight spectra for protons (left column) and neutrons (right
column) divided in very forward direction (upper row) and the remaining angular
range (lower row). The punch-through property of the protons at very forward
angles is more visible than observed in the PSA. It is clearly visible in the upper left
figure that almost all protons at forward direction punch-through the detector and
always deposit the same amount of energy at the same time of flight value resulting
in the circular punch through region. Protons at other angles (bottom left figure)
exhibit the typical proton band structure. In contrast to the typical proton band,
neutrons are located in a rather uncorrelated wide region. Here the punch-through
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protons that were misidentified as neutrons can easily be identified in the neutron
spectrum. On top of the uncorrelated neutron area in the upper right figure, a clear
accumulation of punch-through protons can be recognized exhibiting the same TOF
and deposited energies, as encircled with a solid white line.
This border was then used as the last cut in the analysis by means of an anti cut for
neutrons. Events where the neutron fell into the white marked region were rejected.
In this way, all misidentified protons were reliably removed from the neutron sample,
but with them also true neutrons were rejected within this region. This cut might
affect the kinematics, but this is rather unlikely as neutrons do not have a well-
defined correlation between energy and time of flight. However, this was checked
by having another look at the pulse shape spectrum of the neutrons after the cut
was applied. If the cut affects the kinematics, it should be visible in the pulse shape
analysis. The result is shown in Figure 6.31. The initial PSA spectra without the
TOF cut, i.e. identical to Figure 6.24, are given by the two left-hand side columns.
After the cut, the punch-through protons that were identified as neutrons (see the
upper middle figure) have disappeared (see the upper right figure). A typical and
clean neutron spectrum is visible. Further investigations of the events within the cut
region showed that only about 1.5% of all protons were identified as neutrons and
only 4.4% of all neutrons were contaminated by protons.

Summary

Table 6.3 summarizes the cuts that were applied to the initial sample of events for
the analysis of single π0 photoproduction from the deuteron. The quasi-free inclusive
analysis was not discussed in detail as it comprises the same analysis steps with the
exception of the condition on the meson-nucleon coplanarity, which requires the
detection of the recoil nucleon.

Analysis
Analysis cut qf. inclusive exclusive p. exclusive n.
pulse shape analysis ±3σ / nucleon exclusion zone
γγ invariant mass ±3σ
π0-N coplanarity - ±1.5σ
missing mass ±1.5σ
∆E vs. TOF - - exclusion zone

Table 6.3: Overview of the applied cuts for single π0 photoproduction from
the deuteron from the A2 data.
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Figure 6.32: Invariant mass spectra for single π0 photoproduction from quasi-
free protons (upper half) and neutrons (lower half) from the A2 data. Shown
are five selected energy and angular bins. Only the PSA cut was applied to
the data. Notations are given in the figure and the vertical black lines indicate
the ±3σ cut positions.
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Figure 6.33: Coplanarity spectra for single π0 photoproduction from quasi-
free protons (upper half) and neutrons (lower half) from the A2 data. Shown
are five selected energy and angular bins. The PSA and invariant mass cuts
were applied to the data. Notations are given in the figure and the vertical
black lines indicate the ±1.5σ cut positions.
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Figure 6.34: Missing mass spectra for single π0 photoproduction from quasi-
free protons (upper half) and neutrons (lower half) from the A2 data. Shown
are five selected energy and angular bins. The PSA, invariant mass, and copla-
narity cuts were applied to the data . Notations are given in the figure and the
vertical black lines indicate the ±1.5σ cut positions.
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6.4.2 Single π0 Analysis on Polarized Nucleons

For the analysis of single π0 photoproduction from polarized nucleons inside the
deuterated butanol target, the understanding of the reaction on the unpolarized nu-
cleons in the deuterium target is necessary. The goal of the analysis is to select the
events that occurred on the nucleons of the polarized deuterons and not on the nucle-
ons of the unpolarized carbon and oxygen nuclei. Therefore, the analysis is based on
the assumption that the identification of the reaction is identical to that of the deu-
terium target. The analysis of the reaction on quasi-free nucleons in deuterium was
carried out in detail, as discussed in Section 6.4.1 and is well understood and reliable,
as will be presented in Section 6.5. Therefore, the event selection and reconstruc-
tion was carried out in the same way as for the deuterium data. The cut positions
were not redone or adapted, but directly taken from the deuterium analysis. This
provides a sample of the same quality from which events from competing reactions
were successfully removed. However, although it will contain mainly real single π0

events from quasi-free protons and neutrons, they will not only originate from the
polarized nucleons, but also from the unpolarized carbon and oxygen nuclei. Such
contributions have to be estimated and subsequently subtracted in order to obtain a
pure sample of reactions from polarized nucleons only. For this reason, the carbon
data was analyzed with the same analysis and then properly subtracted (see Section
6.13.4).

Even though the experiment with the deuterated butanol and carbon targets
were planned and carried out to optimally fit to those of liquid deuterium, a few
differences remain. The most obvious difference is the presence of the magnetic field
of the holding coil in the deuterated butanol experiment, which was not present in
the liquid deuterium and carbon beamtimes. As magnetic fields influence charged
particles, this obviously as well affects the data. However, simulations with and
without magnetic field showed that the influence is negligible. To be on the safe
side, the simulations used for the detection efficiencies were carried out under the
presence of the magnetic field (see Section 3.2.2).
Another difference is the unavoidable discrepancy between the detector thresholds
and trigger settings used in the different experiments. Even if they were intended
to be identical, certain differences are present due to the electronic fluctuations and
hardware or software upgrades. Nevertheless, the settings had to be changed, as the
usage of a magnetic field fans out the electromagnetic background in the forward
direction of the beam. In order to suppress the high rates in the TAPS detector,
the thresholds of the most inner rings had to be increased and the trigger settings
were adjusted to the maximum production rates (see Section 2.3.3). Therefore, in
order to have comparable analyses, the deuterium, carbon and deuterated butanol
data were analyzed with the strongest common trigger and threshold settings of the
different beamtimes, which resulted in a good agreement between them.

A further variation is related to the different target materials used for the exper-
iments. Whereas the lengths of the target cells of the liquid deuterium targets range
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Figure 6.35: PSA spectra for single π0 photoproduction from the deuterated
butanol from the A2 data. No cut was applied to the data. Columns: analysis
channels (see labels). Solid black lines: cut positions.

from 3 to 5 cm (see Section 2.8.1), the deuterated butanol target has a length of 2
cm. However, the length of the target cell directly affects the energy and angular
resolution of the experiment, since the particles will undergo more interactions with
the target material, and the interaction vertex (and therefore all angles) are less well
defined, in the case of a longer cell. The different energy and angular resolutions
on one side might change the detection efficiency and on the other side might also
impede the comparison of spectra from different beamtimes. Even though a slight
difference of the resolutions was observed, the effect was kept at a minimum by using
the liquid deuterium beamtime from May 2009, which used the shortest target length
of 3 cm. Therefore, the effect is negligible.
The last noticeable difference lies between the deuterated butanol and the carbon
beamtime. As previously mentioned, the experiments were in principle identical,
with the exception that the deuterated butanol material was replaced with a carbon
foam. Other experimental settings from the beam quality to the applied thresholds
were unaltered, as the experiments were carried out during the same beamtime and
hence under the same conditions. However, the deuterated butanol target was cooled
down with a mixture of 3He/4He, which was not feasible with the carbon foam target.
The carbon beamtime is only directly applicable for the estimation and subtraction
of the contributions from the reactions on unpolarized nucleons inside the carbon and
oxygen nuclei and may not reproduce the contributions from reactions on the helium
nuclei. This is a possible explanation of the small difference that was observed in
the subtraction process, as will be discussed in Section 6.13.4, but does not have a
systematic effect on the results.
Only the quasi-free exclusive reaction on the proton and neutron were analyzed

using the deuterated butanol and carbon data. The quasi-free inclusive analysis
primarily serves as an important check of the nucleon detection and identification,
which was successfully investigated using the deuterium data and was omitted in
this analysis. As previously mentioned, the event selection and reconstruction of the
particles was done in the same way as for the analysis of the deuterium data, and
the same analysis cuts were performed.
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Figure 6.36: Identification of the punch-through protons by means of de-
posited energy versus time of flight (TOF) spectra from π0 photoproduction
from the deuterated butanol from the A2 data. All cuts were applied to the
data. Left column: protons. Right column: neutrons. Upper row: angular
region of high kinetic energy recoil protons (cos(θ∗π0) < −0.6). Lower row:
remaining angular region (cos(θ∗π0) > −0.6). White region: cut on neutron
TOF.

As the different spectra of the analysis of the deuterated butanol data will be dis-
cussed in detail in Section 6.13.4, in the following section only the cut positions as
determined from the deuterium data will be shown in comparison with the corre-
sponding spectra of the deuterated butanol data. The PSA cuts are shown in Figure
6.35, the invariant mass cuts in Figure 6.37, the coplanarity cuts in Figure 6.38, the
missing mass cuts in Figure 6.39, and the cut on the deposited energy versus the
time of flight of the neutron in Figure 6.36. Thereby it should be noted that only
the spectra from the deuterium data are shown in chronological order, i.e. the events
that contribute to an individual spectrum only fulfilled the previous analysis cuts.
For a better comparison, the spectra from the deuterated butanol data are shown at
their final stage, i.e. when all cuts were applied.
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Figure 6.37: Invariant mass spectra for single π0 photoproduction from
deuterated butanol (black circles) compared to those from liquid deuterium
(proton: blue triangles, upper half. Neutron: red triangles, lower half). Re-
sults from the A2 data. Shown are five selected energy and angular bins. Only
the PSA cut was applied to the deuterium data. All cuts were applied to the
deuterated butanol data. Notations are given in the figure and the vertical
black lines indicate the ±3σ cut positions.



6.4. Analysis Cuts 187

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 * )<-0.60πθ-0.8<cos(
dButanol
proton LD2
neutron LD2
MC signal
MC bg
MC total

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 = 768 MeVγE

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1362 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<-0.20πθ-0.4<cos(
 564 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  768 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1362 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

*)<0.20πθ0.0<cos(
 564 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  768 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1362 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<0.60πθ0.4<cos(
 564 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  768 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1362 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<1.00πθ0.8<cos(
 564 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  768 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1362 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  564 MeV
* )<-0.60πθ-0.8<cos(

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  768 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1362 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  564 MeV
* )<-0.20πθ-0.4<cos(

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  768 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1362 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  564 MeV
*)<0.20πθ0.0<cos(

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  768 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1362 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  564 MeV
* )<0.60πθ0.4<cos(

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  768 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1362 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  564 MeV
* )<1.00πθ0.8<cos(

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  768 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  952 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1157 MeV

150 200 250

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

A2
0πsingle 

150 200 250 150 200 250 150 200 250 150 200 250 150 200 250

 [deg]Φ∆

C
ou

nt
s 

[a
.u

.]

Figure 6.38: Coplanarity spectra for single π0 photoproduction from deuter-
ated butanol (black circles) compared to those from liquid deuterium (proton:
blue triangles, upper half. Neutron: red triangles, lower half). Results from
the A2 data. Shown are five selected energy and angular bins. The PSA and
invariant mass cuts were applied to the deuterium data. All cuts were applied
to the deuterated butanol data. Notations are given in the figure and the
vertical black lines indicate the ±1.5σ cut positions.
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Figure 6.39: Missing mass spectra for single π0 photoproduction from deuter-
ated butanol (black circles) compared to those from liquid deuterium (proton:
blue triangles, upper half. Neutron: red triangles, lower half). Results from the
A2 data. Shown are five selected energy and angular bins. The PSA, invariant
mass, and coplanarity cuts were applied to the deuterium data. All cuts were
applied to the deuterated butanol data. Notations are given in the figure and
the vertical black lines indicate the ±1.5σ cut positions.
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6.4.3 Double π0 Analysis on the Free Proton

Double π0 photoproduction was in a first step analyzed on the free proton, i.e. on
liquid hydrogen data. This on one side serves as analysis cross check, since the cross
section on the free proton is already well known in the energy range of interest. On
the other side, it was necessary to have the information of the reaction of the free
proton for the estimation of the free neutron cross section, which will be discussed
in Section 6.12.

Figure 6.40: Spectra of the invariant mass π0
1 versus invariant mass π0

2 of π0π0

photoproduction from free protons. No cut was applied to the data. Left-hand
side: A2 data. Right-hand side: CBELSA/TAPS data.

Compared to single π0 photoproduction, double π0π0 has the advantage of a
higher required multiplicity, which is four particles in the inclusive case or five parti-
cles in the exclusive case. This immediately reduces the number of possible competing
reactions. In contrast, finding the two photon pairs out of the four neutral hits that
originate from the pion decay is rather challenging. As the four neutral clusters have
to be grouped to the same type of particle that in addition has a very small mass,
the chance that the smallest χ2 value was obtained with a wrong combination is
not negligible. The combinatorial background is what makes this analysis different
from single π0 photoproduction and this background should be understood in order
to produce reliable results. In order to ensure that the combinatorial background is
under control, a side-band subtraction in the invariant mass analysis was performed
for both data and simulation, as some of the combinatorial background comes from
true π0π0 events and hence are also present in the simulation. However, within statis-
tical errors the results were identical to those from an analysis without the side-band
subtraction indicating that the different analysis cuts removed those events from the
sample successfully.
In order to avoid correlations in the statistical uncertainty, the two pions were ran-
domized for each event, i.e. it was randomly chosen which is the first pion and which
is the second pion. The invariant mass spectrum of one photon pair versus the other
(as resulting from the χ2 test and after the cuts on the detector time coincidence
and the random tagger background subtraction were applied) are presented in Fig-
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ure 6.40. The figure shows the prominent peak from π0π0 photoproduction, which
sits on top of a small background of either combinatorial or competing origin from
primarily ηπ0 photoproduction, as indicated by the two small shoulders.
π0π0 photoproduction from the free proton was analyzed inclusively, i.e. without
the condition on the coincident detection of the recoil proton, as well as exclusively,
where the detection of the recoil proton is required. This does not only allow for
an estimation of the systematic uncertainties of the recoil proton detection, but also
for a better comparison with already published results, as they mostly stem from
analyses which did not require a coincident detection of the recoil proton. Addi-
tionally, the comparison of the inclusive and exclusive measurements is necessary
for the determination of the proton detection efficiency correction, which is applied
to the quasi-free analysis of liquid deuterium data (see Section 6.8.3). The neutron
detection efficiency correction thereby was determined as well and using the same
liquid hydrogen data, but using the reaction γp → π0π+n, whose description of the
analysis will be omitted. Further details of this analysis can be found for example
in Ref. [100].

Analysis of A2 Data

As for the analysis of single π0 photoproduction, the particle candidates in the anal-
ysis of 2π0 photoproduction at first have to fulfill the PSA requirements. Whereas
the PSA spectrum of protons in single π0 photoproduction was complicated by the
overlap of the proton and photon bands due to the high kinetic energy of the recoil
protons, for double π0 photoproduction this was not observed. Furthermore, a loss
of protons due to punch-through would immediately show up as a discrepancy be-
tween the inclusive and exclusive results and since it does not it is well understood.
Nevertheless, only a conservative cut was applied due to the previously mentioned
absence of PSA information in the simulation. The cuts on the pulse shape analysis
information of the photons and protons are shown in Figure 6.41. Only small con-
tamination of nucleons in the photon spectra are visible with a weak trend to higher
contamination in the inclusive spectrum. This is due to the fact that the additional
requirement of the recoil proton excludes certain contributions. In the proton PSA
spectrum, few contamination from photons and mostly electrons are visible. Whereas
the electrons (accumulation of events at PSA angles of 45◦ and at low PSA radii)
are well separated from the protons, the photons are not. Thus, the requirement of
photons was chosen to be a ±3σ zone around PSA angles of φPSA = 45◦ and for
protons two moderate exclusion zones were defined.

In the following sections, an initial invariant mass cut on the two individual γγ
invariant mass spectra from both pions was determined by fitting the contributions
from the simulated signal and background reactions (see Table 6.2) to the yield of the
data. Figure 6.42 shows the resulting fits and cut positions for one of the two pions
for selected energy and angular bins. As the pions were randomized and the spectra
are identical within statistical fluctuations, the second spectra were omitted. It is
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Figure 6.41: PSA spectra for double π0 photoproduction from the free proton
from the A2 data. No cut was applied to the data. Columns: analysis channels
(see labels). Solid black lines: cut positions.

clearly visible that even though no further cut than the previous ones were applied
to the invariant mass, the sum of the simulated lineshapes (black histogram) is in
good agreement with the line shape of the data. The fit result of the background
(mainly from η(→ 2γ)π0) describes the background shape in the data with high
precision. Disagreement only occurs at very forward angles of the pion in the pion-
nucleon center of mass at low energies. The interpretation of this discrepancy is not
straightforward, but is likely due to split offs of a reaction of lower multiplicity, such
as radiative pion photoproduction, which is already present at such low energies.
As it is not visible in the coplanarity and missing mass spectra, it either does not
originate from a neglected background contribution or it was already removed by the
invariant mass cut. Nevertheless, it only showed up at this stage and is negligible.
As there is a slight energy and angular dependence of the width of the invariant mass
peak, the cut positions were determined by energy and angular dependent cuts. The
cut condition on the invariant mass of each pion was chosen to be ±3σ.

All events that passed the invariant mass cut of the two pions were used to inves-
tigate the meson nucleon coplanarity. As previously discussed in Section 6.4.1, the
coplanarity requirement of the reaction can be verified by comparing the difference
in azimuthal angles of the meson and nucleon. However, as this is only valid for
a two-body decay and in this reaction three outgoing particles exist, the two pions
were combined to one quasi-meson and its azimuthal angle was compared to that of
the recoil proton. This strongly depends on the assumption that all three particles
originate from roughly the same vertex, which is fulfilled within the experimental
resolution. The resulting distributions of the combined meson nucleon system are
shown in Figure 6.43. Although the binning was chosen somewhat too coarse the
good agreement between data and simulations is clearly visible. The disadvanta-
geous binning only has a visual consequence, as it was rebinned for the visualization
of the results and hence after the determination of the cut positions. Due to the
rather strong dependence on energy and center of mass polar angle, the cuts were
determined individually for all energy and angular bins. In order to reduce the back-
ground contributions, a rather strong cut of ±1.5σ was chosen.

The last condition on the kinematics of the reaction was the missing mass analysis.
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The result is shown for the same selection of energy and angular bins in Figure 6.44.
Again, the agreement between simulation and data indicate the correct consideration
of the background reactions. The latter thereby are only weakly present in the spectra
but exhibit a rather flat and broad structure that range as far as the peak of the
signal. Therefore an additional rather strict cut of ±1.5σ was determined in order to
reject a maximum of the background while keeping the signal rate reasonably high.

Summary

The different cuts of the analysis are summarized in Table 6.4. The inclusive analysis
was not discussed as it is based on the same analysis steps, but without the condition
of the meson-nucleon coplanarity.

Analysis
Analysis cut inclusive exclusive
pulse shape analysis ±3σ / nucleon exclusion zones
γγ invariant mass ±3σ
π0π0-p coplanarity - ±1.5σ
missing mass ±1.5σ

Table 6.4: Overview of the applied cuts for double π0 photoproduction from
the free proton from the A2 data.
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Figure 6.42: Invariant mass spectra for double π0 photoproduction from free
protons from the A2 data. Shown are five selected energy and angular bins.
Only the PSA cut was applied to the data. Notations are given in the figure
and the vertical black lines indicate the ±3σ cut positions.
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Figure 6.43: Coplanarity spectra for double π0 photoproduction from free
protons from the A2 data. Shown are five selected energy and angular bins.
The PSA and invariant mass cuts were applied to the data. Notations are given
in the figure and the vertical black lines indicate the ±1.5σ cut positions.
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Figure 6.44: Missing mass spectra for double π0 photoproduction from free
protons from the A2 data. Shown are five selected energy and angular bins.
The PSA, invariant mass, and coplanarity cuts were applied to the data. No-
tations are given in the figure and the vertical black lines indicate the ±1.5σ
cut positions.
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Analysis of CBELSA/TAPS Data

The analysis of double π0 photoproduction from free protons of the CBELSA/TAPS
liquid hydrogen data is equivalent to that discussed in Section 6.4.3 from the A2
data. The same reactions were simulated (see Table 6.2) and the same analysis
cuts were applied. This directly shows the advantage of the combined analysis of
A2 and CBELSA/TAPS data. The presort analysis using ExPlORA was carried out
equivalently using the same techniques and methods as for the presort of the A2
data with AcquRoot, but adapted to the experimental settings and detectors of the
CBELSA/TAPS experiment. In both presorts of the data, the particle reconstruction
and subsequently the χ2 test and the detector time coincident requirements as well,
were carried out. For programming reasons, for the A2 data the PSA cut was applied
in the presort, at CBELSA/TAPS it was done as first step of the post analysis with
OSCAR. Therefore, it has no effect on the physics and as well not on the analysis. As
soon as both datasets are presorted, they contain the same type of event candidates
with, apart from a few additional experimental characteristics, the same information
and can directly be analyzed in the same way. This is a very informative method
and immediately gives an important estimate of the systematic uncertainties of the
analysis procedure.

Figure 6.45: PSA spectra for double π0 photoproduction from the free proton
from the CBELSA/TAPS data. No cut was applied to the data. Columns:
analysis channels (see labels). Solid black lines: cut positions.

Figure 6.45 illustrates the PSA spectra of the photons (left and middle columns)
and protons (right column) from the inclusive analysis (only photons, i.e. left figure)
and the exclusive analysis (photons and protons, middle and right figure). The qual-
ity of the individual PSA spectra is almost identical to that from the A2 analysis
(Figure 6.41). The photon spectra are minimally contaminated with nucleons. In
contrast to A2, the proton PSA spectrum at the initial stage of this analysis shows
more contamination from photons. This is most likely due to the higher beam en-
ergy and that the incident photons might deposit enough energy in the TAPS veto
detectors in order to be recognized as charged particle. It will be shown later (in
Section 6.5.5), that the further analysis steps successfully remove this background
contribution.
The second condition, the initial cut on the invariant mass of the two photons of
each pion, is shown in Figure 6.46. Besides the slightly higher energy resolution at
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CBELSA/TAPS (see Table 5.1), the spectra are of equivalent quality to those of the
A2 analysis (Figure 6.42) and the line shape of the data is well reproduced by the
sum of the simulated contributions. The discrepancy between data and simulation
at very forward angle bins and at lower photon energies is visible as well, although
the lowest shown energy bin is already of a higher energy than in the A2 spectra. As
mentioned in the A2 analysis, with increasing energy, this difference vanishes, which
confirms the assumption of possible contributions from split offs from radiative π0

photoproduction. The cuts were as well determined dependent on the incident pho-
ton beam energy and the polar angle of the combined pion in the pion-nucleon center
of mass system. Events with an invariant mass outside a ±3σ region were rejected.
The coplanarity spectra, as well as the ±1.5σ cut positions, are shown in Figure
6.47 and the missing mass analysis and the determined ±1.5σ cuts are shown in
Figure 6.48. The agreement of all spectra from the data and the sum of the sim-
ulated contributions is overall very good and shows a reliable determination of the
cut positions.

Summary

Table 6.5 summarizes the cuts that were applied to the initial sample of events for the
analysis of double π0 photoproduction from free protons from the CBELSA/TAPS
data. As for the A2 analysis the inclusive analysis was not discussed. The size of the
analysis cuts was determined independently from the A2 analysis but it was found
that the same size for all spectra was reasonable for the rejection of the background
as well as for not losing too much signal contributions.

Analysis
Analysis cut inclusive exclusive
pulse shape analysis ±3σ / nucleon exclusion zones
γγ invariant mass ±3σ
π0π0-p coplanarity - ±1.5σ
missing mass ±1.5σ

Table 6.5: Overview of the applied cuts for double π0 photoproduction from
the free proton from the CBELSA/TAPS data.



196 Chapter 6. Data Analysis

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 * )<-0.60π2θ-1.0<cos(
proton
MC signal
MC bg
MC total

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 =1020 MeVγE

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1420 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1820 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2220 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<-0.20π2θ-0.6<cos(
 620 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1020 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1420 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1820 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2220 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<0.20π2θ-0.2<cos(
 620 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1020 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1420 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1820 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2220 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<0.60π2θ0.2<cos(
 620 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1020 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1420 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1820 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2220 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<1.00π2θ0.6<cos(
 620 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1020 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1420 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1820 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

CBELSA/TAPS

0πdouble 

100 150 200 100 150 200 100 150 200 100 150 200 100 150 200

 [MeV]γγm

C
ou

nt
s 

[a
.u

.]

Figure 6.46: Invariant mass spectra for double π0 photoproduction from free
protons from the CBELSA/TAPS data. Shown are five selected energy and
angular bins. Only the PSA cut was applied to the data. Notations are given
in the figure and the vertical black lines indicate the ±3σ cut positions.

140 160 180 200 220

0

0.5

1

1.5

2

* )<-0.60π2θ-1.0<cos(
proton
MC signal
MC bg
MC total

140 160 180 200 220

0

0.5

1

1.5

2

=1020 MeVγE

140 160 180 200 220

0

0.5

1

1.5

2

1420 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1820 MeV

140 160 180 200 220

0

0.5

1

1.5

2

2220 MeV

140 160 180 200 220

0

0.5

1

1.5

2

* )<-0.20π2θ-0.6<cos(
 620 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1020 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1420 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1820 MeV

140 160 180 200 220

0

0.5

1

1.5

2

2220 MeV

140 160 180 200 220

0

0.5

1

1.5

2

* )<0.20π2θ-0.2<cos(
 620 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1020 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1420 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1820 MeV

140 160 180 200 220

0

0.5

1

1.5

2

2220 MeV

140 160 180 200 220
0

0.5

1

1.5

2

* )<0.60π2θ0.2<cos(
 620 MeV

140 160 180 200 220
0

0.5

1

1.5

2

1020 MeV

140 160 180 200 220
0

0.5

1

1.5

2

1420 MeV

140 160 180 200 220
0

0.5

1

1.5

2

1820 MeV

140 160 180 200 220
0

0.5

1

1.5

2

2220 MeV

140 160 180 200 220

0

0.5

1

1.5

2

* )<1.00π2θ0.6<cos(
 620 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1020 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1420 MeV

140 160 180 200 220

0

0.5

1

1.5

2

1820 MeV

140 160 180 200 220

0

0.5

1

1.5

2

CBELSA/TAPS

0πdouble 

140160180200220 140160180200220 140160180200220 140160180200220 140160180200220

 [deg]Φ∆

C
ou

nt
s 

[a
.u

.]

Figure 6.47: Coplanarity spectra for double π0 photoproduction from free
protons from the CBELSA/TAPS data. Shown are five selected energy and
angular bins. The PSA and invariant mass cuts were applied to the data.
Notations are given in the figure and the vertical black lines indicate the ±1.5σ
cut positions.
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Figure 6.48: Missing mass spectra for double π0 photoproduction from free
protons from the CBELSA/TAPS data. Shown are five selected energy and
angular bins. The PSA, invariant mass and coplanarity cuts were applied to
the data. Notations are given in the figure and the vertical black lines indicate
the ±1.5σ cut positions.
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6.4.4 Double π0 Analysis on quasi-free Nucleons

(a) Results from the A2 data

(b) Results from the CBELSA/TAPS data

Figure 6.49: Spectrum of the invariant mass π0
1 versus invariant mass π0

2

of π0π0 photoproduction from quasi-free protons and neutrons. No cut was
applied to the data. (a) A2 data. (b) CBELSA/TAPS data. Left-hand side:
proton. Right-hand side: neutron.

The analysis of double π0 photoproduction from quasi-free protons and neutrons
follows the exact structure of the analysis from the free proton. The main difference
is given in the χ2 test, which for the case of the exclusive production from the neu-
tron includes an additional fifth neutral cluster. There are 15 different possibilities
to form two pions from four photons out of five neutral clusters compared to three
possibilities from four neutral clusters, which makes it more difficult to find the cor-
rect combination. However, the additional neutral cluster is an additional degree of
freedom, i.e. an extra possibility for the search after the lowest χ2 value. As already
encountered in the χ2 distribution and its confidence level (Figures 6.4 - 6.7), the
identification of the reaction on the neutron yields slightly smaller χ2 values and
flatter confidence level distributions. It seems that, depending on the energy and
especially for the cases where the event comes from ηπ0, the wrong combination that
includes the neutron instead of a photon yields smaller χ2 values in a χ2 test for
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two pions. The consequence can be seen in the invariant mass spectrum as shown
in Figure 6.49. Whereas the invariant mass spectrum of the two photon pairs from
the proton exhibits the typical ηπ0 shoulders, they are almost completely missing in
that from the neutron, but instead, these events broaden the π0π0 peak. Neverthe-
less these events were removed by the analysis cuts since they were easily identified
and they exhibit false kinematics.
The invariant mass spectra from the A2 data are very similar to those from the
CBELSA/TAPS data. The width of the neutron π0π0 peak is somewhat smaller at
CBELSA/TAPS, which is likely due to the higher beam energy. At higher beam
energies, the recoil neutron increasingly obtains more kinetic energy and does not
end up in the best combination. The width of the peak in the proton spectra are of
similar width, but at CBELSA/TAPS it sits on a larger background. This results
from the higher beam energy, since at higher photon energies more background re-
actions are present, which contribute to the spectrum.

Analysis of A2 Data

As for the other analyses, the first condition is made on the PSA of the photons
and nucleons. The corresponding spectra and the applied cuts are shown in Figure
6.50. Shown are the PSA spectra for photons and nucleons of the quasi-free inclu-
sive and the two exclusive reactions. The ±3σ condition for the photons and the
small exclusion zone for the nucleons are indicated by the solid black lines. Small
contamination of photons with nucleons are visible as well as clear photon traces in
the nucleon spectra. As already encountered in the analysis on the free proton, the
kinetic energy of the recoil nucleons is not sufficient for punch-through. Therefore,
the nucleon and photon traces do not overlap and are well separable.

Figure 6.50: PSA spectra for double π0 photoproduction from the deuteron
from the A2 data. No cut was applied to the data. Columns: analysis channels
(see labels). Solid black lines: cut positions.

The invariant mass spectra for the reaction on the proton and the neutron are
shown in Figure 6.51. They were fit with the simulated background contributions
(see Table 6.2) and the ±3σ cut positions were determined. The simulation is in
good agreement with the data except at low energies in the forward angles, as al-
ready encountered in the analysis of the free proton (see Figure 6.42).
The coplanarity and missing mass spectra are shown in Figures 6.52 and 6.53. The
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agreement between data and simulation is very good. Whereas the coplanarity spec-
tra are almost identical for the proton and neutron, clear differences can be observed
in the missing mass spectra of the two. In particular at very forward angles at the
energy of 810 MeV a distinct shoulder at positive missing mass values arises, which
is reproduced by the simulation. This difference is due to η → 6γ photoproduction,
which contributes stronger to the reaction on the neutron than on the proton.

Summary

Table 6.6 summarizes the cuts that were applied to the initial sample of events for
the analysis of double π0 photoproduction from the A2 deuteron data. The quasi-free
inclusive analysis was not discussed in detail as it comprises the same analysis steps
with the exception of the condition on the meson-nucleon coplanarity, which requires
the detection of the recoil nucleon.

Analysis
Analysis cut qf. inclusive exclusive p. exclusive n.
pulse shape analysis ±3σ / nucleon exclusion zone
γγ invariant mass ±3σ
π0π0-N coplanarity - ±1.5σ
missing mass ±1.5σ

Table 6.6: Overview of the applied cuts for double π0 photoproduction from
quasi-free nucleons from the A2 data.
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Figure 6.51: Invariant mass spectra for double π0 photoproduction from
quasi-free protons (upper half) and neutrons (lower half) from the A2 data.
Shown are five selected energy and angular bins. Only the PSA cut was applied
to the data. Notations are given in the figure and the vertical black lines
indicate the ±3σ cut positions.
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Figure 6.52: Coplanarity spectra for double π0 photoproduction from quasi-
free protons (upper half) and neutrons (lower half) from the A2 data. Shown
are five selected energy and angular bins. The PSA and invariant mass cuts
were applied to the data. Notations are given in the figure and the vertical
black lines indicate the ±1.5σ cut positions.
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Figure 6.53: Missing mass spectra for double π0 photoproduction from quasi-
free protons (upper half) and neutrons (lower half) from the A2 data. Shown
are five selected energy and angular bins. The PSA, invariant mass and copla-
narity cuts were applied to the data. Notations are given in the figure and the
vertical black lines indicate the ±1.5σ cut positions.
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Analysis of CBELSA/TAPS Data

The CBELSA/TAPS analysis of π0π0 photoproduction from quasi-free protons and
neutrons is identical to that of A2 data as previously discussed in Section 6.4.4.
The PSA cuts are shown in Figure 6.54, the invariant mass cuts in Figure 6.55, the
coplanarity spectra in Figure 6.56, and the missing mass spectra in Figure 6.57.

Figure 6.54: PSA spectra for double π0 photoproduction from the deuteron
from the CBELSA/TAPS data. No cut was applied to the data. Columns:
analysis channels (see labels). Solid black lines: cut positions.

Differences from the A2 data are, for example, present in the PSA spectra (Figure
6.54), where in this analysis the initial event sample shows a much higher contam-
ination of photons with nucleons and vice versa. As already observed in the PSA
spectra in the analysis from free protons in Section 6.4.3, this is mostly due to the
higher photon beam energy, but the corresponding events will be removed to a large
extent by the analysis cuts. A further difference is visible in the invariant mass spec-
tra (Figure 6.55), where at low energies in the forward angles the agreement between
data and simulation is much better compared to the corresponding results from A2
(Figure 6.51). Even though the first energy bin shown in the invariant mass spectrum
from CBELSA/TAPS (Figure 6.55) is about 200 MeV higher than the lowest energy
bin shown in the corresponding spectra from A2 (Figure 6.51), at lower energies the
agreement is also better at CBELSA/TAPS. This could confirm the radiative pion
photoproduction split off theory, since the possibility of the identification of split offs
depends strongly on the clustering method which is not identical at CBELSA/TAPS
and A2 (see Sections 4.1 and 4.2).
The coplanarity (Figure 6.56) and missing mass spectra (Figure 6.57) are reproduced
well by the simulation and also agree with the results from the A2 analysis.

Summary

Table 6.7 summarizes the cuts that were applied to the initial sample of events for
the analysis of double π0 photoproduction from the CBELSA/TAPS deuteron data.
The quasi-free inclusive analysis was not discussed in detail as it comprises the same
analysis steps with the exception of the condition on the meson-nucleon coplanarity,
which requires the detection of the recoil nucleon.
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Analysis
Analysis cut qf. inclusive exclusive p. exclusive n.
pulse shape analysis ±3σ / nucleon exclusion zone
γγ invariant mass ±3σ
π0π0-N coplanarity - ±1.5σ
missing mass ±1.5σ

Table 6.7: Overview of the applied cuts for double π0 photoproduction from
quasi-free nucleons from the CBELSA/TAPS data.
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Figure 6.55: Invariant mass spectra for double π0 photoproduction
from quasi-free protons (upper half) and neutrons (lower half) from the
CBELSA/TAPS data. Shown are five selected energy and angular bins. Only
the PSA cut was applied to the data. Notations are given in the figure and the
vertical black lines indicate the ±3σ cut positions.
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Figure 6.56: Coplanarity spectra for double π0 photoproduction from quasi-
free protons (upper half) and neutrons (lower half) from the CBELSA/TAPS
data. Shown are five selected energy and angular bins. The PSA and invariant
mass cuts were applied to the data. Notations are given in the figure and the
vertical black lines indicate the ±1.5σ cut positions.
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Figure 6.57: Missing mass spectra for double π0 photoproduction from quasi-
free protons (upper half) and neutrons (lower half) from the CBELSA/TAPS
data. Shown are five selected energy and angular bins. The PSA, invariant
mass, and coplanarity cuts were applied to the data. Notations are given in
the figure and the vertical black lines indicate the ±1.5σ cut positions.
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6.4.5 Double π0 Analysis on Polarized Nucleons

For the π0π0 analysis of the deuterated butanol data, an elaborate and carefully
processed analysis of the unpolarized deuterium data, as explained in the previous
Section 6.4.4, is required. Exact cross sections of the reaction on unpolarized nuclei
are used for the normalization of the asymmetries and the missing mass spectra
are fundamental of the understanding of the contribution from reactions on the
unpolarized carbon and oxygen nuclei that are later subtracted. The quality of the
identification and reconstruction of the reaction on the deuterated butanol data hence
strongly depends on the quality of the analysis of the deuterium data. For this reason,
as already discussed in the single π0 analysis of the same data (see Section 6.4.2),
besides the basic identification and reconstruction of the initial particles (clustering,
χ2 test and detector coincidence cuts), the identical analyses and also cuts of the
unpolarized analysis were applied to the polarized data.

Analysis of A2 Data

The analysis of the polarized data is identical to that of liquid deuterium, as described
in Section 6.4.4. The cuts on the PSA of the photons and nucleons are shown in
Figure 6.58. The influence of the invariant mass cuts from the deuterium analysis on
the polarized data are shown in Figure 6.60, those of the coplanarity cut in Figure
6.61 and of the missing mass in Figure 6.62. The deuterated butanol spectra are
shown at their final stage, i.e. after all the analysis cuts were applied. The spectra
of the liquid deuterium data are shown chronologically and contain all events that
fulfilled the previous analysis conditions.

Figure 6.58: PSA spectra for double π0 photoproduction from the deuterated
butanol from the A2 data. No cut was applied to the data. Columns: analysis
channels (see labels). Solid black lines: cut positions.

Analysis of CBELSA/TAPS Data

As for the A2 data, the analysis of the deuterated butanol data from CBELSA/TAPS
was carried out identically to that from the liquid deuterium data, as discussed in
Section 6.4.4. The PSA spectra and the corresponding cuts are shown in Figure 6.59,
the invariant mass spectra in Figure 6.63, the coplanarity spectra in Figure 6.64, and
the missing mass spectra in Figure 6.65.
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Figure 6.59: PSA spectra for double π0 photoproduction from the deuter-
ated butanol from the CBELSA/TAPS data. No cut was applied to the data.
Columns: analysis channels (see labels). Solid black lines: cut positions.
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Figure 6.60: Invariant mass spectra for double π0 photoproduction from
deuterated butanol (black circles) compared to those from liquid deuterium
(proton: blue triangles, upper half. Neutron: red triangles, lower half). Results
from the A2 data. Shown are five selected energy and angular bins. Only the
PSA cut was applied to the deuterium data. All cuts were applied to the
deuterated butanol data. Notations are given in the figure and the vertical
black lines indicate the ±3σ cut positions.
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Figure 6.61: Coplanarity spectra for double π0 photoproduction from deuter-
ated butanol (black circles) compared to those from liquid deuterium (proton:
blue triangles, upper half. Neutron: red triangles, lower half). Results from
the A2 data. Shown are five selected energy and angular bins. The PSA and
invariant mass cuts were applied to the deuterium data. All cuts were applied
to the deuterated butanol data. Notations are given in the figure and the
vertical black lines indicate the ±1.5σ cut positions.
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Figure 6.62: Missing mass spectra for double π0 photoproduction from
deuterated butanol (black circles) compared to those from liquid deuterium
(proton: blue triangles, upper half. Neutron: red triangles, lower half). Re-
sults from the A2 data. Shown are five selected energy and angular bins. The
PSA, invariant mass, and coplanarity cuts were applied to the deuterium data.
All cuts were applied to the deuterated butanol data. Notations are given in
the figure and the vertical black lines indicate the ±1.5σ cut positions.
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Figure 6.63: Invariant mass spectra for double π0 photoproduction from
deuterated butanol (black circles) compared to those from liquid deuterium
(proton: blue triangles, upper half. Neutron: red triangles, lower half). Results
from the CBELSA/TAPS data. Shown are five selected energy and angular
bins. Only the PSA cut was applied to the deuterium data. All cuts were
applied to the deuterated butanol data. Notations are given in the figure and
the vertical black lines indicate the ±3σ cut positions.
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Figure 6.64: Coplanarity spectra for double π0 photoproduction from deuter-
ated butanol (black circles) compared to those from liquid deuterium (proton:
blue triangles, upper half. Neutron: red triangles, lower half). Results from
the CBELSA/TAPS data. Shown are five selected energy and angular bins.
The PSA and invariant mass cuts were applied to the deuterium data. All cuts
were applied to the deuterated butanol data. Notations are given in the figure
and the vertical black lines indicate the ±1.5σ cut positions.
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Figure 6.65: Missing mass spectra for double π0 photoproduction from
deuterated butanol (black circles) compared to those from liquid deuterium
(proton: blue triangles, upper half. Neutron: red triangles, lower half). Re-
sults from the CBELSA/TAPS data. Shown are five selected energy and an-
gular bins. The PSA, invariant mass, and coplanarity cuts were applied to the
deuterium data. All cuts were applied to the deuterated butanol data. Nota-
tions are given in the figure and the vertical black lines indicate the ±1.5σ cut
positions.
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6.5 Quality of the Particle Identification

The previous Section 6.4 described in detail the different conditions that had to be
fulfilled by the collection of events as selected from the data sample. All the parti-
cles that passed the analysis cuts are supposed to stem from the reaction of interest
and only such events that contain the reaction to be investigated are left. Possible
remaining background might be due to combinatorial background or due to leftovers
from competing channels. If they cannot be removed with a dedicated analysis cut, a
proper subtraction from the invariant mass spectra is required, before they are used
to determine the yield for the results.
Before the extraction of the results from the final data sample, it is important to
check the quality of the different particles that survived all the different analysis cuts
before their candidate status is removed. It will be shown that, except for single π0

photoproduction where the punch-through protons had to be removed with an addi-
tional cut on the time of flight (see Section 6.4.1), the identification of the particles
is sufficiently clean and no further analysis steps are required.
As previously mentioned in Section 6.4, the additional information of the different de-
tector components were not used for the selection of the events, which instead almost
purely consisted of conditions on the kinematics. This detector information however
was used for the examination of the particle identification quality. Such information
comprises the amount of deposited energies in the charged particle identification de-
tectors (PID and Veto detectors at A2 and Veto detectors at CBELSA/TAPS), the
PSA information (TAPS at A2 and MiniTAPS at CBELSA/TAPS), as well as the
time of flight (TOF) (TAPS at A2 and MiniTAPS at CBELSA/TAPS). In the fol-
lowing sections, the methods which are based on this information, will be presented
and used to discuss the quality of the particle identification for the example of single
π0 photoproduction. Subsequently, the identification quality of the other reactions
will also be investigated.

6.5.1 Time of Flight Analysis

The comparatively large distance of the TAPS and MiniTAPS detectors to the target
center of ∼ 1.5 m (A2) and ∼ 2.1 m (CBELSA/TAPS), respectively, in combination
with the excellent time resolution of the BaF2 crystals, can be used to distinguish
different types of particles with the time of flight analysis, which is based on the
characteristic properties of the individual particles. In contrast to photons, pro-
tons, as any massive particle, exhibit a longer time of flight from the target into
TAPS/MiniTAPS, regardless of their kinetic energy. The time of flight tTOF of a
particle, normalized to 1 meter4, is calculated as:

tTOF =
∆t

s
+

1

c
, (6.10)

where c is the speed of light, s the flight path and ∆t is the measured time with
respect to the tagged electron (which provides better resolution as the Crystal Ball or

4This is necessary in order to account for the different lengths of the flight paths.



218 Chapter 6. Data Analysis

Crystal Barrel and Forward Cone detectors). The normalized photon time of flight,
1/c, had to be added as the time information of all detectors was calibrated such
that the differences of the photon times were zero. The TOF analysis is then based
on the fact that the time of flight of a massive particle depends on its energy. The
higher the energy and the lower the mass of a particle, the shorter it needs to travel
the distance from the target to the detector. In general, heavier particles exhibit
longer time of flight values and particles of higher kinetic energies exhibit smaller
time of flight values. However, a strict correlation is only achieved for charged
particles. In contrast to massive charged particles, massive neutral particles deposit
a rather statistically distributed amount of their energy in the detector. It is thus
reasonable to investigate the time of flight as a function of the deposited energy.
Figure 6.66 shows the deposited energy versus the time of flight for the different
reaction channels of single π0 photoproduction. The upper row shows the spectra of
all events, i.e. before any of the analysis cuts were applied, and the lower row shows
the final accepted event selection.

Figure 6.66: TOF spectra for single π0 photoproduction from the deuteron
from the A2 data. Shown is the deposited energy in the TAPS detector versus
the time of flight. Columns: analysis channels (see labels). Upper row: no cut
was applied to the data (all). Lower row: all cuts were applied to the data
(acc.).

Figure 6.66 shows that the initial photon spectra (first three columns from left)
are free of any contamination and that the analysis cuts mainly affect the relative
contributions such that the average deposited photon energy in TAPS tends towards
lower values. This demonstrates the effect of the cuts on the kinematics of the
reaction. Although only photons contribute to the initial spectrum, a rather large
fraction of photons, mainly those at higher deposited energies, stem from competing
reactions and were successfully rejected by the different analysis cuts. In contrast,
the initial TOF spectra of protons and neutrons show a lot of contamination from
electrons and photons. The circular structure from the punch-through protons is
clearly visible in the proton spectrum and partially in the neutron spectrum, as
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Figure 6.67: Proton TOF spectra for single π0 photoproduction from the
deuteron from the A2 data (upper two rows) and simulation (lower two rows).
Shown is the deposited energy in the TAPS detector versus the time of flight
for ten different cos(θ∗π0) bins. All cuts were applied to the data (acc.).

discussed in Section 6.4.1. In order to remove these punch-through protons that were
misidentified as neutrons, neutron events within the circular border were rejected in
the corresponding angular region (see Figure 6.30). As shown in Figure 6.31 and also
visible in Figure 6.68, the cut works reasonably well and does not appear to affect
the kinematics. Besides the location of the cut, a typical neutron TOF spectrum
is visible, showing no direct correlation of the TOF and the deposited energy, but
rather a region of kinematic probability. The final proton TOF spectra is also free
from background contributions. The weak trace from charged pions is not visible
anymore and the typical proton band is diminished. This again demonstrates the
successful removal of competing reactions and also wrong particle candidates by the
cuts on the kinematics of the reaction. As compared to double π0 photoproduction,
in single π0 photoproduction the recoil proton has a much higher kinetic energy. A
pure TOF spectrum does not significantly exhibit the typical proton band, but rather
the circular minimum ionizing structure. Most of the events from within the proton
band stem from competing reactions and thus had to be eliminated.
A closer look on the final proton TOF spectrum (lower row, second figure from the
right) reveals a small trace below the circular structure of the punch through protons.
This trace is located at nearly constant TOF values of ∼ 4.5 ns. Since photons are
located at TOF values of 3.3 ns and charged pions have an energy dependent TOF,
this trace most have a different origin. A comparison of the proton TOF spectra from
data and simulation indeed shows that this trace originates from the desired reaction.
The situation is illustrated in Figure 6.67. It shows the proton TOF spectra from
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data (upper two rows) and simulation (lower two rows) for ten different angular bins
(see labels for the individual regions) after all cuts were applied. Good agreement
between the spectra from data and simulation is visible and all prominent structures
are equally present. The spectra at cos(θ∗π0) < −0.4 reveal that the small trace results
from the very high energetic protons and not from charged particles from competing
reactions and by that confirms the quality of the identification.

6.5.2 Pulse Shape Analysis (PSA)

The pulse shape analysis (PSA) was already discussed and described in detail in
Section 6.4.1 and will not be repeated. The spectra of the different reaction channels
of single π0 photoproduction from the deuteron for the initial (top row), as well as
the final selection of events (bottom row) are shown in Figure 6.68. All PSA spectra

Figure 6.68: PSA spectra for single π0 photoproduction from the deuteron
from the A2 data. Shown is the PSA radius versus the PSA angle. Columns:
analysis channels (see labels). Upper row: no cut was applied to the data (all).
Lower row: all cuts were applied to the data (acc.).

of the photons are very clean, since the ±3σ cut as a function of the PSA radius
was applied. As the cut for the photons was determined and applied individually for
every BaF2 crystal, the outer area contains a few remaining events. The final proton
spectrum is difficult to interpret as the high energy recoil region covers most of the
photon area. Nevertheless, it appears to be sufficiently clean. The weak trace of the
photon band, which is visible in the initial spectrum, vanished and the contributions
from electrons were removed by the exclusion zone (see Figure 6.23). The most
interesting effect of the cuts is visible in the neutron PSA spectrum. On the one
hand, as observed for the proton, the contamination from photons (which obviously
are much more present in the neutron channel) vanished, except for a small part at
the top of the spectrum, which, since below the 1% level, is negligible. Furthermore,
the cut on the neutron TOF (see Section 6.4.1) does not appear to have any influence
on the kinematics of the neutron. A typical neutron PSA spectrum is visible, as seen
in the lower row of the first column from the right in Figure 6.68.



6.5. Quality of the Particle Identification 221

6.5.3 ∆E versus E Analysis

Figure 6.69: ∆E versus E analysis of the protons from single π0 photopro-
duction from the deuteron from the A2 data. Shown is the deposited energy in
the PID versus the deposited energy in the Crystal Ball (left column) and the
deposited energy in the Veto detectors versus the deposited energy in TAPS
(right column). Columns: analysis channels (see labels). Upper row: no cut
was applied to the data (all). Lower row: all cuts were applied to the data
(acc. data) and simulation (acc. MC).

For the identification of neutral or charged particles in the analysis, usually only
logical information of the charged particle detectors is used to decide whether a
particle is charged or not. This logical information is given if a coincident signal
above a corresponding threshold was present in the individual detector component.
However, except for the Inner Detector at CBELSA/TAPS, the charged particle
detectors also allow access to the deposited energy. The amount of deposited energy
contains information about the type of particle that passed through the detector.
This energy (in relation to the total kinetic energy that the particle deposited in the
corresponding calorimeter) depends on the charge, mass, and energy of an individual
particle. Whereas just sufficient resolution for such an investigation is provided by
the Veto detectors of the TAPS and MiniTAPS detectors, the PID detector is ideally
suited for this type of analysis. Unfortunately, since the Inner detector does not
provide any energy information, the ∆E versus E method is not feasible with the
Crystal Barrel detector at CBELSA/TAPS. Therefore, the discrimination of charged
particles over a large region is not possible.

The ∆E versus E spectra for the recoil protons in single π0 photoproduction
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Figure 6.70: Proton ∆E versus E spectra for single π0 photoproduction
from the deuteron from the A2 data (upper two rows) and simulation (lower
two rows). Shown is the deposited energy in the PID versus the deposited
energy in the Crystal Ball for ten different cos(θ∗π0) bins. All cuts were applied
to the data (acc. data) and simulations (acc. MC).

using the deposited energy in the PID versus the deposited energy in the Crystal
Ball detector, as well as the deposited energy in the Veto detectors, combined with
that from the TAPS detector, are shown in Figure 6.69.
Both initial spectra of the protons show a very prominent and strongly energy depen-
dent band structure, as well as contributions from electrons and less energy dependent
bands from charged mesons (mainly pions). The proton band in TAPS exhibits the
typical circular punch through region, whereas in the Crystal Ball detector, almost
no high energetic protons are visible. This was already assumed by means of the
kinetic energy distribution of the recoil protons (see Figure 6.22), but was confirmed
by this spectra. Hence, protons were not misidentified as neutrons in the Crystal
Ball detector. The final spectra from both detectors are free of pions and electrons
and exhibit almost purely the proton traces.
The small vertical trace, as observed in the proton TOF spectra (see Figure 6.66),
is also visible in the ∆E versus E spectra from TAPS (see right spectrum in the
bottom row of Figure 6.69) and does not correspond to background from charged
pions as well. Even though the ∆E versus E spectra from the Crystal Ball detec-
tor (see left spectrum in the bottom row of Figure 6.69) mainly exhibit the typical
proton band, the region at lower deposited energies was in addition investigated for
remaining background. For this purpose, the final spectra of experimental and simu-
lated data were compared for ten different angular regions, as shown in Figure 6.70.
Although the calibration of the PID energy in the simulation is delicate (see Section
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5.2.5), the spectra from data and simulation are in good agreement and indicate that
the events at lower deposited energies, i.e. below the proton band, result from true
signal events and not from competing reactions. No evidence for notable background
contributions was observed.
From the different quality checks, it was concluded that the identification of the
different particles was reliably performed and no further cuts were necessary.

6.5.4 Single π0 Analysis on Polarized Nucleons

As the analysis of the polarized data was based on the analysis of liquid deuterium
data (see Section 6.4.1) and the identical cuts were applied, it is important to check
the effect of the cuts on this analysis. Nevertheless, a direct comparison might be
difficult since the spectra from the polarized data still contain contributions from the
reactions on unpolarized nucleons of the carbon and oxygen nuclei. For this reason,
in order to investigate the quality of the particle identification on the analysis of
polarized data, the corresponding spectra are not only shown for deuterated butanol,
but also for carbon.

Primarily, the TOF spectra and the identification quality from the analysis of
polarized data, i.e. Figure 6.71a, are very similar to those from liquid deuterium
(Figure 6.66). The spectra of the final accepted events are nearly free of background
and no contamination is visible. The main characteristics of the individual spectra
(e.g. the small trace below the circular punch through region in the proton TOF)
have already been discussed for the liquid deuterium case (see Section 6.5.1). How-
ever, it can be seen (on the number of events in the proton band) that the relative
contribution of protons of lower energy has slightly increased (compared to Figure
6.66). Whereas on deuterium, most of the protons were found in the circular punch
through region and the typical proton band structure was weak, here a more defined
proton band is visible. The same can be observed by a comparison of the PSA spectra
from deuterated butanol (see Figure 6.72a) with those from deuterium (see Figure
6.68). The strong region of overlap of the proton and photon bands is weaker in
the polarized case. However, the corresponding spectra from the carbon background
measurement (Figure 6.71b: TOF, Figure 6.72b: PSA) shed light on this character-
istic. The protons from reactions on the nucleons of the carbon nuclei do not gain
as much kinetic energy as on the deuterium. In the TOF and PSA spectra from
the carbon data, only a small part of the protons is visible at the locations of high
kinetic energy. Instead, moderate and rather typical proton spectra are obtained.
This is also confirmed by the ∆E versus E analysis from the TAPS detector (right-
hand side of Figure 6.73a), which also contains few high energetic protons. As the
deuterated butanol target comprises reactions on nucleons in deuterium as well as in
carbon, the resulting ∆E versus E spectrum exhibits characteristics from reactions
on deuterium and carbon.
In contrast, the ∆E versus E spectra from the Crystal Ball detector of the polarized
analysis (left-hand side of Figure 6.73a) are not only free of background, but are
also more or less identically distributed compared to the deuterium spectrum (see
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(a) A2 results from the deuterated butanol data

(b) A2 results from the carbon data

Figure 6.71: TOF spectra for single π0 photoproduction from deuterated
butanol (a) and carbon (b) from the A2 data. Shown is the deposited energy
in the TAPS detector versus the time of flight. Columns: analysis channels
(see labels). Upper row: no cut was applied to the data (all). Lower row: all
cuts were applied to the data (acc.).

Figure 6.69). However, the width of the proton band is somewhat larger compared
to that from the analysis of deuterium data, which results from the rather broad
proton band from the carbon analysis (see Figure 6.73b) exhibits a broader proton
band.
In total, the particle identification of the deuterated butanol data is in good agree-
ment with that from the deuterium data and no significant background contribution
was observed.
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(a) A2 results from the deuterated butanol data

(b) A2 results from the carbon data

Figure 6.72: PSA spectra for single π0 photoproduction from deuterated
butanol (a) and carbon (b) from the A2 data. Shown is the PSA radius versus
the PSA angle. Columns: analysis channels (see labels). Upper row: no cut
was applied to the data (all). Lower row: all cuts were applied to the data
(acc.).
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(a) A2 results from the deuterated butanol data

(b) A2 results from the carbon data

Figure 6.73: ∆E versus E analysis of the protons from single π0 photopro-
duction from deuterated butanol (a) and carbon (b) from the A2 data. Shown
is the deposited energy in the PID versus the deposited energy in the Crystal
Ball (left column) and the deposited energy in the Veto detectors versus the
deposited energy in TAPS (right column). Columns: analysis channels (see
labels). Upper row: no cut was applied to the data (all). Lower row: all cuts
were applied to the data (acc.).
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6.5.5 Double π0 Analysis on the Free Proton

The quality of the particle identification of double π0 photoproduction from the free
proton will be discussed in parallel for the analyses of the A2 and CBELSA/TAPS
data in order to allow for a direct comparison. The time of flight spectra for the
inclusive and exclusive analyses are shown in Figure 6.74a for A2 and in Figure
6.74b for CBELSA/TAPS. For each dataset, the TOF spectra for the photons and
protons for all initial event candidates (upper row) and for the final event selection
(lower row) are shown. For both experiments, no significant background is present
in the final distributions and typical spectra, as expected for photons and protons,
are visible.
The initial spectra from the analysis of the CBELSA/TAPS data show a higher
contamination from other particles, where a prominent photon band is visible in
the proton spectrum. Nevertheless, the final spectra are of comparable quality as
observed with the A2 data.
For both datasets, the initial photon bands do not show a lot of contamination
from protons and only a slightly blurred background is visible that disappears once
all cuts were applied. On the other hand, contamination from photons, electrons
and a few charged pions are observed in the initial proton spectra, but they were
also successfully removed by the analysis cuts. The spectra also demonstrate the
difference of the kinematics compared to single π0 photoproduction. As previously
mentioned in Section 6.4.1, most of the recoil protons in single π0 photoproduction
obtain a high kinetic energy such that they can punch-through the detector or can
be identified as neutrons. This was predominantly the case for proton forward angles
and was observed in the TOF, ∆E versus E and PSA spectra of the TAPS detector.
As seen in Figure 6.74, most of the protons are located in the typical proton band
and only a few protons tend to have higher kinetic energies. Therefore, effects from
punch-through are not to be expected and were not further investigated in this
analysis.
The results of the pulse shape analysis are shown in Figure 6.75. As for the TOF
analysis, the final spectra are free of background and present typical spectra for
photons and protons. The contamination of nucleons in the initial photon spectra
was removed by the analysis cuts. The prominent electron structure and the photon
band in the proton PSA were partially removed by the exclusion zone or rejected by
the analysis cuts. The curved structure that is visible in the nucleon PSA and also
weakly in the photon PSA is a calibration effect, but is negligible as the calibration
was determined and applied for every crystal individually and is only a visual effect
in this figure.
The ∆E versus E spectra are shown in Figure 6.76. The initial spectrum from the
Crystal Ball detector comprises mainly of the dominant proton band, and the traces
from charged pions and electrons. Besides electrons, the spectra from TAPS and
MiniTAPS do not contain a lot of background. The different analysis cuts similarly
affect all spectra and result in a reliable identification.
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(a) A2 results from the hydrogen data

(b) CBELSA/TAPS results from the hydrogen data

Figure 6.74: TOF spectra for double π0 photoproduction from free protons.
Columns: analysis channels (see labels). Upper row: no cut was applied to the
data (all). Lower row: all cuts were applied to the data (acc.). (a) Results
from the A2 data. Shown is the deposited energy in the TAPS detector versus
the time of flight. (b) Results from the CBELSA/TAPS data. Shown is the
deposited energy in the MiniTAPS detector versus the time of flight.
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(a) A2 results from the hydrogen data

(b) CBELSA/TAPS results from the hydrogen data

Figure 6.75: PSA spectra for double π0 photoproduction from free protons.
Columns: analysis channels (see labels). Upper row: no cut was applied to the
data (all). Lower row: all cuts were applied to the data (acc.). Shown is the
PSA radius versus the PSA angle. (a) Results from the A2 data. (b) Results
from the CBELSA/TAPS data.
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(a) A2 results from the hydrogen data

(b) CBELSA/TAPS results from the hydrogen data

Figure 6.76: ∆E versus E analysis of the protons from double π0 photo-
production from free protons. (a) Results from the A2 data. Shown is the
deposited energy in the PID versus the deposited energy in the Crystal Ball
(left column) and the deposited energy in the Veto detectors versus the de-
posited energy in TAPS (right column). Upper row: All events. Lower row:
Accepted events. (b) Results from the CBELSA/TAPS data. Shown is the de-
posited energy in the Veto detectors versus the deposited energy in MiniTAPS.
Left column: no cut was applied to the data (all). Right column: all cuts were
applied to the data (acc.).
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6.5.6 Double π0 Analysis on quasi-free Nucleons

The time of flight spectra for double π0 photoproduction from quasi-free nucleons
are presented in Figure 6.77a for the analysis of the A2 data and in Figure 6.77b
for the analysis of the CBELSA/TAPS data. The characteristics and quality is very
similar to the spectra from double π0 photoproduction from free protons, except
for the neutron channel, which was not available. The initial photon spectra from
CBELSA/TAPS show slightly more background in the photon spectrum than is vis-
ible in those from A2, but after the different analysis cuts, all photon spectra are
similarly free of contamination. The main background is from photons that were
either identified as protons or that were sorted out by the χ2 test, but are visible
in the initial nucleon spectra. In addition, particles that were correctly identified,
but originate from other reactions, also contribute to the initial spectra. After all
cuts were applied, the photon bands in the nucleon spectra disappeared and typical
nucleon spectra remain.

Figure 6.78 shows the results from the PSA for photons, protons, and neutrons.
In the results from CBELSA/TAPS, a significant contribution from nucleons to the
initial photon spectrum is visible, which disappeared due to the ±3σ cut in the final
spectra. The photon contribution to the nucleon spectra were eliminated by the
analysis cuts. Reasonably clean spectra can be observed.
The ∆E versus E spectra for all detectors from A2 and CBELSA/TAPS do not
exhibit significant background. The contamination from pions and electrons are not
present in the final distributions and typical proton spectra are visible.
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(a) A2 results from the deuterium data

(b) CBELSA/TAPS results from the deuterium data

Figure 6.77: TOF spectra for double π0 photoproduction from the deuteron.
Columns: analysis channels (see labels). Upper row: no cut was applied to the
data (all). Lower row: all cuts were applied to the data (acc.). (a) Results
from the A2 data. Shown is the deposited energy in the TAPS detector versus
the time of flight. (b) Results from the CBELSA/TAPS data. Shown is the
deposited energy in the MiniTAPS detector versus the time of flight.
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(a) A2 results from the deuterium data

(b) CBELSA/TAPS results from the deuterium data

Figure 6.78: PSA spectra for double π0 photoproduction from the deuteron.
Columns: analysis channels (see labels). Upper row: no cut was applied to the
data (all). Lower row: all cuts were applied to the data (acc.). Shown is the
PSA radius versus the PSA angle. (a) Results from the A2 data. (b) Results
from the CBELSA/TAPS data.
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(a) A2 results from the deuterium data

(b) CBELSA/TAPS results from the deuterium data

Figure 6.79: ∆E versus E analysis of the protons from double π0 photo-
production from the deuteron. (a) Results from the A2 data. Shown is the
deposited energy in the PID versus the deposited energy in the Crystal Ball
(left column) and the deposited energy in the Veto detectors versus the de-
posited energy in TAPS (right column). Upper row: All events. Lower row:
Accepted events. (b) Results from the CBELSA/TAPS data. Shown is the de-
posited energy in the Veto detectors versus the deposited energy in MiniTAPS.
Left column: no cut was applied to the data (all). Right column: all cuts were
applied to the data (acc.).
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6.5.7 Double π0 Analysis on Polarized Nucleons

The investigation of the quality of the particle identification in the analysis of double
π0 photoproduction from polarized nucleons from A2 and CBELSA/TAPS data will
be discussed in the following sections. The relevant spectra obtained from the anal-
ysis of the deuterated butanol data will be compared with those from the analysis of
the carbon foam data in order to have an estimation of the kinematical properties of
the background reactions on the unpolarized nucleons. For this purpose, the qual-
ity of the identification of the A2 and CBELSA/TAPS analyses will be investigated
individually.

A2 Analysis

For the polarized data, the situation is similar as discussed for double π0 photopro-
duction from quasi-free nucleons and the same effect from reactions on carbon, as
observed in single π0 photoproduction, is visible. The time of flight spectra for the
A2 analysis of the deuterated butanol data are shown in Figure 6.80a those of the
carbon background measurement in Figure 6.80b. Observed contamination in the
initial spectra are, as discussed before, mainly photons and electrons in the nucleon
spectra that were reliably removed by the analysis cuts. In comparison to the spectra
from the analysis of the deuterium data, more particles of lower energy are visible.
This is also visible in the proton time of flight, which for deuterated butanol mostly
comprises the proton band structure and a weaker high energy tail and for carbon is
almost only characterized by the proton band.
The same observations and interpretations apply to the PSA (see Figure 6.81) and
∆E versus E spectra (see Figure 6.82). However, a weak photon band is visible
in the neutron PSA spectrum from the carbon data (see the right spectrum in the
bottom row of Figure 6.81b), which corresponds to 8% of all neutron events from
the carbon sample. The deuterium spectrum (see Figure 6.78a) does not exhibit a
notable contamination of the same percentage and the analysis cuts from deuterium
were applied to the deuterated butanol data. Thus, it can be assumed, that possi-
ble contaminations from photons in the neutron PSA spectrum from the deuterated
butanol data (see the right spectrum in the bottom row of Figure 6.81a), which are
not visible, would result from reactions on the carbon nuclei and hence would be
removed by the carbon subtraction (see Section 6.13.4).
The different conditions on the events in the analysis provide a sufficiently clean
sample and typical spectra for all particles with little to no remaining background
are visible.
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(a) A2 results from the deuterated butanol data

(b) A2 results from the carbon data

Figure 6.80: TOF spectra for double π0 photoproduction from deuterated
butanol (a) and carbon (b) from the A2 data. Shown is the deposited energy
in the TAPS detector versus the time of flight. Columns: analysis channels
(see labels). Upper row: no cut was applied to the data (all). Lower row: all
cuts were applied to the data (acc.).
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(a) A2 results from the deuterated butanol data

(b) A2 results from the carbon data

Figure 6.81: PSA spectra for double π0 photoproduction from deuterated
butanol (a) and carbon (b) from the A2 data. Shown is the PSA radius versus
the PSA angle. Columns: analysis channels (see labels). Upper row: no cut
was applied to the data (all). Lower row: all cuts were applied to the data
(acc.).
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(a) A2 results from the deuterated butanol data

(b) A2 results from the carbon data

Figure 6.82: ∆E versus E analysis of the protons from double π0 photopro-
duction from deuterated butanol (a) and carbon (b) from the A2 data. Shown
is the deposited energy in the PID versus the deposited energy in the Crystal
Ball (left column) and the deposited energy in the Veto detectors versus the
deposited energy in TAPS (right column). Columns: analysis channels (see
labels). Upper row: no cut was applied to the data (all). Lower row: all cuts
were applied to the data (acc.).
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CBELSA/TAPS Analysis

The TOF spectra of the analysis of polarized CBELSA/TAPS data are shown in
Figure 6.83, the PSA spectra in Figure 6.84, and the ∆E versus E spectra in Figure
6.85.
In principle, the above mentioned discussions also apply to the analysis of the
CBELSA/TAPS data. However, there are a few characteristics by which these spec-
tra are different from the A2 ones. First, one immediately recognizes that all spectra
from MiniTAPS exhibit the lack of events at low energies or PSA radii5. This is
due to the fact that, in the deuterated butanol and carbon beamtimes, in order to
suppress the high rates in the forward direction, the LED thresholds of the two most
inner rings were set to high values.
The second difference can be observed in the TOF spectra. The oscillating structure
in the time of flight is an artifact of the alternating field used for the acceleration
of the electrons, as discussed in Section 6.3. The structure is only visible in the
deuterated butanol and carbon data, since in the other beamtimes the tagger was in
the first level trigger and hence, the effect cancelled out.
Besides these difference, which do not affect the quality of the particle identification,
the analysis cuts result remove most of the background from charged pions, elec-
trons, and photons. A negligible fraction of photons is visible in the final proton and
neutron TOF spectra (see the two right spectra in the bottom row of Figure 6.83),
which, most probably due to the poor statistics, is not visible in the spectra from
the carbon data (see same spectrum in Figure 6.83). Slightly more contamination
with photons is visible in the proton PSA spectrum (see second spectrum from the
right in the bottom row of Figure 6.84a). A cut on the weak photon band would
in principle be possible, but is not recommendable, as it could not be applied to
the simulation as well. Since the fraction of the contamination is below 6% of all
events and it only concerns the very forward angles covered by MiniTAPS, no fur-
ther action was performed. Furthermore, a weak photon band is also visible in the
corresponding spectrum from the carbon data (see Figure 6.84b) and thus might be
removed by the carbon subtraction (see Section 6.13.4). The same discussion applies
for the background contribution in the ∆E versus E spectra (see Figure 6.85a for
the deuterated butanol data and Figure 6.85b for the carbon data).

5The PSA radius (see Equation (5.5) in Section 5.2.6) is related to the total deposited energy.
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(a) CBELSA/TAPS results from the deuterated butanol data

(b) CBELSA/TAPS results from the carbon data

Figure 6.83: TOF spectra for double π0 photoproduction from deuterated
butanol (a) and carbon (b) from the CBELSA/TAPS data. Shown is the
deposited energy in the MiniTAPS detector versus the time of flight. Columns:
analysis channels (see labels). Upper row: no cut was applied to the data (all).
Lower row: all cuts were applied to the data (acc.).
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(a) CBELSA/TAPS results from the deuterated butanol data

(b) CBELSA/TAPS results from the carbon data

Figure 6.84: PSA spectra for double π0 photoproduction from deuterated
butanol (a) and carbon (b) from the CBELSA/TAPS data. Shown is the PSA
radius versus the PSA angle. Columns: analysis channels (see labels). Upper
row: no cut was applied to the data (all). Lower row: all cuts were applied to
the data (acc.).
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(a) CBELSA/TAPS results from the deuterated butanol data

(b) CBELSA/TAPS results from the carbon data

Figure 6.85: ∆E versus E analysis of the protons from double π0 photopro-
duction from deuterated butanol (a) and carbon (b) from the CBELSA/TAPS
data. Shown is the deposited energy in the Veto detectors versus the deposited
energy in MiniTAPS. Left column: no cut was applied to the data (all). Right
column: all cuts were applied to the data (acc.).
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6.6 Software Trigger

During the experiments, an initial selection of which events will be recorded was
made by the hardware trigger, that was set up according to the aim of the experi-
ment (see Sections 2.3.2, 2.3.3 for the trigger used at A2, Section 2.6.2 for that used
in CBELSA/TAPS). Due to the imperfection of the detector setup and the electron-
ics, not all particles can be detected and information can be lost. This has to be
corrected by applying detection efficiencies (see Section 6.8) that are determined with
the help of simulations. Therefore, the conditions of the hardware trigger need to be
applied to the simulated data as well in order to have a simulation that is as close
to the experiment as possible. For this purpose the software trigger was modeled
in a way that all possible events that were rejected by the hardware trigger in the
experiment were rejected in the software as well, i.e. in the analysis.
In order to allow for a better comparison between the results from reactions on the
protons and from those on the neutrons, which is in particular important for the
quasi-free inclusive analysis where the recoil nucleon is not required in coincidence,
a more strict trigger was implemented in the software. Thereby the software trigger
requires the trigger conditions to be fulfilled by the decay photons of the meson,
whereas contributions from nucleons or other particles, as was the case in the exper-
iment, were not considered.

6.6.1 Multiplicity Trigger

The requirement of a certain multiplicity is one of the main components of the hard-
ware trigger. As previously discussed in Sections 2.3.2, 2.3.3, and 2.6.2, different
conditions were set at the hardware level in order to correlate detector hits with
clusters and thereby with the multiplicity. For the clustering at A2, the Crystal
Ball detector was divided into 45 blocks, each of 16 neighboring crystals and TAPS
was grouped into six sectors. A block of the Crystal Ball detector and a segment
of TAPS then contributes to the multiplicity if at least one of its signals was above
the set threshold value. At CBELSA/TAPS, the individual hits are compared to hit
patterns which correspond to a certain multiplicity.
Depending on the beamtime that was analyzed, the multiplicity trigger in the soft-
ware was extended by certain conditions on hits in the TAPS detector. TAPS ele-
ments from the most outer ring, as well as elements from the three most inner rings,
were not considered for the multiplicity trigger decision if necessary in order to re-
duce the high rates close to the beam and to reduce inaccurate contributions from
shower losses at the edge of the detector.
In order to check the trigger in the analysis, the multiplicity condition was verified
with the decay photons of the mesons only. The signals of the involved photons in
the individual crystals were compared to the thresholds that were obtained from the
calibration of the data (see Sections 5.2.3, 5.2.8, and 5.2.9) and were also applied to
the simulation. The individual total multiplicity conditions that were required for
each experiment can be taken from Tables 2.5 - 2.8.
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6.6.2 Crystal Ball Energy Sum Trigger

As already mentioned in the comparison of the experimental triggers from A2 and
CBELSA/TAPS, in contrast to the Crystal Barrel detector at CBELSA/TAPS, the
Crystal Ball detector at A2 is included in the first level trigger by means of the energy
sum, i.e. the sum of the analog signals of all NaI(Tl) crystals. As this information
was not available in the trigger system at CBELSA/TAPS6, so this section only
concerns the analysis of A2 data.

The implementation of the Crystal Ball energy sum trigger is especially impor-
tant, as it strongly influenced the experimental data for events in which only a few
particles were detected in the Crystal Ball detector. As long as this is not taken into
consideration in the simulation, the determined detection efficiencies for such events
will not be correct. By comparing the energy sum spectrum from the experimental
data with that from the simulation, the threshold value as used in the experiment
can be derived and applied to the simulation.
The Crystal Ball energy sum trigger is based on the sum of the analog signals of
all NaI crystals, which is then compared to a threshold value that corresponds to a
certain energy. As the threshold value is set in terms of voltage, since it is compared
to analog and not digital signals, only uncalibrated raw signals have to be used for
its consideration in the software trigger. For this purpose, the calibrated values in
the analysis of data and simulation first had to be de-calibrated using the procedure
described in [197, 204].
The Crystal Ball energy sum spectra for the different analyses of single and double
π0 photoproduction are shown in Figure 6.86 for the December 2007 beamtime. For
the determination of the threshold value, the simulation was weighted with energy
and angular dependent cross sections that were obtained from an initial analysis for
which a fixed energy sum threshold value of 400 MeV was chosen. Weighting of the
simulation is inevitable for the determination, since the energy sum strongly depends
on the energy and the angular distribution of the reaction. As illustrated in the first
and third row of Figure 6.86, the yield from data was then scaled to that from the
simulation for energies above 400 MeV, where effects from the energy sum trigger
are negligible. The ratio of the distribution from data and simulation are presented
in the second and fourth row of Figure 6.86 and were used for the threshold determi-
nation. These distributions clearly show the effect of the threshold on the data. At
the beginning, where the energy is well below the threshold value, the distribution is
zero, i.e. all events were rejected, and at higher energies the ratio is around one, i.e.
the threshold is always exceeded. In an ideal setup, the distribution should have the
shape of a step function, where in reality the fixed threshold value is smeared out
due to electronic fluctuations. The ratio was then fit with a cumulative distribution

6Currently the Crystal Barrel detector readout is upgraded with avalanche photo diodes which
will then allow for an implementation of an analog to the energy sum on the first level trigger
decision.
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Figure 6.86: Determination of the Crystal Ball energy sum threshold for
the A2 analysis for the example of the December 2007 deuterium beamtime.
Columns: quasi-free inclusive and exclusive analysis channels. First and second
row: single π0 photoproduction. Third and fourth row: double π0 photopro-
duction. First and third row: raw energy sum distribution for photons from
data (blue histogram) and simulation (green histogram). Second and fourth
row: ratio of the distribution from data and simulation (black histogram) and
resulting fit with Equation (6.11) (red line). Dashed magenta line: hardware
threshold.

function (red line in Figure 6.86) [205]:

f(ECB
tot ) =

A

1 + exp
(
E−ECBtot

B

) , (6.11)
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where A and B are fit parameters and correspond to the height and width of the
function. E corresponds to the energy sum value where f(ECB

tot ) = A/2 and approx-
imately corresponds to the value of the experimentally applied threshold value. The
values from the fit vary from 250 to 300 MeV, which is close to the experimental
value of 300 MeV. The fit functions were then used for the application of the Crystal
Ball energy sum threshold in the analysis of the corresponding simulation. For this
purpose, a random number in the interval [0,1] was generated for every event and
compared to the value of the function evaluated at the actual energy sum value.
If the random number was larger than the function value, the event was rejected.
In this way, events below the threshold value were suppressed and events accepted
above and in between increasingly accepted.

6.7 Reconstruction of the Final State Invariant Mass
W

Instead of the incident photon beam energy Eγ, the center of mass energy W =
√
s

is often used as the significant quantity for the description of the energy dependence
of an observable. For a reaction initiated by a photon beam of four momentum Pγ on
a target of four momentum PT , producing n particles of four momentum P1, . . . ,Pn,
W is directly given from its definition as a Mandelstam variable:

W =
√
s =

√
(Pγ + PT )2 =

√√√√
(

n∑

i=1

Pi

)2

(6.12)

For a target at rest, Equation (6.12) can be directly calculated from the initial state
particles

W =
√
s =

√
(Pγ + PT )2

=
√

2mTEγ +m2
T

(6.13)

However, for reactions on quasi-free nucleons which are bound inside nuclei and
hence exhibit Fermi motion, Equation (6.13) is not valid since the target is not at
rest. The nucleons have a Fermi momentum that varies according to a probability
density distribution (see section 3.4.1 for details and examples). Equation (6.13)
can still be used when neglecting the Fermi momentum of the participant nucleon,
but the results will be smeared out, which makes a comparison with models difficult.
Nevertheless, the center of mass energy can be reconstructed from the invariant mass
of the final state:

W =
√
s =

√√√√
(

n∑

i=1

Pi

)2

. (6.14)

In this case, effects from Fermi motion are eliminated, but as the reconstructed final
state particles are involved in the calculation, the results are influenced by the ex-
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perimental resolution instead.

For the determination of W =
√
s, knowledge of the four momenta of all final

state particles is necessary. As already mentioned in Section 6.4.1, the experimental
setup is optimized for the detection of photons and hence the reconstruction of
nucleon four momenta can lead to rather large systematic uncertainties, especially
in cases where the nucleon did not fully deposit its kinetic energy in the detector.
In addition, the measurement of the impact position of the nucleon in the detector
is less precise than for photons. This is due to the fact that the typical cluster size
of nucleons is much smaller than that of photons (see Figure 6.1). Therefore, the
position reconstruction depends on the center of mass of fewer crystals, which is less
precise. In such cases, the kinetic energy of the recoil nucleon can be recalculated
with Equation (B.29) from Section B.3. The recalculation is also possible by using
the time of flight information, but was not used in this work. Details and results
about the energy reconstruction with the time of flight can be found in Ref. [100].

6.8 Detection Efficiency Correction

The detection efficiency correction is necessary to correct the imperfect performance
of the experimental detector setup. Due to holes in the setup or insensitive materi-
als, not all particles and occurred reactions were registered during data taking. By
simulating the reaction with a virtual experimental setup as implemented in the sim-
ulation, the comparison of all simulated events with those that have been registered,
the inefficiency of the experiment can be determined and subsequently corrected.
This requires the virtual setup to be in agreement with the real one, which is not
easy to achieve as small differences in the geometry of the setup or slight differences in
the material compositions or properties are unavoidable. In particular, the detection
of nucleons, as required for the exclusive analyses, is strongly sensitive to variances,
which show the importance of the choice of the appropriate physics model used in
the simulation (see Sections 3.2.2 and 3.3.2). Nevertheless, the residual discrepancies
afford special consideration by means of an additional nucleon detection efficiency
correction, as discussed in Section 6.8.3. Thereby the analysis of π0π0 photoproduc-
tion from free protons using the hydrogen data did not only serve for a cross check
of the analysis procedure, but also for an examination of the quality of the nucleon
detection efficiency. The determination of the detection efficiency and the necessary
corrections will be presented and discussed in the following sections.

The simulations used for the determination of the efficiency corrections were
carried out within the simulation frameworks A2 (based on GEANT4 and used for the
simulation of A2 data, see Section 3.2.2) and CBGEANT (based on Geant3.21 and used
for the simulation of CBELSA/TAPS data, see Section 3.3.2) with the corresponding
virtual geometry of the setup as shown for the A2 setup in Figure 3.2 and for the
CBELSA/TAPS setup in Figure 3.8. Detection efficiencies were then determined as a
function of the polar angle cos(θ∗m) of the meson m (π0 or π0π0) in the center of mass
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frame and for the incident photon energy Eγ and also for the final state invariant mass
W =

√
s. The efficiencies were determined for each individual angular and energy

bin, used for the extraction of the excitation functions. By comparing the generated
Ngen with the detected events Ndet, the effective efficiency ε of the detection of the
reaction can be determined by:

ε
(
Edet, cos(θ∗m,det)

)
=
Ndet

(
Edet, cos(θ∗m,det)

)

Ngen
(
Egen, cos(θ∗m,gen)

) . (6.15)

Effective means that the reconstructed and not generated values of the polar angle
cos(θ∗m,det) and the energy Edet of the detected events were used for the calculation
of Equation (6.15). This ensures that effects from the resolution are correctly taken
into account.
For every reaction channel, the reaction of interest was generated for 20·106 to 100·106

events with the event generator Pluto (see Section 3.4.1) for photon energies from
the production threshold (see Table 6.2) up to the energy of the last available tagger
channel. For the reactions on quasi-free targets, the Fermi momentum was sampled
according to the corresponding probability density distribution of the Fermi model
(see Section 3.4.1).
In order to account for the bremsstrahlung spectrum of the incident photon distri-
bution, the events were weighted with 1/Eγ, whereas the meson decays were phase
space distributed. Additional weighting of the events with cross sections was not
performed in the event generators itself, as only an appropriate model for single π0

photoproduction is available from the SAID partial wave analysis [39]. Instead, cross
sections were determined in a first step with phase space event generators (except
for the applied bremsstrahlung spectrum), which were then used as weights in the
analysis of the simulation.
The Pluto output datafile contains the four momenta of the final state particles for
each event that was then used as input for the corresponding simulation. Additional
information about the reaction vertices were provided by the choice of a random
position within a cylindrical volume of the same length as the target cell and diam-
eter of the beam. For every event, the simulation then simulates the passage of the
available particles through the virtual detector system and according to the physics
model (see Sections 3.2.2 and 3.3.2), determines the amount of energy that was de-
posited at a certain time in a detector component. The output of the simulation is
the same format as the experimental data and can then be directly and identically
analyzed with the same analysis software.

6.8.1 Detection Efficiency for Double π0 Photoproduction

The determination of the detection efficiencies for double π0 photoproduction is
complicated by the presence of different production mechanisms of the π0π0N final
state. Depending on the incident photon energy, the final state can be achieved not
only by a direct phase space decay of a low lying resonance R, i.e. γN → R →
π0π0N , but also via sequential decays from higher lying resonances R′ according to
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γN → R′ → Rπ0 → Nπ0π0. Several sequential decays of different probabilities
and branching ratios into this final state exist and each of them exhibits different
energy and angular distributions. Therefore, the detection efficiency depends on the
number and intensity of the contributions from the individual sequential decays. For
this purpose, in addition to the direct phase space decay γN → R → Nπ0π0, the
most prominent sequential decay reactions with the π0π0N final state in the relevant
energy range were simulated, i.e. contributions from γN → R′ → ∆(1232)3/2+π0 →
Nπ0π0 and γN → R′ → N(1520)3/2−π0 → Nπ0π0. The strength of each individual
contribution was then determined by an investigation of the invariant mass of the
nucleon-pion system. As in such cases one of the pions was produced together with
the intermediate resonance and the other from the decay of the latter, signatures
from the different contributions can be directly extracted from the shape of the
nucleon-pion invariant mass spectra.
Such a spectrum was determined from the data, i.e. where all different possible
decays contribute, and from each individual simulation. At this stage, the size of the
contributions were not known and hence no detection efficiency could be established,
such that an unnormalized raw mass distributions dN(Eγ, cos(θ∗2π0))/dmπ0N had to
be used. For every energy and angular bin, the line shape of the distributions from
each simulation was then fit to the line shape of the data according to
(
dN(Eγ, cos θ∗2π0)

dmπ0N

)

data
= a(Eγ, cos θ∗2π0) ·

(
dN(Eγ, cos θ∗2π0)

dmπ0N

)

phase space
+

b(Eγ, cos θ∗2π0) ·
(
dN(Eγ, cos θ∗2π0)

dmπ0N

)

∆(1232)π0

+

c(Eγ, cos θ∗2π0) ·
(
dN(Eγ, cos θ∗2π0)

dmπ0N

)

N(1520)π0

,

(6.16)

in order to determine the relative contributions a, b and c of the individual reac-
tions to the π0π0N final state. In addition, a, b and c were normalized to meet the
condition a + b + c = 1. The resulting spectra with the fit contributions for the
analysis of double π0 photoproduction from quasi-free protons and neutrons inside
deuterium for the analysis of A2 data are shown in Figure 6.87 and for the analysis of
CBELSA/TAPS data in Figure 6.88. The individual contributions are denoted with
colored lines, i.e. phase space γN → R → Nπ0π0 (green) and sequential decays via
∆(1232)3/2+ (magenta) and via N(1520)3/2− (cyan). The sum of all fit line shapes
(black) is in good agreement with the data of the proton (blue upward triangles) and
neutron (red downward triangles). The spectra show the contributions from sequen-
tial decays at the corresponding invariant mass of the pion-nucleon system and the
characteristic line shape of each individual contribution.
As for the detection efficiencies, the relative contributions a(Eγ, cos θ∗2π0), b(Eγ, cos θ∗2π0),
c(Eγ, cos θ∗2π0) were determined for the same energy and angular bins as used for the
extraction of the excitation functions. The detection efficiency was then determined
individually for every simulated contribution. Using the relative contributions from
the fit of the pion-nucleon invariant mass, the overall detection efficiency εall was
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determined as follows:

εall = a · εphase space + b · ε∆(1232)π0 + c · εN(1520)π0 . (6.17)

6.8.2 Detection Efficiency for Helicity Dependent Double π0

Photoproduction

The procedure for the determination of the detection efficiency for double π0 pho-
toproduction by considering contributions from sequential decays (see Section 6.8.1)
can be directly applied to the analysis of polarized data. However, even though the
same sequential decays are possible and contribute to the final state, energy and
angular distributions might be affected by the spin configuration of the beam and
target. For this reason, pion-nucleon invariant mass distributions were determined
individually for both helicity states 1/2 (beam and target spin antiparallel) and 3/2
(beam and target spin parallel). For both configurations, the fit procedure discussed
in Section 6.8.1 was carried out. As the measured distributions at this stage still
contain contributions from the reactions on the unpolarized nucleons of the carbon
and oxygen nuclei, the yield from the analysis of the carbon data was added as an
additional fit contribution.(

dN(Eγ, cos θ∗2π0)

dmπ0N

)

data
= a(Eγ, cos θ∗2π0) ·

(
dN(Eγ, cos θ∗2π0)

dmπ0N

)

phase space
+

b(Eγ, cos θ∗2π0) ·
(
dN(Eγ, cos θ∗2π0)

dmπ0N

)

∆(1232)π0

+

c(Eγ, cos θ∗2π0) ·
(
dN(Eγ, cos θ∗2π0)

dmπ0N

)

N(1520)π0

+

d(Eγ, cos θ∗2π0) ·
(
dN(Eγ, cos θ∗2π0)

dmπ0N

)

carbon
.

(6.18)

Thereby the carbon distribution was only used for the fit and the fit parameters were
also normalized in order to fulfill the condition a + b + c = 1. The result is shown
in Figure 6.89 for the A2 data and in Figure 6.90 for the CBELSA/TAPS data. In
order to allow for a better comparison, the pion-nucleon invariant mass distributions
for both helicity states are shown in the same figure. As can be seen in Figures
6.89 and 6.90, the distributions exhibit a slight helicity dependence, especially at
higher incident photon energies. This is better visible in the distributions from
the CBELSA/TAPS analysis, although in this case the statistics are rather poor.
Absolutely normalized helicity dependent invariant mass distributions will be shown
in section 7.5.3.
As for the unpolarized analysis, the efficiencies εiall, where i = 1/2, 3/2, were then
determined by the summation of the relative individual contributions according to
the fit result:

εiall = a · εiphase space + b · εi∆(1232)π0 + c · εiN(1520)π0 where i =
1

2
,
3

2
. (6.19)
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Figure 6.87: Unnormalized pion nucleon mass distributions for double π0

photoproduction from quasi-free protons (upper half, blue triangles) and neu-
trons (lower half, red triangles) inside deuterium from the A2 data. Shown are
five selected energy and angular bins. The data was fit with the line shape from
phase space and intermediate ∆(1232)3/2+ and N(1520)3/2− states according
to Equation (6.16). Notations are given in the figure.
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Figure 6.88: Unnormalized pion nucleon mass distributions for double π0

photoproduction from quasi-free protons (upper half, blue upward triangles)
and neutrons (lower half, red downward triangles) inside deuterium from the
CBELSA/TAPS data. Shown are five selected energy and angular bins.
The data was fit with the line shape from phase space and intermediate
∆(1232)3/2+ and N(1520)3/2− states according to Equation (6.16). Nota-
tions are given in the figure.
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Figure 6.89: Unnormalized helicity dependent pion nucleon mass distribu-
tions for double π0 photoproduction from quasi-free protons (upper half, blue
triangles) and neutrons (lower half, red triangles) inside deuterated butanol
from the A2 data. Shown are five selected energy and angular bins. The
data was fit with the line shape from carbon, phase space and intermediate
∆(1232)3/2+ and N(1520)3/2− states according to Equation (6.18). Nota-
tions are given in the figure. Solid (dashed) lines: helicity 1/2 (3/2) results.
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Figure 6.90: Unnormalized helicity dependent pion nucleon mass distribu-
tions for double π0 photoproduction from quasi-free protons (upper half, blue
upward triangles) and neutrons (lower half, red downward triangles) inside
deuterated butanol from the CBELSA/TAPS data. Shown are five selected
energy and angular bins. The data was fit with the line shape from carbon,
phase space and intermediate ∆(1232)3/2+ and N(1520)3/2− states according
to Equation (6.18). Notations are given in the figure. Solid (dashed) lines:
helicity 1/2 (3/2) results.
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6.8.3 Nucleon Detection Efficiency Correction

The analysis of reactions on bound nucleons in a nucleus requires the detection of
the recoil nucleon in order to know, on which nucleon the reaction occurred. Anal-
yses on free protons, as the case for experiments with liquid hydrogen targets, can
be done inclusively, i.e. without the requirement of the detection of the recoil nu-
cleon. In contrast, the analysis of exclusive reactions where the meson is detected in
coincidence with the recoil nucleon relies on the detection efficiency of the nucleon.
However, the simulation of interactions of nucleons with material is much more com-
plicated than that for photons and strongly depends on the energy and by that on
the physics model used for the calculation. Hence, the nucleon detection efficiency
is very sensitive to inconsistencies between data and simulation. The behavior of
neutrons is especially difficult to simulate, since their detection efficiency is much
lower compared to that of protons and photons. An additional correction for the
detection efficiency, discussed in Section 6.8, was carried out, which provides a much
more reliable nucleon detection efficiency.

The determination of the detection efficiency of nucleons with the experimental
setup is possible with the analysis of liquid hydrogen data. The advantage of using
a liquid hydrogen target is that it is known that the reaction occurred on the pro-
ton, regardless if it is detected or not. In this case, the reaction can be measured
inclusively as well as exclusively, i.e. with or without the coincident detection of the
recoil nucleon. If the nucleon detection efficiency is correct, no difference between the
two reactions should be observed. In any case, the comparison of the two reactions
allows for the determination of the nucleon detection efficiency.
The reactions:

γp→ π0π0p and
γp→ π0π+n ,

(6.20)

were analyzed for the determination of the detection efficiencies of the proton and
neutron. The analysis of γp→ π0p was not possible due to the multiplicity condition
of the experimental trigger. However, it was checked that the kinematic range was
covered by the γp → π0π0p reaction. Furthermore, a comparison of the proton de-
tection efficiencies for γp→ π0π0p and γp→ ηp showed good agreement, indicating
that apart from the covered kinematic range, no severe dependence of the efficiency
on the reaction is present. The reaction γp → π0π+n was chosen for the determi-
nation for the neutron efficiency, since kinematically, it is the closest to single and
double π0 photoproduction. γp → π+n was not possible due to the experimental
trigger settings. However, its measurement would most likely lead to larger system-
atic uncertainties. The detection efficiencies of the charged pion and the neutron are
rather small and therefore, the measurement would suffer from background contam-
ination and misidentified particles. In addition, the absence of final state photons
complicates the determination of a proper condition on time coincidences and the
subtraction of the random background in the tagger.
The reactions from Equation (6.20) were measured inclusively, i.e. without the re-
quirement of the coincident detection of the recoil nucleon and compared to the
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exclusive measurement, i.e. when the nucleon was detected. The ratio of the number
of exclusive events and the number of inclusive events denotes the nucleon detec-
tion efficiency εN and was determined dependent on the nucleon polar angle in the
laboratory frame θN and on the nucleon kinetic energy TN for data and simulation
according to:

εdata,MC
p (Tp, θp) =

N(π0π0p)

N(π0π0(p))

εdata,MC
n (Tn, θn) =

N(π0π+n)

N(π0π+(n))
,

(6.21)

where N(π0π0p) and N(π0π+n) denote the number of exclusive events, where the re-
coil nucleon was detected and N(N(π0π0(p))) and N(π0π+(n)) the inclusive events,
where the detection of the recoil nucleon was not required.

The polar angle and kinetic energy of the recoil nucleon were calculated from
kinematics and not from measured quantities. This is necessary as the determination
involves cases where the recoil nucleon was not detected. An additional dependence
on the φ angle of the nucleon in the laboratory frame was implemented at first, but
did not show any significant difference and therefore was omitted.
The additional determination of the nucleon detection efficiency in the simulation
according to Equation (6.21) allows for the correction of possible discrepancies be-
tween the data and simulation, as mentioned in the beginning of this section. Since it
does only cover the kinematic range of the considered reaction, it is not globally ap-
plicable nor valid. Therefore, the nucleon detection efficiencies from Equation (6.21)
were not applied directly in the analyses. Instead, the ratio of both

ηc(TN , θN) =
εMC
N (TN , θN)

εdataN (TN , θN)
(6.22)

was applied to the simulation. The ratio ηc serves as a nucleon detection efficiency
correction of the simulation and adjusts the nucleon detection efficiency of the simula-
tion to that of the experiment. For the determination of the final detection efficiencies
of the exclusive analyses (see Section 6.8), the correction factor ηc was then applied
to the analysis of the simulation by weighting every event with 1/ηc(TN , θN). For
this purpose, the correction factor matrix was evaluated for a given measured polar
angle θN and reconstructed kinetic energy TN (see Section B.3). The evaluation of
the correction factor matrix with the same quantities as it was determined, i.e. re-
constructed values from kinematics instead of measured quantities, is only possible
for analyses of data from free protons. However, the nucleon detection efficiency also
had to be applied to analyses of quasi-free data, for which both values TN and θN
can not be obtained from kinematic considerations. Therefore, the correction factor
was evaluated at the measured polar angle and the reconstructed kinetic energy of
the nucleon. This approximation was investigated in the analysis of the free pro-
ton data. For this purpose, the correction factor was evaluated at the kinematically
calculated values for TN , θN , but also at the reconstructed value for TN and the mea-
sured value for θN . No significant deviations between the two methods were observed.
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Figure 6.91: Nucleon detection efficiency correction ηN from the A2 data.
The results were extracted from the ratio of the nucleon detection efficiency
from simulation and data. Upward blue triangles: proton detection efficiency
correction. Downward red triangles: neutron detection efficiency correction.
The results were determined for the May 2009 beamtime.
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Figure 6.92: Nucleon detection efficiency correction ηN from the
CBELSA/TAPS data. The results were extracted from the ratio of the nu-
cleon detection efficiency from simulation and data. Upward blue triangles:
proton detection efficiency correction. Downward red triangles: neutron detec-
tion efficiency correction. The results were determined for the December 2008
beamtime.
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The nucleon efficiency correction factors for the analysis of A2 data are shown
in Figure 6.91 and those for CBELSA/TAPS data in Figure 6.92. Due to several
reasons, for the determination of the detection efficiency for CBELSA/TAPS data,
only the proton detection efficiency correction was applied. A precise determination
of the nucleon detection efficiency relies on a proper particle identification. However,
the identification of the reaction γp→ π0π+n is based on the reliability of the iden-
tification of the charged pion, which at CBELSA/TAPS can only be checked with
the Forward detectors, i.e. Forward Cone and MiniTAPS. For the Inner detector, no
information about the deposited energy of a particle was available. Therefore, the
quality of the reaction identification for the angular region covered by the Crystal
Barrel detector can not be verified and does not guarantee the proper determination
of the neutron detection efficiency correction. Nevertheless, no significant change of
the results were obtained when the correction was applied, which either indicates
that there is no need for the correction or that it does not fit to its application.
However, as its reliability could not be checked, its application would be unreliable
and was omitted.

From the nucleon detection efficiencies of the A2 data (see Figure 6.91), it can be
seen that for the forward region, the correction factor ηc deviates from one, especially
at very low and very high kinetic energies. As values larger than one correspond to
higher efficiencies in the simulation than in the data, this indicates that the simulated
efficiencies are too large. In the forward region, more different materials and transi-
tions are available and the BaF2 crystals exhibit rather different signals from photons
than from nucleons. Therefore, the TAPS detector is more difficult to properly im-
plement in the simulation. For intermediate polar angles, both correction factors are
almost one and identical, indicating that in this angular range, the nucleon detection
efficiencies agree well with each other, independent of the kinetic energy. In higher
energies, the proton correction factor is stable at one whereas the correction factor
of the neutron drastically increases.

The correction factors obtained from the CBELSA/TAPS data show a different
behavior. The proton detection efficiencies of data and simulation seem to agree
well with each other for most angles and kinetic energies. At very low energies, at
about 30◦ and at larger polar angles, significant deviations from one can be observed.
Towards forward angles, the correction is slightly larger than one, which indicates
similar, but smaller problems, as observed in the correction factors of the A2 data.
In contrast, the neutron correction factor is, for most polar angles below 30◦, signif-
icantly larger than one. Apart from some fluctuations at larger polar angles, it is
in good agreement with the proton correction factor and around one. However, as
previously mentioned, the particle identification of the reaction could not be checked
to see if the determination of the neutron detection efficiency was correct. Therefore,
the neutron detection efficiency correction factor was not applied to the simulated
CBELSA/TAPS data.

The nucleon detection efficiency corrections presented in this section were deter-
mined from the April 2009 hydrogen beamtime for the application to the simulations
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of A2 data and from the November 2008 hydrogen beamtime for the application to
the simulations of CBELSA/TAPS data. They were determined by the comparison
of the inclusive and exclusive reactions (see Equation (6.20)) and were applied to all
exclusive analyses where the coincident detection of the recoil nucleon was required.
Initially, an individual nucleon detection efficiency correction was established for the
analysis of the deuterated butanol data, since different thresholds were used in the
experiment. However, it was observed that the resulting nucleon detection efficiencies
were within statistical fluctuations in good agreement. Therefore, the same nucleon
detection efficiency correction as shown in Figures 6.91 and 6.92 were applied to all
analyses of the same reaction.
The April 2009 beamtime from A2 was also used for the extraction of cross sections
and mass distributions of π0π0 photoproduction from the free proton. Thereby it was
observed that in this beamtime, a general problem with the detection of charged par-
ticles exists. As this could drastically influence the nucleon detection efficiency and
with that all analyses that make use of that particular nucleon detection efficiency,
this problem was investigated in detail and will be discussed in the next section.
Even though the main reason for the problem could not be revealed, a correction
was successfully established. Furthermore, and this is of great importance, it was
shown that the problem does not seem to have an influence on the nucleon efficiency
correction. In addition, similar problems with the used deuterium beamtimes could
be excluded as well. Hence, according to the investigations done within this work, it
was concluded that, although the developed correction has to be used for the quanti-
tative analysis of the hydrogen beamtime, a consequence for the determination of the
nucleon detection efficiency from this beamtime or an influence on other beamtimes
is absent. However, it might be reasonable to further investigate the behavior of
this particular beamtime or to use an independent, different hydrogen beamtime for
future analyses.

6.8.4 Charged Particle Detection Efficiency Correction

During the analysis of π0π0 photoproduction from the free proton using the liquid
hydrogen A2 data from April 2009, good agreement between the cross sections from
both inclusive and exclusive analyses were obtained. However, significant discrepan-
cies of about 10% to former results were observed, as illustrated by the open blue
circles on the left-hand side of Figure 6.93. The problem could be traced back to
a problem with the detection of charged particles. It was found that analyzing the
data without using any information of the charged particle identification detectors
(PID and Veto detectors) yields results (see solid blue circles in Figure 6.93) that
are in good agreement with published results. Thereby the inclusive analysis with-
out any information of the PID and Veto detectors was solely based on the χ2 test.
Whereas with the information from the charged particle detectors, events with four
neutral clusters (for the decay photons of the two pions) and an optional charged
particle (for the proton) were required, without any information from the PID and
Veto detectors, all events with four or five clusters were selected. The χ2 test was
then used to find the best combination for the two pions and, if available, the re-



6.8. Detection Efficiency Correction 261

 [MeV]γE
400 600 800 1000 1200

b]
µ [

σ

0

2

4

6

8

10

(p) no PID/Veto0π0π

(p) PID/Veto0π0π

2LH

 [MeV]γE
400 600 800 1000 1200

b]
µ [

σ
0

2

4

6

8

10

12

14

16

18

(N) no PID/Veto0π0π

(N) PID/Veto0π0π

2LD

Figure 6.93: Investigation of the problem of the detection of charged particles
in the analysis of the A2 data from the liquid hydrogen beamtime from April
2009. Left-hand side: inclusive π0π0(p) total cross sections with (open blue
circles) and without (filled blue circles) the usage of information from charged
particle detectors. Right-hand side: quasi-free inclusive π0π0(N) total cross
sections with (open black circles) and without (filled black circles) the usage
of information from charged particle detectors.

maining cluster was assigned to the proton. Even though no specific information of
the proton was used, a very clean identification of the proton was achieved, which
made this alternative analysis very reliable.

Nevertheless, the problem had to be solved, as the exclusive measurement was
necessary to determine the nucleon detection efficiency correction, as discussed in
Section 6.8.3, and required the results from the free proton for the estimation of the
systematic uncertainties. As the analysis without any information about the charge
of the particles achieved correct results whereas the analysis with this information
failed, it was clear that the problem was related to the charged particle detectors.
In order to investigate the problem, the same analysis was used where the identi-
fication of the particles was done without any information of the charged particle
identification. However, the information of the charged particle detectors was used
to determine the efficiencies of the PID and Veto detectors. The central detector el-
ement of the proton cluster obtained from the χ2 test was checked for a coincidence
with the corresponding charged particle detector. For every detector element, the
ratio of the number of coincidences and the total number of hits was determined for
data and simulation. The ratio of the efficiency obtained from simulation and data is
shown on the left-hand side of Figure 6.94 for the 720 NaI(Tl) crystals of the Crystal
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Figure 6.94: Efficiency of the charged particle identification detectors used
in the liquid hydrogen beamtime from April 2009 at A2. Left-hand side: PID
efficiency as a function of the NaI crystals of the Crystal Ball detector. Right-
hand side: veto efficiency as a function of the BaF2 and PbWO4 crystals of
TAPS.

Ball and on the right-hand side of Figure 6.94 for the 438 BaF2 and PbWO4 crystals
of TAPS.
It is clearly visible in Figure 6.94 that the ratio of the PID and veto efficiencies is
larger than one in the boundary area of the Crystal Ball detector and overall for the
TAPS detector. As most of the detected clusters in the Crystal Ball detector were
detected in the boundary area, i.e. below crystal index 120 and above crystal index
600, the mean ratio of the events in the Crystal Ball detector will be of a comparable
magnitude. Therefore, the charged particle efficiency for 2π0 photoproduction in the
liquid hydrogen simulation is about 10% larger than the data. As a consequence, the
cross sections will be underestimated by about 10%, as seen in Figure 6.93.

While the source of the problem was not definitely revealed, a correction method
was established, which is based on a comparison of the analysis without the infor-
mation from PID and Veto detectors and the standard analysis, which makes use of
the information.
The idea was to compare the inclusive and exclusive analyses of the data and simu-
lation for the two different analysis methods. Thereby “w”(“wo”) denotes the analysis,
where the information from PID and Veto were (not) used. Tables 6.8 presents the
event selection that was chosen for the inclusive and exclusive analyses.For every
analysis, the number of events with five clusters (denoted as H for hit in the follow-
ing) and events with four clusters (denoted as NH for no hit) were determined and
used to determine the individual nucleon detection efficiencies according to:

εwMC =
Hw

MC

NHw
MC +Hw

MC
εwdata =

Hw
data

NHw
data +Hw

data

εwoMC =
Hwo

MC

NHwo
MC +Hwo

MC
εwodata =

Hwo
data

NHwo
data +Hwo

data
.

(6.23)
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Analysis inclusive exclusive
5n && 0c 5n && 0c

with PID/Veto 4n && 1c 4n && 1c
4n && 0c

5N 5N
without PID/Veto 4N

Table 6.8: Event selection criteria for the analyses used for the determination
of the charged particle detection efficiency correction. N : number of parti-
cles. n: number of neutral clusters. c: number of charged clusters. Multiple
conditions were connected via logical “OR”.

The ratio of the efficiencies of the analysis with the information from the charged
particle detectors and the analysis without these information can be written as:

ξ = εw/εwo , (6.24)

and is a measure for the reliability of the charged particle identification (CPI).
Thereby it has to be mentioned that it is not primarily important that the ratio
of the efficiencies (Equation (6.24)) is one, this would simply be the ideal case that
indicates that the identification is perfect. However, the most important thing is
that the ratio ξ is identical in the data and the simulation since imperfections in
the data would then be corrected by the simulation. If they are not identical, the
simulation would over or undercorrect the data. Using the individual efficiencies of
the two analyses for data and simulation from equation 6.23 and the ratio of them as
in Equation (6.24), the correction that has to be applied to the simulation is given
by:

ζCPI =
εwMC

εwoMC
· ε

wo
data

εwdata
=
ξMC

ξdata
(6.25)

The charged particle detection efficiency correction ζCPI was determined as a func-
tion of the proton kinetic energy Tp and polar angle θN as well as the azimuthal angle
φN in the lab frame and then applied as a weight on an event by event base, which
is identical to the application of the nucleon detection efficiency described in the last
Section 6.8.3.
The application of the correction solves the problem such that the analysis of liquid
hydrogen data with the information of the PID and Veto detectors yields results
that are in good agreement with previous published measurements. Nevertheless, it
is important to show that the nucleon detection efficiency obtained from the same
liquid hydrogen data, as discussed in Section 6.8.3, is reliable. Furthermore, it was
investigated, if the observed discrepancy between data and simulation was due to a
general problem that would also affect the liquid deuterium data.

The effect of the charged particle efficiency correction on the standard nucleon
detection efficiency had to be investigated. First of all, it is also based on the com-
parison of inclusive and exclusive analyses, except for the difference, that this case
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Figure 6.95: Visualization of the charged particle detection efficiency correc-
tion ζCPI and its decomposition into standard ηw and modified ηwo nucleon
detection efficiency correction, according to Equation (6.27). (a) Extracted
standard nucleon detection efficiency correction ηw(Tp, θp). (b) Inverse modi-
fied nucleon detection efficiency correction ηwo(Tp, θp, φp)−1 integrated over φp.
(c) Inverse modified nucleon detection efficiency ηwo(Tp, θp, φp)

−1 integrated
over Tp.

includes additional events with five neutral clusters, which accounts for misidenti-
fied protons. Furthermore, an additional analysis without the information of the
charged identification detectors was carried out. Besides that, the determination of
the correction factor is based on the same type of efficiencies, i.e. comparing the
number of events of the exclusive analysis, with the number of events of the inclusive
analysis according to Equation (6.21). It was found that the correction factor for
the charged particle efficiency correction can be factorized into two factors. One of
them corresponds to the nucleon detection efficiency, as defined in Equation (6.22)
and the other one to the nucleon detection efficiency correction obtained from the
analysis without the charged particle information. The decomposition of Equation
(6.25) into (6.22) is as follows:

ζCPI =
εwMC

εwoMC
· ε

wo
data

εwdata
=
εwMC

εwdata
· ε

wo
data

εwoMC
= ηw · 1

ηwo
, (6.26)
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where ηw corresponds to the earlier defined nucleon efficiency correction from Equa-
tion (6.22) of the standard analysis with the information of the charge sensitive
detectors and ηwo is the nucleon detection efficiency correction where the charge
information was ignored. The sole differences in this determination (compare to
Equation (6.22)) are that, the additional event class of five neutral clusters was con-
sidered and that the correction was established dependent of the azimuthal angle of
the proton φp additionally. Thereby φp was kept, since this factor accounts for the
small φp dependence of the correction of the charged particle identification, as seen
in Figure 6.95c.
In order to compare the standard nucleon detection efficiency with that obtained
from the decomposition in Equation (6.26), the φp information was integrated in
order to find:

ζCPI = ηw · 1

ηwo
= ηw(Tp, θp) ·

1

ηwo(Tp, θp, φp)

=
εwMC(Tp, θp)

εwdata(Tp, θp)︸ ︷︷ ︸
std nucl. eff. corr.

· 1
εwoMC(Tp,θp,φp)

εwodata(Tp,θp,φp)︸ ︷︷ ︸
mod. nucl. eff. corr.

. (6.27)

The nucleon detection efficiency correction, as extracted from the charged particle
detection efficiency, is in good agreement with the one obtained from the standard
analysis, as shown in Figure 6.96. Shown are the standard nucleon detection efficiency
correction from Equation (6.22) (upward black triangles), the extracted nucleon de-
tection efficiency correction from Equation (6.27), and the additional modified nu-
cleon detection efficiency correction from Equation (6.27).

As seen in Figure 6.96, both nucleon detection efficiency corrections ηstdp and ηwp
are in good agreement. The small deviations are most likely due to the difference in
the event selection of the two analyses. The standard analysis only considers four
neutral and one charged cluster or four neutral clusters, this analysis also considers
events with five neutral and zero charged clusters in order to account for misidentified
charged clusters. This explains the smaller statistical errors and the smaller correc-
tion factors at higher kinetic energies. Besides the small deviations, both results are
in reasonable agreement. The decomposed charged particle efficiency correction is
shown in Figure 6.95. The extracted standard nucleon detection efficiency correction
ηw(Tp, θp) is shown in Figure 6.95a, the inverse7 modified nucleon detection efficiency
correction integrated over φp in Figure 6.95b, and integrated over Tp in Figure 6.95c
for the illustration of the φp dependence of the correction.

In order to exclude the same problems from the analysis of liquid deuterium data,
the quasi-free inclusive analysis was considered. The exclusive analyses require the
coincident detection of the recoil nucleon in order to know which nucleon was the
participant in the reaction, which is only possible in an analysis where information
about the charged particles is available. For this reason, the quasi-free inclusive

7inverse as it appears in the denominator of the charged particle detection efficiency correction
ζCPI
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Figure 6.96: Decomposed components of the charged particle detection ef-
ficiency correction ζCPI . Open black triangles: standard nucleon detection
efficiency correction ηN as obtained from the analysis with the charge sensitive
detectors according to Equation (6.22). Filled blue triangles: extracted stan-
dard nucleon detection efficiency correction ηwN from ζCPI . Open blue triangles:
extracted modified nucleon detection efficiency correction ηwoN from ζCPI as ob-
tained from the analysis without the charge sensitive detectors.
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analysis was also performed with the liquid deuterium beamtime from May 2009
but without using the PID and Veto detectors. A comparison of the result with
that from the standard analysis is shown on the right-hand side of Figure 6.93.
Both results are in good agreement with each other indicating no significant problem
with the identification of charged particles in this deuterium beamtime. In addition,
the crystal dependent PID and Veto detector efficiencies were determined for the
deuterium beamtime, as shown on the right hand side of Figures ?? and ??. As
expected, in the range of interest, the ratio of the efficiencies of simulation and data
are one, which confirms that the charged particle identification is understood.

It was concluded that the standard nucleon detection efficiency using the liq-
uid hydrogen beamtime from April 2009 is reliable. The problem with the charged
particle detection efficiency only seems to be present in this specific beamtime. A cor-
rection matrix was established which overcomes this problem. Application of the full
correction factor to the inclusive analysis of the simulation and the extracted nucleon
detection efficiency correction to the exclusive analysis of the simulation yielded con-
sistent results among each other, as well as with published data. However, for future
work it might be reasonable to use a different hydrogen beamtime instead, where
no difficulties are observed. The established correction is only directly applicable to
the analyses that cover the same kinematic range as double π0 photoproduction that
involves protons. The detection of other charged particles, i.e. charged pions, would
require a separate correction.

6.8.5 Final Detection Efficiencies

Taking all corrections into account that have been presented in the Sections 6.8.3 and
6.8.4, the detection efficiencies for the individual reaction channels can be determined.
For all analyses of simulated A2 data, the nucleon detection efficiency corrections
from Figure 6.91 were applied and for the analyses of simulated CBELSA/TAPS
data, only the proton detection efficiency correction from Figure 6.92 was applied
due to an uncertainty in the identification of the corresponding reaction. The charged
particle identification correction discussed in Section 6.8.4 was only applied to the
analysis of the simulation of the liquid hydrogen data from A2 data in April 2009, but
it was also used to verify the validation of the standard nucleon detection efficiency
correction. No significant discrepancies were observed.

The detection efficiencies were determined individually for all analysis channels
and all beamtimes and were calculated as a function of the meson (m) polar angle
cos(θ∗m) and incident photon energy Eγ or final state invariant massW . For single π0

photoproduction, the determination of the detection efficiencies was based on Equa-
tion (6.15) and was directly obtained from the analysis of the simulated reaction
channel of interest. For double π0 photoproduction, at first efficiencies were deter-
mined for the individual contributions (γN → π0π0N , γN → ∆(1232)π0 → π0π0N ,
γN → N(1520)π0 → π0π0N) according to Equation (6.15) and then combined to an
overall efficiency by using Equation (6.17) and the relative contributions a, b, c from
Equation (6.16).
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Figure 6.97: Detection efficiency of single π0 photoproduction as a function
of Eγ from the A2 data. Left-hand side: deuterium data. Right-hand side:
deuterium and deuterated butanol data. Notations are given in the figure.

For the determination of the detection efficiencies for the deuterated butanol analy-
ses, the event generators from the liquid deuterium simulations were used, but then
simulated with the experimental setup from the deuterated butanol beamtime. Even
though the reactions were generated on a deuterium target, the target in the sim-
ulation was filled with deuterated butanol in order to properly account for events
on the polarized deuterons inside the deuterated butanol. For double π0 photopro-
duction, the efficiencies of the individual contributions were determined individually
and then used to calculate the efficiency for the two helicity states according to
Equation (6.19) with the relative contributions a, b and c from Equation (6.18). For
the determination of the detection efficiencies of the analyses of the carbon data,
it was important to use simulations of reactions on deuterium inside a deuterated
butanol target instead of reactions on carbon nuclei. This is due to the fact that
the carbon beamtime was used to subtract the background contributions from un-
polarized nucleons of carbon and oxygen from the deuterated butanol data and the
carbon background in the data underlies the kinematics of the reaction on deuterium.
Therefore, the efficiencies used for the deuterated butanol analyses were identically
applied to the analyses of the carbon data.

Figure 6.97 illustrates the detection efficiencies used for the exclusive analyses
of single π0 photoproduction from quasi-free nucleons in deuterium (left-hand side)
and deuterated butanol (right-hand side) from the A2 data. Shown are the detection
efficiencies as a function of Eγ, which were obtained by integrating the detection
efficiencies from Figures 6.98 and 6.99 over all angular bins. On the right-hand side
of Figure 6.97, the deuterated butanol efficiencies are shown and are compared to
those from liquid deuterium. On the left-hand side of the figure, the efficiencies
for the extraction of cross sections from deuterium data are shown. Those on the
right-hand side correspond to the same beamtimes, but obtained from the analysis
with the same trigger and threshold settings as used for the appropriate comparison
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Figure 6.98: Angular detection efficiency of single π0 photoproduction from
the deuteron as a function of Eγ. Notations are given in the figure. Results
from the A2 data.
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Figure 6.99: Angular detection efficiency of single π0 photoproduction from
deuterium (dotted histograms) and from deuterated butanol (solid histograms)
as a function of Eγ. Notations are given in the figure. Results from the A2
data.
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to the deuterated butanol data. Therefore, depending on the different trigger and
threshold conditions, the deuterium efficiencies on the left and right-hand side do
not necessarily have to coincide with each other.
The proton and neutron efficiencies of all three analyses are nearly identical in shape
and differ only by their absolute values. The efficiencies first increase with photon
energy and reach their maximum between 600 and 900 MeV and then slowly decrease
again. The proton efficiency is about three times higher than that from the neutron,
which is due to the different detection efficiencies for protons (>90%) and neutrons
(∼30%). By comparing the efficiencies of the analyses on deuterium from the left
to those from the right-hand side, no significant differences can be seen indicating
that the different trigger and threshold settings were comparable for this reaction.
For the proton, the efficiencies are much smaller for the reactions inside deuterated
butanol. This is due to the high atomic number Z of deuterated butanol compared
to deuterium. With higher Z pair production and conversion processes strongly
increase, which results in a reduction in the detection efficiency. Neutrons are not
affected to the same amount, the efficiency for the deuterated butanol analysis is
only slightly lower.
The angular detection efficiencies for the deuterium beamtime (corresponding to the
left-hand side of Figure 6.97) are shown in Figure 6.98 and those for the deuterated
butanol beamtime in Figure 6.99. Apart from the absolute value, the efficiencies from
the deuterated butanol analysis are in good agreement with those from the deuterium
analysis, which indicates no angular effect on the different target materials. The main
observation from the angular efficiencies can be seen in those from the deuterium
analysis in Figure 6.98. At backward angles of the π0 in the pion-nucleon center of
mass frame, i.e. at proton forward angles, a sudden and strong peak in the efficiency,
especially for the proton, is visible. It will be discussed in Section 6.9 and is due to the
correction of the insensitive gap between the Crystal Ball and TAPS detector, which
results in a loss of protons and a drop in the efficiencies, which was counteracted
with the correction. Due to the coarser angular binning in the deuterated butanol
analysis, the structure in the corresponding angular efficiencies is smeared out and
barely visible. In addition, it is visible that the efficiencies for meson forward angles
tend towards zero. This is the consequence of the experimental trigger setting. As
mentioned in Section 2.3.2, contributions to the multiplicity condition from the TAPS
detector alone were not considered in the trigger. Therefore, events, where the two
decay photons go into the TAPS detector are not recorded, which results in the low
detection efficiencies at the very forward angles.

The detection efficiencies for double π0 photoproduction from free protons in
hydrogen and quasi-free nucleons in deuterium (left-hand side) and deuterated bu-
tanol (right-hand side) for the analysis of A2 data are shown in Figure 6.100 and
for the CBELSA/TAPS analysis in Figure 6.101. For the unpolarized analysis (left-
hand side), the efficiencies of the individual contributions as obtained from Equation
(6.15) (see the legend in the figure for the labeling of the different contributions) and
the combined efficiencies according to Equation (6.17) are shown. On the right-hand
side, the efficiencies for the polarized analysis are shown, but the individual contri-
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Figure 6.100: Detection efficiency of double π0 photoproduction as a function
of Eγ from the A2 data. Left-hand side: individual contributions and combined
efficiencies for the hydrogen and deuterium data. Right-hand side: combined
efficiencies for the deuterium and deuterated butanol data. The difference
between the helicity dependent efficiencies is negligible. Notations are given in
the figure.
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Figure 6.101: Detection efficiency of double π0 photoproduction as a function
of Eγ from the CBELSA/TAPS data. Left-hand side: individual contributions
and combined efficiencies for the hydrogen and deuterium data. Right-hand
side: combined efficiencies for the deuterium and deuterated butanol data. The
difference between the helicity dependent efficiencies is negligible. Notations
are given in the figure.

butions are omitted.

Apart from the different absolute values of the efficiencies, the most prominent
observation in the comparison of the efficiencies from A2 and CBELSA/TAPS can be
seen for the free proton. At CBELSA/TAPS, the efficiency of the exclusive analysis
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from the free proton is somewhat higher than that from the quasi-free proton and
at A2 that is contrary to the case. This is due to the charged particle detection
efficiency ζCPI (Section 6.8.4) that was applied to the free proton data at A2. It was
observed that in the A2 liquid hydrogen beamtime from April 2009, the detection
efficiency of charged particles in the simulation is about 10% higher than in the
data, which results in 10% too low cross sections. This discrepancy was solved by
the application of the charged particle detection efficiency correction, which has the
effect that the efficiency of the simulation was adapted to that of the data. With that
the detection efficiency was lowered by about 10%, as seen in Figure 6.100. Without
this correction, the efficiency would be about 10% higher, which would result in good
relative agreement between A2 and CBELSA/TAPS.
Overall, the detection efficiencies for all reactions are about two times higher at A2
compared to CBELSA/TAPS. This is due to the non-availability of a 4π trigger at
CBELSA/TAPS. The trigger system at CBELSA/TAPS is mostly sensitive to the
detectors at forward angles, whereas at A2, almost the full solid angle contributes to
the trigger. All efficiencies are low at energies close to the production thresholds of
the reactions and then increase with increasing energies and reach a plateau between
600 and 900 MeV. At higher energies, the efficiencies only slowly increase. Due to the
different scales of the y-axes, the plateau seems to be steeper at CBELSA/TAPS, but
this is primarily a visual effect. For all efficiencies, the dependence of the efficiency on
the different contribution from phase space or sequential decays is negligible. Thus,
the combined efficiency is of the same magnitude.
At CBELSA/TAPS, the trigger and threshold settings for the two different analyses
of the deuterium beamtime are mostly identical and no significant difference of the
corresponding efficiencies are visible. In contrast, the trigger and threshold settings at
A2 are more strict for the polarized analysis. For single π0, the different settings did
not exhibit a noticeable difference (see Figure 6.97), whereas the detection efficiency
for double π0 photoproduction seems to be more sensitive to the different conditions.
This results in considerably lower detection efficiencies on the right-hand side of
Figure 6.100 compared to those on the left-hand side. As already discussed for single
π0 photoproduction, the efficiencies of the deuterated butanol data are reduced due
to the different material properties, i.e. the higher atomic number of the target
material.
The angular efficiencies for double π0 photoproduction from the liquid deuterium
analyses and deuterated butanol analyses are shown in Figures 6.103 and 6.104 and
those from the CBELSA/TAPS analysis in Figures 6.102 and 6.105. The influence
from the correction of the gap between the Crystal Ball detector and TAPS on
the efficiencies of the A2 data (see Figure 6.103), as already observed in single π0

photoproduction (see Figure 6.98), is similar, but somewhat smaller. Even more
noticeable is the different shape of the angular efficiencies from A2 compared to
CBELSA/TAPS, which now clearly shows the difference between a 4π trigger (A2)
compared to one that is sensitive to forward angles (CBELSA/TAPS). Except for
the very forward and backward angles, where, due to the beamline and the detector
edges, the efficiencies decrease, the A2 efficiencies are rather flat. In contrast, the
CBELSA/TAPS efficiencies strongly peak to forward angles of the combined meson.
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The relative contributions of the angular efficiencies of the different reactions on
quasi-free nucleons are in agreement between the A2 and CBELSA/TAPS data.
Those from the free proton are different for the same reason as discussed for the
integrated efficiencies and apart from that, are also in agreement.
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Figure 6.102: Angular detection efficiency of double π0 photoproduction from
hydrogen and deuterium as a function of Eγ from the CBELSA/TAPS data.
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Figure 6.103: Angular detection efficiency of double π0 photoproduction from
hydrogen and deuterium as a function of Eγ from the A2 data.
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Figure 6.104: Angular detection efficiency of double π0 photoproduction
from deuterium (dotted histograms) and from deuterated butanol (1/2 : solid
histograms, 3/2 : dashed histograms) as a function of Eγ from the A2 data.
Only the combined efficiencies are shown. The difference between the helicity
dependent efficiencies is negligible. Notations are given in the figure.
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Figure 6.105: Angular detection efficiency of double π0 photoproduction from
deuterium (dotted histograms) and from deuterated butanol (1/2 : solid his-
tograms, 3/2 : dashed histograms) as a function of Eγ from the CBELSA/TAPS
data. Only the combined efficiencies are shown. The difference between the
helicity dependent efficiencies is negligible. Notations are given in the figure.
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6.9 Correction of the Gap between Crystal Ball and
TAPS at A2

An additional correction was applied to the A2 data since the gap between the Crys-
tal Ball detector and TAPS leads to a sudden drop of the detection efficiencies, which
is visible in Figures 6.98 and 6.103. For this purpose, differential cross sections for
every exclusive analysis were investigated in the influential region of the angular
range of the gap that corresponds to nucleon polar angles in the laboratory frame of
18◦ < θN < 24◦. For the liquid deuterium beamtime from December 2007, a larger
range of 15◦ < θN < 26◦ was chosen, as the PID detector was shifted by roughly 12.5
centimeters downstream, which enlarged the insensitive region [100]. The resulting
spectra (open circles) are shown for the example of single π0 photoproduction on the
proton in Figure 6.106 and on the neutron in Figure 6.107. The effect of the drop
in the efficiency is clearly visible. Within the sensitive region of the gap between
the two detectors (indicated by the vertical black lines), the cross section exhibits a
large peak. The size of the effect is much more prominent for the reaction from the
proton than for the neutron, which can be seen in Figure 6.107, where the peak is
much less pronounced. This is a result of the different sizes of the electromagnetic
showers produced by protons and neutrons. Whereas neutrons as neutral particles
usually deposit their energy over several neighboring crystals, protons mostly lose
their energy in one or two crystals. As this has an effect on the resolution of the po-
sition reconstruction, the proton efficiency is more affected by the insensitive region
of the gap than the neutron efficiency.
In order to correct this effect, the points within the vertical black lines were removed
and the differential cross section were fit with a Legendre polynomial in the visible
angular range. In the analysis of the simulation, an additional weight corresponding
to a scale factor obtained from the ratio of the cross section value and the value
of the fit function, was applied to events where the proton polar angle in the lab
frame was within the insensitive regions. The successful result of the correction is
visualized by the filled triangles in Figures 6.106 and 6.107.
This correction factor was determined for every liquid hydrogen and deuterium beam-
time for all exclusive analyses of single and double π0 photoproduction. The correc-
tion factor of the liquid deuterium beamtime was also applied to the corresponding
deuterated butanol and carbon beamtime.

The effect was also investigated in the analysis of CBELSA/TAPS data for the
transitions from the Crystal Barrel detector to the Forward Cone and MiniTAPS
detectors, but was found to be absent.
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Figure 6.106: Correction of the gap between the Crystal Ball detector and
TAPS for single π0 photoproduction from quasi-free protons of the A2 liquid
deuterium beamtime from May 2009. Shown are uncorrected (open circles)
and corrected (filled triangles) differential cross sections as a function of the
proton polar angle in the lab frame. The gap between the detectors is indicated
by the vertical black lines.
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Figure 6.107: Correction of the gap between the Crystal Ball detector and
TAPS for single π0 photoproduction from quasi-free neutrons of the A2 liquid
deuterium beamtime from May 2009. Shown are uncorrected (open circles) and
corrected (filled triangles) differential cross sections as a function of the neutron
polar angle in the lab frame. The gap between the detectors is indicated by
the vertical black lines.
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6.10 Determination of the Photon Flux

For the measurement of cross sections, σ, precise knowledge of the photon flux Φ is
required. As the cross section is defined as:

σ =
Ṅ

n · Φ =
Ṅ

ρ · Ṅγ

, (6.28)

where Ṅ is the event rate and n is the number of reaction partners in the target of
surface density ρ = n/A and Ṅγ = Φ · A is the rate of incoming beam photons. In
order to allow for measuring counts instead of rates, the time information can be
integrated out and Equation (6.28) is given by:

σ =
N

ρ ·Nγ

. (6.29)

Therefore, the number of photons Nγ that impinged on the target has to be deter-
mined, instead of the flux. This requires knowledge of the number of electrons Ne−

that radiated a bremsstrahlung photon and the fraction of those photons εtagg that
reached the target. The first is given by the number of electrons that have been
detected by the tagging system and the latter is determined by means of a tagging
efficiency measurement:

εtagg =
Nγ

Ne−
. (6.30)

At A2, the tagging efficiency is determined with periodic measurements in be-
tween data taking. At CBELSA/TAPS, it can be constantly measured during the
dataruns. The following sections present the individual methods used at A2 and
CBELSA/TAPS for the determination of the number of photons Nγ that impinged
on the target.

6.10.1 Photon Flux Determination at A2

The magnetic field of the large tagger dipole magnet deflects electrons, that radiated
a bremsstrahlung photon, onto the focal plane detector, where their energy can be
deduced from the corresponding detector element (see Sections 2.2.1 and 5.2.11).
The number of electrons that were detected by a certain tagger channel is measured
with scaler modules. During the measurement, events are only recorded when the
data acquisition is available and not reading out information from the detectors.
Therefore, the electron scalers must be inhibited during the readout, i.e. during the
deadtime, in order to count the correct number of electrons Ne− . Typical tagger
lifetimes range from 25% with the old readout system to 70% with the new readout
system (depending on the experimental conditions).

As previously mentioned, tagging efficiency measurements were carried out reg-
ularly in order to determine the fraction of generated bremsstrahlung photons that
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Figure 6.108: Tagging efficiency measurements from three different exper-
imental conditions at A2. Black circles: December 2007 beamtime, electron
beam current of 10 nA, 4 mm collimator. Blue circles: February 2009 beam-
time, electron beam current of 5 nA, 4 mm collimator. Red circles: March
2015 beamtime, electron beam current of 10 nA, 2 mm collimator.

reached the target. Normal data taking is paused so dedicated runs of tagging effi-
ciency may be taken. For this purpose, the lead glass detector (see Section 2.2.6) is
moved into the beamline behind the TAPS detector in upstream direction to count
the beam photons for roughly 30 minutes. This is only possible, since the proba-
bility that the photon interacts with the target is almost negligible. The lead glass
detector is ideally suited for the tagging efficiency measurement, since it exhibits a
photon detection efficiency of nearly 100%, even though this is only valid for low
intensity beams. This is the reason that it is impossible to have an online tagging
efficiency measurement at the usual high intensities during an experiment. However,
the tagging efficiency primarily depends on the electron beam energy and the size of
the photon beam collimator, that was used to focus the beam onto the target, and
only weakly on the intensity of the photon beam. Therefore, it was assumed that
the tagging efficiency measurement at low beam intensities can also be applied to
high intensity beams. As the rate of tagger hits at low beam intensities is low, the
measurement is significantly influenced by background contamination from cosmic
radiation or from activated materials in the proximity of the tagging spectrometer.
To account for such background contributions, an additional measurement without
beam is carried out before and after the actual tagging efficiency measurement. The
average of both background measurements is then subtracted from the tagging effi-
ciency measurement. Figure 6.108 shows results of tagging efficiency measurements
from the three different beamtimes used in this work. The tagging efficiencies of the
same collimator diameter, but with half of the beam current are almost identical,
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Figure 6.109: Illustration of the determination of the time dependent tagging
efficiency at A2 obtained from the average values of the absolute values from
the tagging efficiency measurements (red stars) and the time dependent relative
values from (a) the P2 to tagger hit ratio from the May 2009 beamtime (black
circles) and (b) the π0X count rate measurement from the July 2013 beamtime
(black circles).

indicating that the differences between the typical A2 electron beam currents has no
strong influence on the tagging efficiency values. In contrast, the same beam current
but a collimator of half sized diameter lowers the tagging efficiency by roughly a
factor of two. This is reasonable, since the number of incident photons is propor-
tional to the cross section area of the photon beam. In principle, a two times smaller
collimator diameter would result in a four times smaller area and hence would lower
the tagging efficiency by a factor of four. However, after the passage through the
radiator, the photon beam is not parallel. Using a 4 mm collimator, the beam di-
ameter at the target is about 1.3 cm and for a 2 mm collimator the beam diameter
at the target is about 0.9 cm. Hence, the ratio of both areas is about two, which
corresponds to the observed difference of the tagging efficiency values.

The instability of the beam position and quality require a time dependent deter-
mination of the tagging efficiency. Even though the tagging efficiency measurements
were usually carried out periodically, i.e. once per day, this is not sufficient for an
appropriate normalization of the data. In order to monitor the tagging efficiency
during data taking, the P2 ionization chamber (see Section 2.2.7), which is perma-
nently installed in the beamline, was used. Since its signals are proportional to the
photon flux, the ratio of the registered hits to those in the tagger allow for a online
relative measurement of the tagging efficiency. The time dependent relative mea-
surement is then normalized to the n absolute tagging efficiency values. For every
run, the average ratio of the hits in the P2 ionization chamber to those in the tagger,
P2/tagger(t), was determined and a χ2 minimization was then used to normalize
the time (run) dependent relative values to the average of the absolute values εntagg
of all nc channels, as shown in Figure 6.109a. As this procedure was carried out
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Figure 6.110: Number of photons Nγ per energy bin that impinged on the
target. Left-hand side: Nγ as a function of the incident photon beam energy
Eγ. Right-hand side: Nγ as a function of the final state invariant mass W (see
Section 6.10.3). Results obtained from the May 2009 beamtime at A2.

with values that were averaged over all tagger channels, the channel dependency
was recalculated as follows. For every run, the value from the normalized P2/tagger
ratio, P2/tagger(t)norm, was taken as a reference value. From the n absolute tagging
efficiency measurements, the average value εtagg(c) for every tagger channel c and
also the global average εtagg of the tagging efficiency, was determined. The time and
channel dependent tagging efficiency is then given by the value of the normalized
P2/tagger ratio, multiplied by the average tagging efficiency of this channel, divided
by the global average tagging efficiency value:

εtagg(c, t) =
εtagg(c)

εtagg
· P2/tagger(t)norm , (6.31)

where the averages were determined as follows:

εntagg =
1

nc

nc∑

i=1

εntagg(i)

εtagg(c) =
1

n

n∑

i=1

εitagg(c)

εtagg =
1

nc

nc∑

i=1

εtagg(i) .

. (6.32)

For one of the deuterated butanol beamtimes (July 2013), the relative monitoring of
the tagging efficiency with the P2/tagger ratio was not possible since the P2 scalers
were not recorded in the data stream. For this reason, in order to reduce systematic
effects, the monitoring for all deuterated butanol beamtimes was done with the count
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rate measurement of inclusive single π0 photoproduction. As this reaction channel
offers the highest statistics, it was possible to achieve a statistically relevant count
rate value per run and a reliable alternative to the P2/tagger ratio, as shown in
Figure 6.109b.
In the analysis, the number of incident beam photons Nγ(c) that correspond to a
certain tagger channel c are then determined as follows: for every run, the number
of detected electrons Ne−(c, t) of every tagger channel c are multiplied with the
corresponding tagging efficiency value εtagg(c, t). Subsequent integration over the
time (runs) yields the number of photons per tagger channel that impinged on the
target:

Nγ(c) = Ne−(c) · εtagg(c) . (6.33)
The obtained spectrum needs to be converted from photons per tagger channel to
photons per bin of incident photon energy Eγ. Thereby the energy binning of the
photon count spectrum was chosen to be identical to those used for the extraction
of the results, to allow for a direct normalization of the results. For this purpose,
the counts per tagger channel were converted to counts per energy bin by means of
the bin-overlap method [206], which properly takes the finite and individual energy
bin sizes of the tagger channels into account. A typical example of such a resulting
spectrum is shown on the left-hand side of Figure 6.110.

6.10.2 Photon Flux Determination at CBELSA/TAPS

The determination of the number of photons that impinge on the target at the
CBELSA/TAPS experiment is similar to that discussed at A2 in Section 6.10.1.
The main difference is that it can be measured with the Gamma Intensity Monitor
(GIM) (see Section 2.5.7) during data taking. However, the high beam intensities
can lead to saturation of the detectors or the electronics. At high beam intensities,
background contributions in the tagger from activated materials or cosmic radiation
can be neglected, but the sample is contaminated with random electron hits in the
tagger that have to be properly subtracted.
The determination of the number of photons that impinged on the target is based
on the number of photons that were reconstructed out of the electrons that were
detected in the tagging spectrometer (see Section 4.2.1). Due to the high beam in-
tensities, this number contains true bremsstrahlung photons and also misidentified
photons from random electron hits in the tagger. Furthermore, an additional re-
duction of the available photons results from the collimation of the photon beam.
The determination of the correct number of photons that impinged on the target
therefore requires a slightly different method than used at A2, which was described
in Section 6.10.1.
The number of reconstructed beam photons N∆t (see Section 4.2.1) were counted
within a certain time window ∆t outside of the coincidence peak in their time spec-
trum in order to avoid influences of the trigger to the measured photon distribution.
The fraction of photons of the initial sample, that do not stem from the recon-
struction of random background electrons or were stopped by the collimator, can be
determined with the tagging efficiency measurement. For this purpose, the GIM is
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Figure 6.111: Tagging efficiency measurements (left-hand side) and GIM
efficiency (right-hand side) of four different experimental conditions at
CBELSA/TAPS. Black circles: November 2008 beamtime, electron beam cur-
rent of 0.2 nA, 4 mm collimator. Blue circles: December 2008 beamtime,
electron beam current of 0.3 nA, 4 mm collimator. Red circles: January 2011
beamtime, electron beam current of 0.7 nA, 4 mm collimator. Green circles:
December 2008 beamtime, electron beam current 0.3 nA, 7mm collimator.

used, which is located in the photon beam at the end of the beamline and constantly
counts the impinging photons. After a side-band analysis of the tagger-GIM time
spectrum, the comparison of the coincident hits between the GIM and tagger with
the total amount of tagger hits yields the tagging efficiency:

εtagg =
Ntagger-GIM

Ntagger
. (6.34)

Figure 6.111a shows the tagging efficiencies εtagg for four different settings using dif-
ferent electron currents and collimators. As seen in the A2 results in Figure 6.108,
the tagging efficiency depends more on the size of the collimator than on the electron
beam current.
However, an additional correction is necessary, since the intensity of the beam is

already at the upper limit for a reliable measurement with the GIM. Due to the
high rates, the electronics of the GIM (mainly the CFDs) became saturated over
time, which resulted in a loss of detected photons. For this reason, the GIM effi-
ciency, εGIM, was determined with the FluMo (see Section 2.5.7) and then used to
correct the tagging efficiency. The measured GIM efficiencies (that correspond to
the tagging efficiencies shown in Figure 6.111a) are shown in Figure 6.111b. It is
clearly visible that with higher beam intensities the GIM efficiency decrease due to
increasing saturation of the electronics, mainly of the discriminators. The latter are
also responsible for the low efficiency at low photon energies, whereas at higher pho-
ton energies threshold effects can not contribute anymore. Due to the comparable
high rates during the January 2011 beamtime, the thresholds of the GIM had to be
increased in order to avoid immediate saturation. This resulted in an even stronger
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Figure 6.112: Number of photons Nγ per energy bin that impinged on the
target. Left-hand side: Nγ as a function of the incident photon beam energy
Eγ. Right-hand side: Nγ as a function of the final state invariant mass W
(see Section 6.10.3). Results obtained from the December 2008 beamtime at
CBELSA/TAPS.

decrease of the GIM efficiency at low photon energies, as can be seen in Figure 6.111b.

At this point, the true number of photons that impinged on the target during
the time interval ∆t can be determined. However, a proper normalization requires
knowledge of the number of photons that reached the target within the time interval,
tlive, when the events were recorded. The conversion from time interval ∆t to the
lifetime tlive can be carried out with the information from the tagger scalers that
count the events Nscaler when the system is not busy. The conversion factor is then
given by:

c∆t→tlife =
Nscaler

N∆t

. (6.35)

Additionally, beamtimes were corrected for deadtime if they included the Cherenkov
detector in the setup. Since it is located in the forward region between the Crystal
Barrel detector and MiniTAPS, it receives very high rates and exhibits a non neg-
ligible deadtime of 5% (deuterated butanol and carbon beamtimes) and 8% (liquid
hydrogen and deuterium beamtimes) which is not considered in the system.

Finally the integrated photon flux, i.e. number of photon that impinged on the
target within the lifetime tlife for a given energy bin ∆Eγ can be calculated as:

Nγ(∆Eγ, tlife) = Nγ(∆Eγ,∆t) · εtagg(∆Eγ) ·
c∆t→tlife

εGIM(∆Eγ)
. (6.36)

An example distribution of the obtained photon flux is shown on the left-hand side
in Figure 6.112.
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6.10.3 Determination of the W-dependent Flux

The photon flux determined with Equations (6.33) or (6.36) provides the number of
photons of an energy Eγ within an energy interval (energy bin) ∆Eγ that impinged
on the target during the time when the events were recorded. This ensures a proper
normalization used for the extraction of cross sections as a function of Eγ. However,
the extraction of normalized cross sections as a function of the final state invariant
mass W is different. In the case of free targets (such as liquid hydrogen), the target
nucleon is at rest and the results as a function of Eγ can directly be converted toW by
using Equation (6.13). In the case of quasi-free targets, a reaction at a given incident
photon energy Eγ does not correspond to a specificW , according to Equation (6.13),
but rather to a distribution around this value, as shown in Figure 6.113. It can be
seen that as the integral of each curve corresponds to the number of photons of the
energy bin ∆Eγ, the integrals are decreasing with higher energy, reflecting the 1/Eγ
bremsstrahlung spectrum.4.9. Photon flux normalization 131
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Fig. 4.35: Contributions of three single tagger channels to the W -dependent
photon flux (neutron as participant): Solid lines: photon flux contributions. Dashed
lines: values of W =
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n of the tagger channels. Data from May 2009
beamtime.

resulting spectrum is shown on the left-hand side of figure 4.34. The two bins
with notably less counts compared to the other ones are caused by broken tagger
channels that are omitted from the analysis. The energy binning of this histogram
matches the binning of the excitation function histograms and thus the latter can
be easily divided by the flux to achieve the normalization to cross sections.

4.9.3 W -dependent flux
The calculation of the W -dependent flux needs slightly more e�ort compared
to the E“-dependent one. The flux N“(c) representing the number of photons
corresponding to a tagger channel c has to be converted to N“(W ), namely the
number of possibilities to reach a certain W in the kinematics. It is clear that
in the participant-spectator model the Fermi momentum distribution inside the
deuteron has to be taken into account for the calculation of N“(W ). The algorithm
developed for this purpose is shown in figure 4.36 represented by pseudocode. The
basic idea is to calculate the W -distribution for each tagger channel by sampling
a large number of possible W -values using the photon energy of the channel
and the deuteron Fermi momentum distribution. The resulting distributions are
normalized and added up to the final N“(W )-distribution.

First, an empty histogram is initialized with the same binning as used in the
excitation functions depending on W . This ensures a straight-forward normaliza-

Figure 6.113: Illustration of the contributions of three individual tagger
channels to the W-dependent photon flux in quasi-free kinematics (reaction
on the proton, neutron treated as spectator). Solid lines: contributions to
the photon flux. Dashed lines: corresponding W values in free kinematics
according to Equation (6.13). Taken from [100].

The determination of the photon flux for energy intervals ∆W is based on a
sampling method. For every initial energy bin ∆Eγ and corresponding number of
photonsNγ(c), a certain amount of events n are sampled and according to a randomly
chosen Fermi momentum ~pF , the corresponding W value is calculated. For every
event, the obtained W value is filled in a histogram and weighted with Nγ/n to
ensure conservation of the normalization. Thereby, as for the Eγ-dependent photon
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flux, the W histogram was also filled with the bin-overlap method.
The resulting photon flux as a function of W is shown on the right-hand side of
Figures 6.110 and 6.112. Both distributions were obtained by applying the sampling
method to the Eγ dependent photon flux on the left-hand side of each figure. The
effects from Fermi motion are visible. Structures such as broken tagger channels and
sharp edges at low and high energies are smeared out.

6.11 Determination of the Polarization Values

For the extraction of polarization observables from the deuterated butanol data,
precise knowledge of the time dependent degree of polarization of the longitudinally
polarized electron beam and the longitudinally polarized target is required. Fur-
thermore, since the longitudinally polarized electrons transfer their polarization to
circularly polarized photons, the photon beam polarization has to be extracted ac-
cording to Equation (2.5), derived from Olsen and Maximon [133]. The next section
present the methods that were used to determine the degree of beam and target
polarization required for the analysis.
Only the product of the photon and target polarization has to be considered for
the calculation of the double polarization observable E (see Equation (6.47)). In
the analysis, this is realized by weighting the events with the inverse product of the
two polarizations, i.e. 1/(pγ · pT ). Therefore, the statistical quality of the results is
directly related to the size of the product of the two polarization degrees. For this
reason, in the following, the determination of the photon and target polarization will
be discussed separately, but the final polarization valued will be compared next to
each other to allow for an immediate statement of their influence on the results.

6.11.1 Determination of the Photon Beam Polarization

As discussed in Section 2.7.2, the electron beam polarization can be determined from
either a Mott or a Møller measurement. Whereas the Mott measurement is usually
carried out near to the electron source, the Møller setup is located in the experimental
hall next to the tagging spectrometer. As in general, the electron beam polarization
is not conserved during the different accelerator stages of the beam, it is preferred
to perform the measurement of the polarization with the Møller setup at the final
stage, i.e. close to the radiator. At ELSA, Mott measurements were not used at all
for the determination of the beam polarization, since the ramping of the magnets
during the different accelerator stages strongly affects the beam polarization. For
this reason, the beam polarization at CBELSA/TAPS was determined only with the
Møller measurement. However, the microtron cascade at MAMI provides a very sta-
ble and highly continuous beam, which conserves the degree of beam polarization to
a high degree. This allows for the measurement of the beam polarization with Møller
and Mott measurements. The Mott measurement is performed at a beam energy of
3.65 MeV. With increasing energy, the beam starts to exhibit a non-negligible trans-



6.11. Determination of the Polarization Values 289

run number
50000 50100 50200 50300 50400

/1
00

γP

0.5

0.6

0.7

0.8

0.9

1

Mott

Moeller

Mott fitA2

Figure 6.114: Example of the extraction of the electron beam polarization
from the Mott measurements for the different dataruns of the July 2013 beam-
time at A2. Black dots: electron polarization obtained from the online Møller
measurements. Red stars: electron polarization obtained from the daily Mott
measurements. Green line: fit of the Mott results, used for the extraction of
the polarization values.

verse component of the polarization which influences the measurement. Therefore, a
correction factor k = 1.0551 was applied to adapt the polarization value to the high
energies used in the experiment.

The Mott measurement for a MAMI angle of φMAMI = 81◦ was normally per-
formed once a day by the MAMI operators, which then provided the values of the
measured asymmetry. To reduce systematic uncertainties, the measurement was
carried out with and without the λ/2 plate (see Section 2.7.1), resulting in two val-
ues for the asymmetry. From the asymmetries, AMott, the resulting electron beam
polarization is then given by:

Pe− =
AMott

sin(φMAMI) · 0.3930
· k , (6.37)

from which the mean value was taken as the degree of electron beam polarization
for the analysis. Table 6.9 gives an example of the measured asymmetries Amott and
the resulting beam polarization.

In contrast to the Mott measurement only performed at MAMI, at A2 and
CBELSA/TAPS, the Møller measurement was carried out in parallel to the data
taking as the Møller foil was permanently used as a radiator. This allows for a per-
manent monitoring of the electron beam polarization. However, at CBELSA/TAPS,
a Møller polarimeter is used for the measurement and at MAMI, the measurement is
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Asymmetry Amott [%] Electron beam
Measurement # with λ/2 plate without λ/2 plate polarization Pe− [%]

1 -31.522 ± 0.267 +31.001 ± 0.256 84.975 ± 0.711
2 -31.525 ± 0.067 +31.278 ± 0.065 85.356 ± 0.179
3 -31.541 ± 0.070 +31.290 ± 0.068 85.394 ± 0.188
4 -30.964 ± 0.266 +31.323 ± 0.256 84.654 ± 0.709
5 -31.782 ± 0.258 +31.056 ± 0.251 84.995 ± 0.692
6 -31.818 ± 0.265 +31.033 ± 0.260 85.421 ± 0.714
7 -30.721 ± 0.271 +31.196 ± 0.266 84.151 ± 0.730

Table 6.9: Example of the calculation of the degree of the electron beam
polarization from the measured Mott asymmetries. Values from July 2013
beamtime at A2.

carried out with the tagging spectrometer. As a consequence, the statistical errors of
the measurement at A2 are rather large, especially compared to those from the Mott
measurement. The electron polarization at A2 resulting from the Mott (see Table
6.9) and Møller measurements are shown in Figure 6.114. It shows the large statisti-
cal uncertainties of the Møller (black dots) compared to the Mott measurement (red
stars), as well as the high stability of the electron beam polarization. Both results
are compatible, but the Mott measurement is of higher precision. In order to obtain
the time dependent electron beam polarization the Møller results were omitted and
the Mott results were fit with a linear function (green line).
At CBELSA/TAPS, the precision of the Møller measurement is sufficient for the
determination of the electron beam polarization, as illustrated in the left-hand side
figure of Figure 6.116. In addition, the instability of the beam due to the ramping
and extraction methods does not allow for an extrapolation of daily measurements.
Therefore, the electron beam polarization at the A2 experiments was determined by
a linear fit of the daily Mott measurements (as shown in Figure 6.114), whereas at
CBELSA/TAPS, it was taken from the online Møller measurements. The resulting
and final electron beam polarization used for the analysis of the A2 data is presented
on the left-hand side of Figure 6.115 and for the analysis of CBELSA/TAPS data on
the left-hand side of Figure 6.116. Shown are the electron beam polarization values
as a function of an arbitrary run number for all analysed beamtimes (distinguished
by colors). From the final values, a degree of polarization was assigned to every run,
which was then available for the analysis.

In the analysis, the degree of photon polarization was determined event by event
from the Olsen Maximon formula [133] (Equation (2.5)) and the corresponding in-
cident photon energy. This formula describes the degree of circular polarization Pγ
of a bremsstrahlung photon of energy Eγ after being radiated from a longitudinally
polarized electron of energy Ee− and polarization Pe− :

Pγ = Pe− ·
4x− x2

4− 4x+ 3x2
, (6.38)
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Figure 6.115: Final electron beam and target polarization values per run
used in the A2 analysis of the July 2013 (red), February 2014 (blue) and March
2015 (green) beamtimes. Left-hand side: absolute electron beam polarization
obtained from a linear fit of the individual contiguous Mott measurements.
Right-hand side: gray dots: absolute target polarization obtained from the
individual start and end values from NMR measurement and subsequent fitting
with an exponential function. Colored dots: final values, i.e. gray values
normalized with the polarization correction values and the d-wave contribution.

0 500 1000 1500

30

40

50

60

70

80

90

-eP

CBELSA/TAPS

0 500 1000 1500

30

40

50

60

70

80

90

TP
0 500 1000 1500 0 500 1000 1500

30

40

50

60

70

80

90

Run [a.u.]

P
ol

ar
iz

at
io

n 
[%

]

Figure 6.116: Final electron beam and target polarization values per run used
in the CBELSA/TAPS analysis of the January 2011 (red) and June 2011 (blue)
beamtimes. Left-hand side: absolute electron beam polarization obtained from
the online Møller measurement. Right-hand side: absolute target polarization
obtained from the individual start and end values from NMR measurement
and subsequent fitting with an exponential function.
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Figure 6.117: Photon polarization as a function of the incident photon energy
for the July 2013 beamtime from A2 (left-hand side) and for the January 2011
beamtime from CBELSA/TAPS (right-hand side). Black fit lines: correspond-
ing Olsen Maximon formulae for an electron beam energy of Ee− = 1557 MeV
and an electron beam polarization of Pe− = 83% for A2 (left-hand side) and
for Ee− = 2350 MeV and Pe− = 63% for CBELSA/TAPS (right-hand side).

where x = Eγ/Ee− . The left-hand side of Figure 6.117 illustrates the photon polar-
ization of one beamtime at A2 (July 2013) and the right-hand side of one beamtime
at CBELSA/TAPS (January 2011). In addition, the measured distributions are com-
pared to the theoretical formula (dotted black line) for the maximum electron beam
energy of Ee− = 1557 MeV and mean polarization Pe− = ±83% for A2 and the max-
imum electron beam energy of Ee− = 2350 MeV and mean polarization Pe− = ±63%
for CBELSA/TAPS. The distributions of the obtained photon polarizations of all
runs at A2 are depicted on the left-hand side of Figure 6.124 and of all runs at
CBELSA/TAPS on the left-hand side of Figure 6.125.

6.11.2 Determination of the Target Polarization

In contrast to the electron beam polarization, the target polarization can not be
measured during data taking, as it requires a special setup for the NMR measure-
ment. Hence it was measured before the experiment, once the target was polarized.
Depending on the relaxation time of the target, the experiment was interrupted to
allow for repolarization of the target or for changing the direction of polarization.
The polarization was then remeasured before and after the repolarization process.
From these measurements, start and end values of the target polarization were avail-
able, from which the corresponding values of the individual runs were extracted. For
this purpose, the exponential decay of the polarization was used to calculate the
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polarization P at a time t:

P (t) = Pstart · exp

(
−∆t

τ

)
, τ =

∆t

ln
(
Pstart
Pend

) , (6.39)

where Pstart is the initial polarization and Pend the final polarization, ∆t = tend −
tstart the time difference between the two measurements, and τ the corresponding
relaxation time. The resulting target polarization values for all beamtimes (gray
dots) at A2 are shown on the right-hand side of Figure 6.115 and for CBELSA/TAPS
on the right-hand side of Figure 6.116. It can be seen that the relaxation times
of the target at CBELSA/TAPS are much shorter than at A2 due to the lower
temperatures at A2 (see Section 2.8.2) that maintain the polarization. Therefore,
at CBELSA/TAPS, repolarization was necessary almost every second or third day
(τCBELSA/TAPS ≈ 340h), whereas at A2 (τA2 ≈ 2000h), repolarization was normally
combined with changing the direction of polarization.

6.11.3 Target Polarization andMagnetic Field Inhomogeneities
at A2

The photon beam and target polarization values shown in Figures 6.115 for A2 and
6.116 for CBELSA/TAPS were the basis for the analysis of A2 and CBELSA/TAPS
data for the extraction of the polarization observable E and the helicity dependent
cross sections σ1/2 and σ3/2. During the analysis of η photoproduction from polar-
ized nucleons, which was the subject of the PhD thesis of Lilian Witthauer [173],
significant differences between the results for E from CBELSA/TAPS and A2 were
observed. Having isospin I = 0, the η meson has the special characteristics that it
acts as isospin filter, i.e. can only originate from an intermediate N∗ resonance of
isospin I = 1/2 and not from ∆ resonances of isospin I = 3/2. This immediately
reduces the possible resonances that contribute to η photoproduction cross sections.
In addition, for the first few hundred MeV above threshold (∼ 630 MeV), the exci-
tation spectrum is dominated by the contribution of the N(1535)1/2−. Due to this
dominant contribution, η photoproduction acts as a key reaction concerning helicity
dependent cross sections. As resonances with total angular momentum J = 1/2
can only contribute to σ1/2, the helicity dependent cross section σ3/2 is expected
to be negligible in the first energy range above the production threshold. Nuclear
effects such as final state interactions could have an influence on the result, but the
comparison of the free and quasi-free η photoproduction cross sections [207, 208]
excludes such effects. Therefore, since σ3/2 should not contribute in the region of the
N(1535)1/2− and the double polarization observable is defined as the asymmetry
of the helicity dependent cross sections, i.e. E = (σ1/2 − σ3/2)/(σ1/2 + σ3/2), E is
expected to be one at threshold.

The results of the analysis from the CBELSA/TAPS data confirm the expecta-
tions, as shown in Figure 6.118. Within the statistical errors, the double polarization
observable E is one at threshold and with emerging contributions from resonances of
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Figure 6.118: Double polarization observable E for η photoproduction from
polarized nucleons from CBELSA/TAPS. Left-hand side: E as a function of
W for the exclusive reaction γp → ηp. Right-hand side: E as a function of
Eγ for the inclusive reaction γn → η(n). “vers1”(“vers2”) was extracted using
Equation (6.57) ((6.56)). Figures taken from [173].
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Figure 6.119: Double polarization observable E for η photoproduction from
polarized nucleons from A2 obtained with the measured target polarization
values (gray dots in Figure 6.115). Left-hand side: E as a function of W for
the exclusive reaction γp → ηp. Right-hand side: E as a function of W for
the exclusive reaction γn→ ηn. “vers1”(“vers2”) was extracted using Equation
(6.57) ((6.56)). Figures taken from [173].
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Figure 6.120: Example of the investigation of the asymmetry of the two
photon helicity states. Left-hand side: February 2014 beamtime from A2.
Right-hand side: January 2011 beamtime from CBELSA/TAPS. Red line: av-
erage asymmetry A. Whereas the asymmetry at CBELSA/TAPS is negligible,
that from A2 is one order of magnitude larger and hence considered in the
analysis. Adapted from [173].

higher total angular momentum, starts to decrease. However, the equivalent analysis
of the dataruns from A2 within the same work [173] were significantly lower than
those from CBELSA/TAPS, as shown in Figure 6.119.
Several elaborate investigations excluded systematic errors in the general analysis
procedure. Furthermore the same analysis was as well used for the extraction of the
results from the CBELSA/TAPS data. An initially very promising explanation was
found in the asymmetry of the helicity states of the photon. The direction of the tar-
get polarization was changed manually and it was discussed in Section 2.7.1, that the
spin orientation of the electron and the photon beam depends on the helicity of the
laser light with switches from positive to negative at a frequency of 0.5 Hz. Hence,
one could assume that both helicity states are equally represented in the data. How-
ever, investigations of the raw photon helicity revealed a non-negligible asymmetry
between the two states at A2 compared to CBELSA/TAPS. The resulting asymme-
try A of both helicity states as a function of the time (run) is shown in Figure 6.120,
on the left-hand side for A2 and on the right-hand side for CBELSA/TAPS. It is
clearly visible that the asymmetries of the A2 data are on the order of one magnitude
larger than the CBELSA/TAPS data, even though both asymmetries are below the
1% level. However, taking this asymmetry into account did not show any difference
which, after all, is rather reasonable. At threshold, the double polarization observ-
able almost purely consists of antiparallel beam target spin configurations (σ1/2) and
hence an asymmetry below 1% is negligible.

The agreement of the extracted beam helicity asymmetry I� for 2π0 photopro-
duction with published data [56] excluded errors in the determination of the beam
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6. Polarisationsuntersuchungen
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Figure 6.121: Schematic illustration of the influence of magnetic field inho-
mogeneities on the polarization frequency ν. Depending on the local magnetic
field, a certain Larmor frequency is required for the polarization transfer within
the DNP process (see Sections 2.8.3 and 2.8.2). Shown are the resonance peaks
at two different locations at different magnetic field values. Whereas the same
frequency ν might meet the resonance condition at one location, it is off by a
value ∆ν from the other resonance position.

polarization such that finally the determination of the target polarization was ques-
tioned. A comparison of the results from CBELSA/TAPS (see Figure 6.118) and
A2 (see Figure 6.119) showed that if the target polarization was the reason for the
discrepancy, it must be off by a factor of 1.5.

In the beginning it was suspected that the photon beam induced e+e−-pair pro-
duction locally heated up the target in the inner part where it is penetrated by
the photon beam. This so-called beam heating process is known to lower the target
polarization at least at high photon fluxes locally [209]. However, at typical photo-
production measurements, the photon flux is a few orders smaller and this behavior
was not really expected. Nevertheless, as the target polarization was measured with
a surface coil (see left-hand side of Figure 2.35) at the surface of the target mate-
rial, but the reactions occurred around the target axis, an inhomogeneous polarized
target would definitely be able to explain the observed discrepancies. It must be
understood however, why the problem was only observed at A2 and how it could
be corrected. For this reason, the local dependence of the target polarization of
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the A2 Frozen Spin Target was investigated within a bachelor thesis’ work [158].
During the March 2015 beamtime, a series of investigations were carried out where
an additional in-beam coil (see right-hand side of Figure 2.35) with the surface coil
was used in order to have a reference value of the NMR measurement. This new
NMR setup was capable of measuring effects from polarization inhomogeneities due
to beam heating or other processes. It was observed that based on the measured
start and end polarization values, beam heating did not occur within the systematic
uncertainties of the polarization measurement. Nevertheless, the comparison of the
obtained polarization values from the surface and the in-beam coil revealed inhomo-
geneities in the target polarization. Those were not induced by beam heating, but
rather from inhomogeneities of the magnetic field and the consequentially locally
dependent Larmor frequency of the material. The situation is depicted in Figure
6.121. It was found that with increasing frequency, the difference between surface
and in-beam polarization decreased, which requires the magnetic field to be higher
at the surface than inside. A calculation of the magnetic field inhomogeneity based
on the polarization difference revealed even larger inhomogeneities than experimen-
tally determined within a former measurement [210]. However, it was concluded that
the size of the magnetic field inhomogeneities result in a locally dependent nuclear
Larmor frequency. Since this was not known for the July 2013 and February 2014
beamtime and only one frequency was applied, it resulted in a lower target polar-
ization in the target center than on the surface where the target polarization was
measured. Furthermore, the size of the effect is large enough to explain a discrepancy
on the order of the observed factor of 1.5.

This explanation is also in agreement with the absence of the problem at CBELSA/
TAPS as the polarization magnet of the latter exhibits a much higher level of field
homogeneity [211]. Finally, it also explains why the problem was not observed in A2
experiments on polarized protons in butanol. Due to the narrower NMR signal of
the trityl doped deuterated butanol (see Section 2.8.2) it is more sensitive to field
inhomogeneities than TEMPO doped butanol which has a rather broad NMR signal.
Doping deuterated butanol with TEMPO could partially solve the inhomogeneous
target polarization, but would not allow for high target polarizations.
Unfortunately, as the inhomogeneous magnetic field of the past beamtimes can not
be redetermined and the resulting inhomogeneity of the polarization depends on the
applied frequency, a method for the correction of the target polarization values was
not feasible. While the reason for the problem was found after the first investigation
in the March 2015 run, the inhomogeneity of the magnetic field could partially be
restored in the second half of the beam time. This resulted in much lower differences
of the polarization at the surface compared to the target center. However, this does
not imply that the difference in between is of the same size. Therefore, the only
possibility for the correction of the target polarization value was to scale it such that
the double polarization E of η photoproduction from protons and neutrons is one at
threshold.

Unfortunately, the statistics of the individual A2 beamtimes was not sufficient
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Figure 6.122: Illustration of the procedure used for the determination of
the relative target polarization scale factors of the individual A2 beamtimes
that were required due to the inhomogeneous magnetic field. Shown is the
normalized average asymmetry of the parallel (antiparallel) (P ) ((A)) photon
and target spin states as a function of the dataruns (arbitrary run numbers) as
obtained from the weighted mean of exclusive single π0 photoproduction from
quasi-free nucleons. Solid lines: mean asymmetries. Dashed lines: median
values.

for the determination of the scale factor and was only possible with the combined
statistics of all beamtimes. For this reason, the analysis of single π0 photoproduc-
tion within this work was used to determine a relative scale factor crel for the target
polarizations that ensures a comparable relative value of the individual target polar-
izations. Next, the absolute normalization factor cabs was then determined from the
investigation of the double polarization observable E of η photoproduction in the
threshold region [173] such that the final corrected target polarization as used for
the extraction of the results was given by Pabs = Pmeas/crel/cabs.

Due to the much higher cross section of single π0 photoproduction, it was pos-
sible to determine a time (run) dependent average asymmetry of the parallel and
antiparallel photon target spin configurations, i.e. (P − A)/(P + A)/pe−/pT , using
the number of events of parallel (P) and antiparallel (A) configuration, the electron
beam polarization pe− , and the target polarization pT . Thereby, the asymmetry in
the photon helicity (see Figure 6.120) was already determined and corrected for. The
resulting time dependent asymmetry is shown in Figure 6.122. Shown is the average
asymmetry obtained from the weighted average from the exclusive single π0 analysis
on the quasi-free proton and neutron as a function of an arbitrary run number. The
different colors represent the different beamtimes, i.e. the different intervals which
were based on the same target polarization measurement. It is clearly visible that
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Target Polarization [%]
Beamtime

Pmeas Prel = Pmeas/crel Pabs = Pmeas/crel/cabs
crel cabs

July 2013 62 62 41 1 1.5
February 2014 -55 -55 -37 1 1.5
March 2015 I -57 -61 -40 0.939717 1.5
March 2015 II 55 71 47 0.77843 1.5

Table 6.10: Overview of the correction of the target polarization values of
the individual beamtimes. The measured target polarization, Pmeas, was rel-
atively scaled to Prel with a scale factor crel such, that for all beamtimes the
average asymmetry (Figure 6.122) of single π0 photoproduction was in agree-
ment. Subsequently the absolute scale factor cabs (determined from the double
polarization observable E in η photoproduction from polarized nucleons [173])
was applied to achieve the final absolute normalization. Pabs corresponds to
the final corrected target polarization as applied in the analysis (see Figure
6.124 or colored dots in the right-hand figure of Figure 6.115).

the July 2013 (red) and February 2014 (blue) beamtime were already in agreement
with each other, which is reasonable as they were based on an identical target polar-
ization setup and measurement. Note that in order to solve the problem, the target
polarization used in the analysis for the July 2013 and February 2015 beamtime must
be wrong (and too high) by a factor of 1.5, which means that the correct average
asymmetry should be larger than that achieved in Figure 6.122.

The first part of the March 2015 beamtime (orange) was used to investigate the
problem. During this beamtime, the polarization was not only measured on the
surface, but also in the center, and an average polarization value of the two mea-
surements was provided [211]. In contrast, for the July 2013 and February 2014
beamtimes, the applied polarization value stem from the surface coil measurement.
Therefore, in the first part of the March 2015 beamtime (since the problem was not
yet discovered, but the resulting polarization value was the average of the surface
and center measurement) an improvement was already visible. The situation fur-
ther improved in the second part of the March 2015 beamtime (magenta), where the
difference of the polarization inside and on the surface of the target was minimized
by finding the best frequency of the microwave radiation, which was used for the
polarization transfer from the electrons to the deuterons (see Section 2.8.2). A com-
parison of the average asymmetry from July 2013 or February 2014 with that from
the second part of March 2015 yields a relative difference of 0.02934/0.02284 = 1.28
which is an improvement of about 52%. For the relative normalization of the target
polarization values of the individual beamtimes, the two parts of the March 2015
beamtime were scaled to those from July 2013 and February 2014 such that the
overall results should be off by a factor of 1.5, independent of the beamtime. Table
6.10 gives an overview of the obtained scale factors for the target polarizations and
the final time (run) dependent target polarization values Pabs used in the analysis for
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Figure 6.123: Double polarization observable E for η photoproduction from
polarized nucleons from A2 as obtained with scaled target polarization values
Pabs. Left-hand side: E as a function of W for the exclusive reaction γp →
ηp(n). Right-hand side: E as a function of W for the exclusive reaction γn→
ηn. “vers1”(“vers2”) was extracted using Equation (6.57) ((6.56)). Figures
taken from [173].

the extraction of the results. The results are shown on the right-hand side of Figure
6.115 (colored dots).

Figure 6.123 presents the final result of the double polarization observable E from
η photoproduction from polarized protons (left-hand side) and neutrons (right-hand
side) from the A2 data. The results were obtained by applying the relative target
scale factor crel to the individual beamtimes. Subsequently, the weighted average of
the double polarization observable E from all beamtimes was used to determine the
absolute scaling factor cabs = 1.5 such that E is one in the threshold region. Good
agreement between the results from A2 and CBELSA/TAPS was achieved.
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6.11.4 Final Photon Beam and Target Polarization

The distributions of the final photon beam and target polarization values are pre-
sented in Figure 6.124 for A2 and in Figure 6.125 for CBELSA/TAPS.
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Figure 6.124: Final polarization values as used in the A2 analysis. Left-hand
side: photon polarization. Right-hand side: target polarization (corrected, not
measured values). Red histograms: July 2013 beamtime. Blue histograms:
February 2014 beamtime. Green histograms: March 2015 beamtime.
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Figure 6.125: Final polarization values as used in the CBELSA/TAPS analy-
sis. Left-hand side: photon polarization. Right-hand side: target polarization.
Blue histograms: January and June 2011 beamtimes combined.
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6.12 Estimation of the Free Neutron Cross Section

The analysis described in the previous sections allows for the extraction of cross
sections for photoproduction from free protons from liquid hydrogen targets and
quasi-free protons and neutrons bound in the deuteron. Due the non-existence of
free neutron targets, the cross section for photoproduction from free neutrons can
not be measured. However, an estimate of the free neutron cross section requires the
elimination of nuclear final state interaction (FSI) effects from the quasi-free result,
which can be deduced from a comparison of the free to quasi-free proton data.
As detailed model descriptions about FSI effects for protons and neutrons are not
yet available, the only possibility for an estimation of the latter is to assume that
the effects are similar for protons and neutrons. Such approximations were applied
in previous analyses [68] and it is known from model results of other reactions [77,
82] that such approximations seem to be reliable. An exception are the cases where
the relative momenta between the two final state nucleons are small, which is the
case at very forward angles of the meson system. Within this approximation and the
knowledge of the free σf(γp) and quasi-free σqf(γp) cross sections from the proton,
the FSI effects in the quasi-free neutron cross section σqf(γn) can be corrected via

σf(γn) = σqf(γn) · σf(γp)
σqf(γp)

. (6.40)

Thereby it has to be noticed that the measured quasi-free cross section (as determined
from the initial state) is influenced by Fermi motion or (if reconstructed from the
final state according to Equation (6.14)) is affected by the experimental resolution.
This leads to artifacts in the ratio of the free to quasi-free proton cross section and
consequently and also in the estimated free neutron cross section. However, this
problem can be circumvented by folding the free proton cross section with either
Fermi motion or with experimental resolution, as shown in Figure 6.126. Shown are
the free cross sections as prepared for the estimation of the neutron FSI correction
used in the analysis of single π0 photoproduction (left-hand side) and double π0

photoproduction (right-hand side).

In this work, different methods were applied for the extraction of the free neutron
cross section of single and double π0 photoproduction since the analyzed data only
allowed for the extraction of the free double π0 cross section from the proton. How-
ever, the single π0 cross section on the free proton is well known from measurement
and theory. Thus, the γp→ π0p multipole solution of the SAID partial wave analysis
[212] (dashed line on the left-hand side of Figure 6.126) was used for the free cross
section on the proton and was compared to the measured quasi-free cross section. As
previously mentioned, depending on the reconstruction, quasi-free data is influenced
by Fermi motion or by experimental resolution. A reasonable estimation of the FSI
correction for the neutron requires folding the free cross section with either of them.
Since the SAID model provides user-defined energy and angular resolution, it was
possible to fold it with experimental resolution and therefore, it does not rely on an
appropriate parametrization of the corresponding Fermi model. For this purpose,
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Figure 6.126: Illustration of the preparation of free cross sections for the ex-
traction of the free neutron cross section. Left-hand side: single π0. Solid line:
SAID γp→ π0p [212]. Dashed line: SAID γp→ π0p folded with experimental
resolution. Right-hand side: double π0. Open circles: Free γp → π0π0p cross
section. Dashed line: free γp→ π0π0p cross section folded with Fermi motion.
Double π0 results obtained from A2 data.

the differential cross section data of the SAID solution was used as weight in the
analysis of the simulation. Thereby the simulation was only used for the calculation
of the final state invariant mass W and the corresponding polar angle of the neutral
pion cos(θ∗π0). For every generated value of W and cos(θ∗π0), the corresponding value
of the SAID model was extracted and filled as weight into a histogram at the recon-
structed W and cos(θ∗π0) value. The result was then corrected with the appropriate
detection efficiency in order to yield the free proton cross section smeared with the
experimental resolution, as shown on the left-hand side of Figure 6.126 (solid line).

The correction factor for the estimation of the free double π0 cross section on the
neutron was obtained in a different way. Since the cross section of the free proton
was determined as a function of Eγ and not reconstructed from the final state in-
variant mass W , it was free of effects from Fermi motion or experimental resolution.
For the determination of the correction factor, the cross section had to be folded
with Fermi motion and then converted to the center of mass energy according to
Equation (6.13). In order to fold it with Fermi motion, 108 events were sampled
and for each event the invariant mass of the initial state W was calculated from a
randomly chosen incident photon energy and Fermi momentum from the deuteron
Fermi distribution [181]. Using TGenPhaseSpace from ROOT [161], a decay at this
value of W into the π0π0p final state was generated from which the cos(θ∗2π0) was
determined. The free proton cross section was then transformed to W by Equation
(6.13) and the differential cross section value at the generated W and cos(θ∗2π0) was
extracted and filled into a histogram of the corresponding value of Eγ. The result
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Figure 6.127: Illustration of the determination of the correction factors used
for the estimation of the free neutron cross section for single (left-hand side) and
double (right-hand side) π0 photoproduction. Blue triangles: ratio of unfolded
free to quasi-free cross section. Black triangles: ratio of folded free to quasi-free
cross section. Red dots: final ratio of folded free to quasi-free ratio obtained
from an energy-dependent fit. Red shaded area: estimated systematic error of
the final correction. Results from the A2 data.

after proper normalization is shown on the right-hand side of Figure 6.126 (solid line).

The obtained correction factors (see Equation (6.40)) of the unfolded (blue tri-
angles) and folded (black triangles) free to quasi-free cross sections σf/σqf for single
π0 (left-hand side) and double π0 (right-hand side) photoproduction as a function
of the final state invariant mass are shown in Figure 6.127. For both reactions, the
effect of the folding procedure is clearly visible. Without effects from experimental
resolution (left-hand side) or Fermi motion (right-hand side) in the free cross section
(Figure 6.126), the resonance bumps in the excitation function are narrower than
in the quasi-free cross section. As a consequence, the correction factor (blue tri-
angles) is overestimated in the bump region and underestimated in between. After
folding the free cross section with experimental resolution (black triangles), the sine
shaped structure almost vanished. In order to optimize the removal of artifacts from
Fermi motion or experimental resolution, the folded ratios (black triangles) were
fit with an energy-dependent function. The fit result (red dots) were then used to
normalize the angular dependent correction factor. The free neutron cross section
was then estimated by applying the correction factor qpf (cos(θ∗m),W )/qpqf cos(θ∗m),W
to the quasi-free differential photoproduction cross section of the meson m from the
neutron according to Equation (6.41).

σnf (cos(θ∗m),W ) = σnqf(cos(θ∗m),W ) · σ
p
f (cos(θ∗m),W )

σpqf(cos(θ∗m),W )
. (6.41)
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6.13 Extraction of Observables

After the events were properly selected, the particles were identified and the photon
flux, the detection efficiency, and additional corrections were applied, the data are
ready to extract the observables of interest. The following section describes the
different methods that were used to determine the yields of the event selection and
the subsequent extraction of cross sections and polarization observables thereof.

6.13.1 Extraction of the Reaction Yields

Since all analyses involved neutral pions, the yields were determined from the γγ
invariant mass distributions at the final stage of the analysis, i.e. when all cuts and
corrections were applied. In case of double π0, the yields were determined from the
γγ invariant mass of one pion under the condition that the other pion passed the
±3σ cut on the invariant mass. In all analyses, the invariant mass of the neutral pion
was then filled into a histogram of a fixed binning in cos(θ∗π0,2π0) and Eγ or W =

√
s.

Thereby, as mentioned in Section 6.10.1, the Eγ dependent cross sections were filled
using the bin-overlap method.
The yields were then determined by integrating the invariant mass spectra within
the ±3σ invariant mass cut range, as described in Section 6.4.1. For this purpose,
the invariant mass spectra were fit with the simulated line shape of the reaction and
a background polynomial of second or third order. The fit of the invariant mass
spectra in the inclusive analyses revealed some residual background contributions,
especially at the very forward angles. This is a result of the fewer cuts that could
be applied to the event selection. In these cases, the yields were determined by in-
tegration of the fit results of the simulated line shape, while the statistical errors of
the data were taken into consideration. The fit results of all exclusive analyses did
not show significant background contributions and therefore the yields were directly
obtained from integration of the measured invariant mass distribution within the
±3σ cut range. In the following section, the final invariant mass spectra of the ex-
clusive analyses are presented and discussed for five selected energy and angular bins.

Figure 6.128 shows the final invariant mass distributions from the analysis of
quasi-free exclusive single π0 photoproduction from protons and neutrons. They
show a good agreement between the measured (colored triangles) and simulated
(black lines) distributions except for energies around 682 MeV at very forward an-
gles. On the proton, this contribution stems from the π0π+n decay when one decay
photon or the neutron were not detected and the π+ was identified as proton. In
contrast, on the neutron, it originates from η → 2γ decays when one decay photon
and the neutron were permuted. However, the contribution of this background is
negligible within the cut region. Furthermore only a few bins are involved and the
cross section in the very forward region is rather small, which is visible by the size
of the error bars. Investigations with subtracting this background showed that its
effect on the results was well within the systematic uncertainty.
The same observations are valid for the final invariant mass spectra from the single
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π0 analysis of the deuterated butanol data (open black circles), as shown in Figure
6.129. At this stage, the deuterated butanol data still contains contributions from
background reactions on the unpolarized nucleons in the carbon and oxygen nuclei.
Therefore they are compared to the distributions of the corresponding deuterium
analyses (blue and red triangles). Here, a coarser energy and angular binning is
used compared to the main deuterium analysis in Figure 6.128. However, almost
no difference between the spectra from deuterated butanol and deuterium is visible.
This demonstrates, as will be discussed in Section 6.13.4, that the invariant mass
distributions are not well suited for the subtraction of the carbon background from
the deuterated butanol yield.

The final invariant mass distributions from the analysis of double π0 photopro-
duction from the free proton are shown in Figure 6.130 for A2 and in Figure 6.131
for CBELSA/TAPS. For all energies and angles, no residual background contri-
butions are visible. The comparison of the distributions from the analyses of the
A2 and CBELSA/TAPS data demonstrate the slightly better energy resolution at
CBELSA/TAPS (see Table 5.1), shown by the width of the γγ invariant mass peaks.
The γγ invariant mass distributions for quasi-free exclusive double π0 photoproduc-
tion from liquid deuterium are shown in Figure 6.132 for A2 and in Figure 6.133
for CBELSA/TAPS. As already observed in the distributions of the analyses on the
free proton, good agreement overall between the data and simulation is visible for all
energies and angular regions. Although, as observed for single π0 photoproduction
but less prominent in this case, some slight residual background around the η photo-
production threshold at the lower energies in the very forward region is present, but
negligible within the range of the invariant mass cut. Also visible in the correspond-
ing missing mass distributions in Figures 6.53 and 6.57, this contribution stems from
η → 6γ decays where either two decay photons (reaction on the proton) or the recoil
neutron and one decay photon (reaction on the neutron) were not detected.
Finally, Figures 6.134 and 6.135 show the final γγ invariant mass distributions from
the quasi-free exclusive double π0 analysis from the deuterated butanol data from
A2 and CBELSA/TAPS, respectively. As discussed for single π0 photoproduction,
the distributions from the analysis of deuterated butanol data are of almost identical
shape and are not suited for the subtraction of the carbon background.
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Figure 6.128: Final invariant mass spectra of exclusive single π0 photopro-
duction from deuterium. Results from the A2 data. Blue triangles: proton.
Red triangles: neutron. Black histograms: Simulated line shape. Shown are
five selected energy and angular bins. All cuts were applied to the data. No-
tations are given in the figure and the vertical black lines indicate the ±3σ cut
positions.
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Figure 6.129: Final invariant mass spectra of exclusive single π0 photopro-
duction from deuterated butanol (open circles) and deuterium (proton: blue
triangles, upper half. Neutron: red triangles, lower half. Black histogram: sim-
ulated line shape). Results from the A2 data. Shown are five selected energy
and angular bins. All cuts were applied to the data. Notations are given in
the figure and the vertical black lines indicate the ±3σ cut positions.
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Figure 6.130: Final invariant mass spectra of exclusive double π0 photopro-
duction from the free proton. Results from the A2 data. Black triangles: data.
Black histograms: simulated line shape. Shown are five selected energy and
angular bins. All cuts were applied to the data. Notations are given in the
figure and the vertical black lines indicate the ±3σ cut positions.
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Figure 6.131: Final invariant mass spectra of exclusive double π0 photopro-
duction from the free proton. Results from the CBELSA/TAPS data. Black
triangles: data. Black histograms: simulated line shape. Shown are five se-
lected energy and angular bins. All cuts were applied to the data. Notations are
given in the figure and the vertical black lines indicate the ±3σ cut positions.
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Figure 6.132: Final invariant mass spectra of exclusive double π0 photopro-
duction from deuterium. Results from the A2 data. Blue triangles: proton.
Red triangles: neutron. Black histograms: Simulated line shape. Shown are
five selected energy and angular bins. All cuts were applied to the data. No-
tations are given in the figure and the vertical black lines indicate the ±3σ cut
positions.
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Figure 6.133: Final invariant mass spectra of exclusive double π0 photo-
production from deuterium. Results from the CBELSA/TAPS data. Blue
triangles: proton. Red triangles: neutron. Black histograms: Simulated line
shape. Shown are five selected energy and angular bins. All cuts were ap-
plied to the data. Notations are given in the figure and the vertical black lines
indicate the ±3σ cut positions.
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Figure 6.134: Final invariant mass spectra of exclusive double π0 photopro-
duction from deuterated butanol (open circles) and deuterium (proton: blue
triangles, upper half. Neutron: red triangles, lower half. Black histogram: sim-
ulated line shape). Results from the A2 data. Shown are five selected energy
and angular bins. All cuts were applied to the data. Notations are given in
the figure and the vertical black lines indicate the ±3σ cut positions.



6.13. Extraction of Observables 313

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 * )<-0.60π2θ-1.0<cos(
dButanol
proton
neutron
MC signal

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 =1000 MeVγE

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2200 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<-0.20πθ-0.6<cos(
 600 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1000 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2200 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

*)<0.20πθ-0.2<cos(
 600 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1000 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2200 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<0.60πθ0.2<cos(
 600 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1000 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2200 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

* )<1.00πθ0.6<cos(
 600 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1000 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2200 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  600 MeV
* )<-0.60πθ-1.0<cos(

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1000 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2200 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  600 MeV
* )<-0.20πθ-0.6<cos(

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1000 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2200 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  600 MeV
*)<0.20πθ-0.2<cos(

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1000 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2200 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  600 MeV
* )<0.60πθ0.2<cos(

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1000 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 2200 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8  600 MeV
* )<1.00πθ0.6<cos(

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1000 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1400 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 1800 MeV

100 150 200

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

CBELSA/TAPS

0πdouble 

100 150 200 100 150 200 100 150 200 100 150 200 100 150 200

 [MeV]γγm

C
ou

nt
s 

[a
.u

.]

Figure 6.135: Final invariant mass spectra of exclusive double π0 photopro-
duction from deuterated butanol (open circles) and deuterium (proton: blue
triangles, upper half. Neutron: red triangles, lower half. Black histogram:
simulated line shape). Results from the CBELSA/TAPS data. Shown are five
selected energy and angular bins. All cuts were applied to the data. Nota-
tions are given in the figure and the vertical black lines indicate the ±3σ cut
positions.
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6.13.2 Extraction of Cross Sections

For the determination of cross sections from the extracted yields, the number of
detected events Ndet(cos(θ∗m), Eγ/W ) (see Section 6.13.1) of each energy and angular
bin has to be corrected for the detection efficiency εdet (see Equations (6.15), (6.17),
(6.19)), the fraction of the considered decay branching ratio to the total branching
ratio of the meson Γi/Γ, as well as the solid angle ∆Ω of the individual cos(θ∗m)
bin. This provides the true number of events N(cos(θ∗m), Eγ/W ) independent from
the experimental setup and the data acquisition. According to Equation (6.29),
the differential cross section is then given by the normalization with the number of
photons that hit the target Nγ(Eγ/W ) (see Sections 6.10.1 and 6.10.2) and the target
surface density ρ:

dσ

dΩ
(cos(θ∗m), Eγ/W ) =

N(cos(θ∗m), Eγ/W )

ρ ·∆Ω ·Nγ(Eγ/W )

=
Ndet(cos(θ∗m), Eγ/W )

ρ · Γi/Γ ·∆Ω · εdet(cos(θ∗m), Eγ/W ) ·Nγ(Eγ/W )
,

(6.42)

where

Ndet(cos(θ∗m), Eγ/W ) number of detected events per angular and energy bin
ρ target surface density [barn−1]
Γi/Γ fraction of meson branching ratio [202]:

π0 → 2γ : (98.823± 0.034) %
π0π0 → 4γ : (97.660± 0.067) %

∆Ω solid angle per angular bin
εdet(cos(θ∗m), Eγ/W ) detection efficiency per angular and energy bin
Nγ(Eγ/W ) number of impinging photons per energy bin.

For nb angular bins, the solid angle per angular bin is given by ∆Ω = 4π/nb. The
target surface density nt for a target of length lt, molar mass Mt, filling factor ffill,
and density ρt can be determined by using Avogadro’s constant NA = 6.022 · 1023

mol−1 as follows:
nt =

ffill · ρt · lt ·NA

Mt

, (6.43)

where the filling factor denotes the fraction of the volume, which is filled with the
target material. This is only for the deuterated butanol target, since the deuterated
butanol beads have a spherical shape and can not completely fill the target cell.
Therefore the filling factor is only different from one for the deuterated butanol
beamtimes (see Table 6.11 for the exact values) and one for all other beamtimes.
The various target parameters of all analyzed beamtimes that were necessary to
determine the target surface density are summarized in Table 6.11.

The total cross section is then given by integration of the differential cross sections
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Beamtime lt [cm] ρt [g/cm−3] ffill Mt [g/mol] nt [b−1]
A
2

LH
2

April 2009 10.0± 0.1 0.0705 1 1.0079 0.42150
December 2007 4.72 ± 0.05 0.16324 1 2.014 0.23039

LD
2

February 2009 4.72 ± 0.05 0.16324 1 2.014 0.23039
May 2009 3.02 ± 0.03 0.16324 1 2.014 0.14741

1
2
C February 2014 1.98 0.57 1 12.011 0.05659

C
4
D

9
O
D July 2013 2.00 1.1 0.6 84.1923 0.09442

February 2014 2.00 1.1 0.6 84.1923 0.09442
March 2015 2.00 1.1 0.6 84.1923 0.09442

C
B
E
LS

A
/T

A
P
S LH

2

November 2008 5.262 0.0756 1 1.0079 0.23776

LD
2

December 2008 5.258 0.169 1 2.014 0.26570

1
2
C November 2011 1.88 0.5 1 12.011 0.04713

C
4
D

9
O
D

January 2011 1.88 1.1 0.59 84.1923 0.08727
June 2011 1.88 1.1 0.59 84.1923 0.08727

Table 6.11: Overview of the target parameters of the different beamtimes
from A2 and CBELSA/TAPS.

over the solid angle:

σ(Eγ,W ) =

∫
dσ

dΩ
(cos(θ∗m), Eγ/W )dΩ

=

∫
dσ

dΩ
(cos(θ∗m), Eγ/W ) sin(θ∗m)dθ∗m

∼ 4π

nb

nb∑

i=1

dσ

dΩ
(cos(θ∗m), Eγ/W ) .

(6.44)

An alternative calculation is possible by means of a series of Legendre polynomials
Pl(cos(θ∗m)) of order l. For this purpose, the differential cross sections dσ/dΩ were
first fit with a series of Legendre Polynomials of order l (depending on the reaction
channel) and normalized to the polynomial of zeroth order:

fL(cos(θ∗m), Eγ/W ) =
q∗m
k∗γ

n∑

l=0

Al(Eγ,W )Pl(cos(θ∗m)) =
n∑

l=0

Bl(Eγ,W )Pl(cos(θ∗m))

= B0(Eγ,W )P0(cos(θ∗m)) +
n∑

l=1

Bl(Eγ,W )

B0(Eγ,W )
Pl(cos(θ∗m)) ,

(6.45)
where Al, Bl are the coefficients of the expansion and k∗γ, q∗m are the center of mass
momenta of the incident photon and the meson m. From Equation (6.45), the total
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cross section is given by integration of the Legendre expansion fL(cos(θ∗m), Eγ/W ):

σ(Eγ,W ) =

∫ 1

−1

fL(cos(θ∗m), Eγ/W )d cos(θ∗m) = 4π ·B0(Eγ,W ) . (6.46)

In this work, Equation (6.46) was used for the extraction of the total cross sections
from unpolarized data and Equation (6.44) was used for the determination of the
helicity dependent cross sections. Due to the small asymmetries, the results were too
sensitive to fit with Equation (6.45).

6.13.3 Extraction of the Double Polarization Observable E

For a circularly polarized photon beam of polarization pγ and a longitudinally po-
larized target of polarization pT , the double polarization observable E is given by:

E =
σ1/2 − σ3/2

σ1/2 + σ3/2

=
σ1/2 − σ3/2

2 · σunpol
=

1

pγpT
· N1/2 −N3/2

N1/2 +N3/2 +Nunpol
, (6.47)

where σ1/2 and σ3/2 (N1/2 and N3/2) are the helicity dependent cross sections (count
rates) for an antiparallel and parallel spin configuration, respectively, and σunpol
(Nunpol) is the unpolarized cross section (count rate). In order to extract E and the
helicity dependent cross sections σ1/2 and σ3/2, the events were divided into subgroups
of measured yields from antiparallel Nm

1/2 and parallel Nm
3/2 spin configurations. The

information about the spin configuration was obtained from the direction of the tar-
get polarization (constant until the target polarization was actively changed) and
the helicity information of the photon beam (alternating at a frequency of 0.5 Hz),
where the latter was available as helicity bit information for every event in the data.
This reliably separates true N1/2 yields from N3/2 and provides a clear separation of
events that contribute to σ1/2 or σ3/2. However, it also includes events from reactions
on unpolarized nucleons inside deuterium Nunpol and from carbon and oxygen NCO.
Therefore, it was required to establish a strategy in which the contributions from
reactions on unpolarized nucleons can be reliably subtracted in order to obtain clean
samples of events that were truly of a parallel and antiparallel spin configuration.
Whereas the degree of target polarization accounts for the contribution from reac-
tions on unpolarized nucleons inside deuterium, the subtraction of contributions from
the unpolarized nucleons inside the carbon and oxygen nuclei require the additional
measurement of reactions on a carbon target of similar density as the deuterated
butanol target. If the experiment was carried out under comparable conditions, it
provides a reliable estimation of the contribution from reactions on the nucleons of
carbon and oxygen nuclei inside deuterated butanol. Thereby the contributions from
reactions on nucleons inside oxygen can be estimated by the carbon measurement,
as the cross section on oxygen is comparable to that on carbon. Furthermore, the
fraction of oxygen to carbon nuclei per deuterated butanol molecule (C4D9OD) is
only 1:4.
In the following section, a detailed treatment and consideration of the reaction mech-
anism is carried out, which ensures the proper extraction of the double polarization
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observable E and the helicity dependent cross sections σ1/2 and σ3/2.

If a deuterated butanol target that is longitudinally polarized is considered and
the deuterons are polarized to an amount of pT , in relative percentage, and the target
is impinged by circularly polarized photons of pγ polarization, the total amount of
measured events Nm is given by:

Nm = (Np
1 +Np

3 ) · p+Nunpol · (1− p) +NCO , (6.48)

where Np
1 = Np

1/2, N
p
3 = Np

3/2 are the yields of events with antiparallel and parallel
spin configuration, Nunpol, NCO the yield of events from reactions on unpolarized
deuterons and nucleons in carbon and oxygen nuclei, and p = pγ · pT the product of
photon and target polarization degree. If in the analysis the information about the
spin configuration is used to separate the total amount Nm into yields of parallel
Nm

3 and antiparallel Nm
1 events, the measured yields are given by:

Nm
1 = Np

1 · p+N1
unpol · (1− p) +N1

CO

Nm
3 = Np

3 · p+N3
unpol · (1− p) +N3

CO ,
(6.49)

where N1,3
unpol,CO are the contributions of the reactions on unpolarized nuclei to the

yields of parallel and antiparallel spin configuration. N1
unpol,CO = N3

unpol,CO only ap-
plies if no asymmetry in the photon beam helicity is given and if the photon fluxes
F1 and F3 are equal. As an asymmetry in the helicity states of the photon beam was
observed (see Section 6.11.3), the fluxes were treated as unequal, i.e. F1 6= F3. Equa-
tion (6.49) shows that to extract the true yields of N1 and N3 for the determination
of E according to Equation (6.47), the contributions from reactions on unpolarized
nucleons has to be eliminated. The procedure of the determination of the true yields
is described in the following paragraphs.

In terms of cross sections σ, i.e. σ = N/(F · n), where N are the yields, F the
corresponding photon flux, and n = ρ · ε ·Γi/Γ is the normalization factor consisting
of the target surface density ρ, the branching ratio Γi/Γ, and the detection efficiency
ε, using Equation (6.47), Equation (6.49) can be written as:

Nm
1 = σ1F1np+ σunpolF1n(1− p) + σCOF1n

= σ1F1np+
1

2
(σ1 + σ3)F1n(1− p) + σCOF1n (6.50)

Nm
3 = σ3F3np+ σunpolF3n(1− p) + σCOF3n

= σ3F3np+
1

2
(σ1 + σ3)F3n(1− p) + σCOF3n . (6.51)

From Equations (6.50) and (6.51), it follows that the numerator σ1− σ3 of Equation
(6.47) is directly given by the difference of the cross sections σm1 , σm3 , as obtained
from the measured yields:

σm1 − σm3 =
Nm

F1np
− Nm

3

F3np
= σ1 − σ3 . (6.52)
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A subtraction of the contributions from reactions on unpolarized nucleons is hence
not necessary for the determination of the numerator.
In contrast, the determination of the denominator of Equation (6.47) requires an
elaborate subtraction of that background. This can be seen by considering the sum
of the measured cross sections σm1 + σm3 (note that the polarization weight p as
necessary for Equation (6.47) was already considered in the numerator and hence in
the following is not required anymore):

σm1 + σm3 =
Nm

1

F1n
+
Nm

3

F3n
= (σ1 + σ3) + 2σCO . (6.53)

Therefore it can be seen that the numerator and denominator of Equation (6.47)
have to be determined from the measured yields from Equation (6.52) and (6.53) as
follows:

σ1 − σ3 = σm1 − σm3
!

= σdiff (6.54)

σ1 + σ3 = (σm1 + σm3 )− 2σCO
!

= σsum . (6.55)

From the measured difference and sum of the helicity dependent cross sections
σdiff and σsum (Equations (6.52) and (6.53)), the double polarization observable E
can be determined in two ways that follow from Equation (6.47):

Eversion 1 =
σ1 − σ3

2 · σunpol
=

σdiff
2 · σunpol

(6.56)

Eversion 2 =
σ1 − σ3

σ1 + σ3

=
σdiff
σsum

. (6.57)

Version 1 (Equation (6.56)) has the advantage that it is independent of the sub-
traction of the background from reactions on the unpolarized nucleons, as in the
numerator such contributions cancel out (see Equation (6.52)) and the normaliza-
tion is done by means of the unpolarized cross section. However, it involves results
from different beamtimes and requires a delicate normalization of the latter which is
sometimes not easy to achieve as it strongly depends on all individual experimental
settings such as photon fluxes, detection efficiencies, and applied thresholds. In con-
trast to version 1, version 2 is independent of the normalization as the numerator
and the denominator involve quantities from the same analysis and inconsistencies
would cancel each other out. If the estimation of the background contributions from
unpolarized nucleons is understood, version 2 is expected to be the most reliable
extraction method.
The helicity dependent cross sections σ1/2 and σ3/2 can then be extracted from the
two versions for the double polarization observable E (Equations (6.56) and (6.57))
in combination with the unpolarized cross section σunpol:

σ
version 1/2
1/2 = σunpol · (Eversion 1/2 + 1)

σ
version 1/2
3/2 = σunpol · (Eversion 1/2 − 1) ,

(6.58)
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or directly from the measured difference (Equation (6.54)) and sum (Equation (6.55))
of the helicity dependent cross sections σdiff, σsum:

σversion 3
1/2 =

1

2
(σsum + σdiff)

σversion 3
3/2 =

1

2
(σsum − σdiff) .

(6.59)

The measured yields Nm
1 and Nm

3 can also be used to directly determine the helicity
dependent cross sections σ1/2 and σ3/2. Solving Equation (6.50) for σ1 and using in
Equation (6.51) yields:

σversion 4
1/2 =

Nm
1 F3(1 + p)−Nm

3 F1(1− p)
2F1F3np

− σCO !
= σdirect1 (6.60)

σversion 4
3/2 =

Nm
3 F1(1 + p)−Nm

1 F3(1− p)
2F1F3np

− σCO !
= σdirect3 . (6.61)

From these direct measurements of the helicity dependent cross sections, a third
version for the double polarization observable E results directly from Equation (6.47):

Eversion 3 =
σ1 − σ3

σ1 + σ3

=
σdirect1 − σdirect3

σdirect1 + σdirect3

. (6.62)

Even though the direct calculation of the helicity dependent cross sections (Equations
(6.60) and (6.61)) is the most intuitive, as it follows from the considerations made in
the beginning (Equations (6.50) and (6.51)), they are not distinct. The extraction of
the double polarization observable is theoretically identical with that from version 2
(Equation (6.57)). Nevertheless, since it relies on a different weighting of the events
with the degree of polarization and a different extraction of the results, it allows
for a further check of the analysis procedure. In general, the determination of E
from the three versions (Equations (6.56), (6.57) and (6.62)) and σ1/2, σ3/2 from the
four versions (Equations (6.58), (6.59), (6.60) and (6.61)), allows for a detailed and
reliable investigation of the systematic uncertainties related to normalizations with
photon fluxes, detection efficiencies, thresholds, analysis cuts, and the estimation of
the background from reactions on unpolarized nucleons.
Table 6.12 summarizes the different extraction methods.

6.13.4 Carbon Background Subtraction

It is not possible to distinguish between reactions on polarized or unpolarized nucle-
ons in the analysis. Therefore, the measured yields for antiparallel Nm

1 and parallel
Nm

3 photon and target spin configurations (see Equation (6.49)) are contaminated by
reactions on unpolarized nucleons inside the carbon and oxygen nuclei. As observed
in Equations (6.56) and (6.58), the extraction of the double polarization observable E
and the helicity dependent cross sections σ1/2 and σ3/2 does not necessarily require an
appropriate estimation of such background contributions and could be circumvented
by normalizing the yield with the unpolarized cross section. As already mentioned,
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E σ1/2 σ3/2

σdiff
2·σunpol σunpol · (1 + E) σunpol · (1− E)
σdiff
σsum

σunpol · (1 + E) σunpol · (1− E)
1
2
(σsum + σdiff) 1

2
(σsum − σdiff)

σdirect
1/2

−σdirect
3/2

σdirect
1/2

+σdirect
3/2

σdirect1/2 σdirect3/2

Table 6.12: Overview of the different extraction methods for the double
polarization observable E and the helicity dependent cross sections σ1/2 and
σ3/2.

this though strongly depends on the proper normalization of both the polarized and
unpolarized data. Although this might be understood, the extraction of the observ-
ables by means of an elaborate estimation and subtraction of the carbon background
brings some advantages. On the one hand, it is not as sensitive to issues concerning
the normalization of the results, on the other hand it also serves as an important
cross check for the extraction with the unpolarized cross section.
For the estimation of the carbon background, extra beamtimes of identical setups
and experimental settings were carried out, but the deuterated butanol target was
replaced with a carbon foam target of approximately the same density. Whereas for
the carbon measurement at A2 it was not feasible, at CBELSA/TAPS it was pos-
sible to fill the target cell with the 3He/4He mixture at the usual low temperatures
and to apply the magnetic field of the holding coil. With the identical experimental
trigger settings, data was taken for a few days in order to gain enough statistics
for the background estimation. Besides the normalization with the photon flux, the
identical analysis and detection efficiencies used for the deuterated butanol analysis
were also applied to the carbon data.
The yield from the deuterated butanol analysis consists of contributions from the
polarized and unpolarized nucleons from the deuterium, as well as from unpolarized
nucleons from carbon and oxygen. A comparison of the missing mass spectra of the
deuterium and carbon data with that from deuterated butanol allowed for the esti-
mation of the background contributions. Missing mass spectra are especially suited
for the estimation as influences from the different Fermi momenta of the different
target nuclei are visible, which results in a rather distinct separation of the individual
contributions. In addition, it ensures a rather strong separation of true signals and
background events. However, as will be seen later, the estimation can also be carried
out through coplanarity spectra and checked with the invariant mass spectra.
In order to estimate the contribution from carbon, a realistic relative normaliza-
tion between the spectra of the analyses of data from the different beamtimes was
achieved. This was realized by a first absolute normalization fabs according to Equa-
tion (6.42), for which the corresponding target surface densities for deuterium nLD2

t ,
carbon n12C

t , and deuterated butanol ndBt were determined with the values from Table
6.11. At this stage, the individual missing mass yields correspond to cross sections
per target nucleus, i.e. deuterium, carbon, and deuterated butanol. In order to
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obtain the proper relative normalization frel, an additional normalization with re-
spect to the number of individual nucleons of interest ni from the target nucleus
is required and follows from the chemical formula for deuterated butanol C4D9OD.
For deuterium, the number of deuterium nuclei d is identical to the number of pro-
tons and neutrons, i.e. nd,LD2

t = nLD2
t , and no additional normalization is required.

In contrast, a deuterated butanol molecule contains 10 polarized deuterons and the
relative normalization is achieved by:

nd,dBt = ndBd · ndBt = 10 · ndBt . (6.63)

Since the carbon data was used for the estimation of the contributions from the
oxygen nuclei, its scale factor contains an additional term with the ratio of the molar
masses of oxygen and carbon. This term is used to approximate the oxygen yield
from carbon and results from the assumption that the cross sections scale with the
nuclear surface, i.e. A2/3 [208, 213]:

nCO,dBt = ndBCO · ndBt =

[
4 +

(
M16O

M12C

)2/3
]
· ndBt . (6.64)

As previously mentioned, the carbon target at A2 was not filled with the helium
admixture that was used to cool down the deuterated butanol material. Therefore,
contributions from reactions on these helium nuclei had to be approximated with
the carbon data. For this purpose, the helium volume in the target was determined
from the geometrical parameters, i.e. the length of the target ldB, the target end
caps lend, and the filling factor. Using the molar mass of helium MHe and a density
of ρHe = 0.14 g/cm3, the target surface density of the helium target is given by

nHet =
[(1− ffill) · ldB + lend] · ρHe ·NA

MHe
, (6.65)

and its relative contribution to the deuterated butanol target is given by:

n
3/4He,dB
t = ndBHe · nHet =

(
M3/4He

M12C

)2/3

· nHet . (6.66)

The total normalization of the missing mass spectra from the analysis of the deu-
terium, carbon, and deuterated butanol beamtime was then carried out as follows:

N rel = Nmeas/fabs/frel = Nabs/ftot , (6.67)
where

ftot =





nLDt · εLD ·NLD
γ · Γi/Γ LD2

nd,dBt · εdB ·NdB
γ · Γi/Γ C4D9OD

nCt · εdB ·NC
γ · Γi/Γ · ndBt

(nCO,dBt + n
3/4He,dB
t )

12C (A2)

((nCt + n
3/4He,dB
t ) · εdB ·NC

γ · Γi/Γ) · ndBt
(nCO,dBt + n

3/4He,dB
t )

12C (CBELSA/TAPS) .

(6.68)
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The resulting normalized missing mass yields of the different beamtimes are shown
for single π0 photoproduction in Figure 6.136, for double π0 photoproduction from the
A2 data in Figure 6.137 and for double π0 photoproduction from the CBELSA/TAPS
data in Figure 6.138. Shown are the missing mass spectra for five selected energy
and angular bins for the reaction on the proton (upper half) and on the neutron
(lower half). All cuts were applied to the deuterated butanol, deuterium and car-
bon data. The sum (solid black line) of the missing mass spectra from the analysis
of the liquid deuterium (dashed green lines) and the carbon data (dotted magenta
lines) are compared to those from the deuterated butanol data (open blue and red
triangles). With the proper normalization and a realistic carbon measurement, the
sum of deuterium and carbon yield (solid black line) should reproduce that from the
deuterated butanol data (colored triangles). In order to demonstrate the effect of the
carbon subtraction, the carbon subtracted yield from the deuterated butanol spectra
is shown as the gray area.
For single π0 photoproduction from the proton (upper half of Figure 6.136), an overall
good agreement with almost negligible discrepancies can be observed for all energy
and angular bins. For the reaction on the neutron (lower half of Figure 6.136), the
agreement at low energies is of the same quality. However, at larger positive missing
mass values, deviations occur for higher energies and center of mass forward angles
of the pion. This might be due to the absence of helium in the target cell and the
missing magnetic field of the holding coil. Due to the different Fermi momenta of
nucleons inside helium, such contributions exhibit different kinematics than those
from carbon and are therefore not reproduced by the missing mass spectra.
As the discrepancy increases with energy and the Lorentz force is proportional to the
velocity of the particle that is exposed to a magnetic field, effects from the magnetic
field are a plausible reason. As particles perpendicular to the magnetic field direction
exhibit the strongest Lorentz force, the effect would mainly have an influence on the
detection of charged particles with the PID. Due to the deflection the particles obtain
a different azimuthal angle which might result in a wrong coincidence between hits in
the PID and hits in the Crystal Ball. In this way, charged particles can be identified
as neutral and vice versa. Besides the final state particles, the magnetic field spreads
out the electromagnetic showers from the interaction of the photon beam with the
target and could also interfere with the charged particle identification. However,
effects from the magnetic field have been investigated with Monte Carlo simulations,
but no influence on the extraction of the observables was observed. An influence
of the magnetic field on charged particles hence is very unlikely. Nevertheless, an
influence of the magnetic field on the electronics of the experimental setup, e.g. the
PMTs of the PID, could result in differences that only affect the data and not the
simulation. However, within the missing mass cut (vertical dashed lines) the spectra
are in good agreement and only those events enter into the results.

The corresponding missing mass spectra for double π0 photoproduction from po-
larized nucleons from the A2 data are shown in Figure 6.137. The agreement is
mostly identical to that observed for single π0 photoproduction. For the reaction
on the proton, an overall good agreement can be seen, whereas with higher incident
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photon energy and meson center of mass polar angle for the neutron, discrepancies
at positive missing mass values arise. Nevertheless, the agreement within the miss-
ing mass cut is overall good such that the carbon background seems to be reliably
estimated.
The nucleon missing mass of double π0 photoproduction from the CBELSA/TAPS
data are shown in Figure 6.138. As previously mentioned, at CBELSA/TAPS the
magnetic field and helium were present during the carbon experiment. The dis-
crepancy seems smaller than observed in the corresponding spectra from A2 (Figure
6.137), which emphasizes that the difference is most likely due to one or both of
the mentioned reasons. Even though the overall agreement for the neutron outside
the missing mass cut range is slightly better than observed in the spectra from the
A2 data, for the proton the agreement at backward meson angles is somewhat poor
which probably is due to the veto efficiency of the charged particles with the Forward
Plug detector.

All the missing mass spectra from deuterated butanol of all beamtimes are in
general well reproduced by those from liquid deuterium and carbon, especially in
the region where the missing mass cut was applied. The fact that the agreement
was achieved with an absolute normalization of all yields confirms the quality of the
estimation of the contributions from reactions on unpolarized nucleons and seems
to be well under control. The estimation of the carbon background can also be
determined by means of the coplanarity spectra. Due to the Fermi motion, the
spectra from different contributions have different resolution and are rather well
separable. However, the separation is not as favorable as observed for the missing
mass and hence was only used to verify the quality of the estimation. On the other
hand, the invariant mass spectra were not suitable for the estimation. Due to the
absence of effects from Fermi motion, the different spectra are too similar. The
corresponding coplanarity spectra for single π0 photoproduction are shown in Figure
C.1, those for double π0 photoproduction from the A2 data in Figure C.2 and from
the CBELSA/TAPS data in Figure C.3. The invariant mass spectra for single π0

photoproduction are shown in Figure C.4, those for double π0 photoproduction from
the A2 data in Figure C.5, and from the CBELSA/TAPS data in Figure C.6.
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Figure 6.136: Illustration of the estimation of the carbon background by
means of missing mass spectra for exclusive single π0 photoproduction. Results
from the A2 data. Shown are five selected energy and angular bins. All cuts
were applied to the data. Red (blue) triangles: proton (neutron) distribution
from the deuterated butanol data. Dashed green histogram: distribution from
the deuterium data. Dotted magenta histogram: distribution from the carbon
data. Black histogram: sum of deuterium and carbon data. Gray histogram:
carbon subtracted yield from the deuterated butanol target. Dashed vertical
black lines: missing mass cut from deuterium data.
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Figure 6.137: Illustration of the estimation of the carbon background by
means of missing mass spectra for exclusive double π0 photoproduction. Re-
sults from the A2 data. Shown are five selected energy and angular bins. All
cuts were applied to the data. Red (blue) triangles: proton (neutron) distribu-
tion from the deuterated butanol data. Dashed green histogram: distribution
from the deuterium data. Dotted magenta histogram: distribution from the
carbon data. Black histogram: sum of deuterium and carbon data. Gray his-
togram: carbon subtracted yield from the deuterated butanol target. Dashed
vertical black lines: missing mass cut from deuterium data.
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Figure 6.138: Illustration of the estimation of the carbon background by
means of missing mass spectra for exclusive double π0 photoproduction. Re-
sults from the CBELSA/TAPS data. Shown are five selected energy and an-
gular bins. All cuts were applied to the data. Red (blue) triangles: proton
(neutron) distribution from the deuterated butanol data. Dashed green his-
togram: distribution from the deuterium data. Dotted magenta histogram:
distribution from the carbon data. Black histogram: sum of deuterium and
carbon data. Gray histogram: carbon subtracted yield from the deuterated
butanol target. Dashed vertical black lines: missing mass cut from deuterium
data.
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6.14 Empty Target Subtraction

Among the measured particles, not all of them originate from reactions on the photon
beam with the target material. A certain amount of reactions stem from interac-
tions of the photon beam with the different materials from the target cell, especially
from reactions with the Kapton foils of the target windows. Kapton (C22H10N2O5)
consists of nuclei that exhibit rather large cross sections for quasi-free meson pho-
toproduction. Therefore, contributions from the target cell are non-negligible and
have to be subtracted from the final yield. In this work, this only concerns the yields
used for the extraction of unpolarized cross sections. For the double polarization
observables, empty target contributions cancel out in the numerator as they equally
contribute to both spin configuration yields. In the denominator, the contributions
are removed with the subtraction of the carbon background, as the same target cell
was used for the measurement with carbon foam.
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Figure 6.139: Relative empty target contributions to the total cross sections
as a function of Eγ for single (left) and double π0 photoproduction (right) from
the A2 data. Black triangles: free proton. Blue triangles: quasi-free proton.
Red triangles: quasi-free neutron.

In order to estimate the contributions from the target cell, the target material
was removed from the target cell and the experiment was repeated for a few days
with the identical settings and an empty target. The data was analyzed with the
identical analysis and cuts and cross sections as a function of Eγ or W and cos(θ∗m)
were determined. For every energy and angular bin, the empty target cross sections
were then subtracted from the standard cross sections.
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The relative contributions of the target cell to the energy dependent cross section for
single and double π0 photoproduction from free and quasi-free protons and quasi-
free neutrons at A2 are shown in Figure 6.139. In general the contributions from
the target container are independent of energy and on the order of 5% for single and
double π0 photoproduction from quasi-free nucleons. In contrast, the contribution to
the free cross section is almost completely negligible, but increases with increasing
energy. The much lower contribution for the reaction on the free proton is due to
the absence of Fermi motion in liquid hydrogen. The 1.5σ cuts that were determined
on the liquid hydrogen data correspond to a much more narrow cut on the carbon
spectra than the 1.5σ cuts from liquid deuterium. Therefore, most of the events from
carbon were automatically eliminated.
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Figure 6.140: Relative empty target contributions to the total cross sections
as a function of Eγ for double π0 photoproduction from the CBELSA/TAPS
data. Black triangles: free proton. Blue triangles: quasi-free proton. Red
triangles: quasi-free neutron.

Such empty target experiments were only performed at A2 and not at CBELSA/
TAPS. Therefore, at CBELSA/TAPS the contributions from the target cell had to be
estimated by using the carbon foam experiment that served to estimate the carbon
background for the deuterated butanol data. The contributions were then estimated
by scaling the yield from the carbon measurement according to the ratio of carbon
nuclei inside the carbon target and those inside the target cell. For this purpose the
number of carbon nuclei inside the carbon target and the target cell were determined.
The number of Kapton molecules inside the target cell can be calculated from its
density ρK = 1.42 g/cm3, the target window thickness dK = 2 · 0.0125 = 0.025 cm,
and the molar mass of Kapton MK = 382.33 g/mol, which directly follows from its
chemical formula:

nKt =
ρK · dKNA

MK

= 5.59 · 10−5 b−1 . (6.69)

Neglecting contributions from the hydrogen atoms in Kapton, the number of carbon
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nuclei in the target windows is given by:

nC,Kt = nKC · nKt = 22 + 2 ·
(
MN

MC

)2/3

+ 5 ·
(
MO

MC

)2/3

= 0.00163 b−1 , (6.70)

where again the contribution from nitrogen and oxygen were approximated with car-
bon by assuming that the cross sections scale with A2/3 [208, 213]. The resulting rel-
ative contributions of the empty target to the total cross section at CBELSA/TAPS
are shown in Figure 6.140. The contributions are of similar size, i.e. 5% (<2%) for
quasi-free (free) 2π0 photoproduction, as observed at A2, indicating that the estima-
tion from the carbon data was reasonably carried out. The contribution to the free
proton cross section exhibits the same behavior as at A2. Whereas at low energies
it is almost zero, it increases with increasing energy. The rather large contributions
at low energies are due to statistical fluctuations.

6.15 Systematic Uncertainties of Unpolarized Re-
sults

Besides the statistical errors, which contain information about the statistical quality
of the data, it is necessary to have a measure of the effects of the different analysis
steps and by that of the robustness of the identification and extraction of the results.
In the following sections, the most relevant sources of systematic uncertainties will
be estimated and discussed. Whereas some of the sources are independent of the
reaction channel and of energy and angle, other sources have to be carefully deter-
mined as a function of energy and angle for the individual analyses.
The channel dependent systematic uncertainties were determined by an investiga-
tion of the effect of a small variation of the corresponding quantity to the total cross
section. The relative difference of the varied cross section to the standard one was as-
signed to the relative systematic error and was determined for every analysis channel
and type of result.

6.15.1 Reaction Independent Systematic Uncertainties

Systematic uncertainties from limitations from the experiment (target surface den-
sity, photon flux determination, empty target subtraction) or physical quantities
(branching ratios) are independent of the reaction channel and only have to be de-
termined once.

Target Surface Density

Fluctuations in the temperature and pressure of the target result in a systematic
uncertainty of the target length ∆σρ, mainly from a deformation of the inner target
window and target density. The systematic error for the deuterium beamtimes from
A2 were estimated to be on the order of 4 % [214]. The same value, i.e. 4 %, was
assumed for the uncertainty of the target surface density for the liquid hydrogen
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target (lt=10.0±0.1 cm) from A2.
For the liquid hydrogen and deuterium beamtimes at CBELSA/TAPS, a system-
atic error for the parameters of the liquid hydrogen and deuterium targets was not
found. However, due to the similar operating conditions and target geometries, the
systematic uncertainties were estimated to be of the same order of 4 %.

Empty Target Subtraction

The relative empty target contribution (see Section 6.14) was nearly independent of
energy, reaction channel, analyzed beamtime and of the same order at A2 than at
CBELSA/TAPS. Therefore, half of the relative contribution was assumed to be a
realistic estimation for the systematic error of the empty target subtraction ∆σET.
This results in an error of 2.5 % for liquid deuterium and 1 % for liquid hydrogen at
both A2 and CBELSA/TAPS.

Branching Ratio

The systematic uncertainty of the branching ratio of the decay of the neutral pion
into two photons ∆σΓ of (98.823 ± 0.034) % [202] can be neglected as it is on the
order of 0.03 % for single and 0.06 % for double π0 photoproduction.

Photon Flux Determination

The systematic uncertainty of the determination of the photon flux ∆σΦ at A2 is
dominated by the uncertainty in the tagging efficiency measurement, whose time
dependence was achieved by a χ2 minimization of the P2/tagger ratio and the in-
dividual tagging efficiency measurements. The uncertainty of the absolute tagging
efficiency value from the individual measurements and the relative value from the
P2/tagger ratio contribute to the total systematic error. The same applies for the
determination of the time dependent tagging efficiency from the count rate measure-
ment. In both cases, the systematic uncertainty was estimated from a minimum
and maximum value, as obtained from the absolute measurements. For the liquid
hydrogen and deuterium beamtimes, the error was determined to be on the order of
3 % [214].
For CBELSA/TAPS, the main uncertainty is given by the GIM efficiency, which was
estimated to be on the order of 7 % [118]. An additional error of 3.8 % results from
the trigger electronics [118]. Hence, the absolute error is on the order of 8 %.

6.15.2 Reaction Dependent Systematic Uncertainties

In this section, the systematic uncertainties will be discussed that depend on the
individual reaction channel. Therefore, they were determined for all energy and
angular bins of the individual cross sections independently.
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Analysis Cuts

The different requirements for the identification of the particles and the reaction that
were applied to the different analysis steps have a strong influence on the quality of
the results. Varying the strength of the individual conditions reveals the reliability of
the individual condition. Whereas a reliable analysis condition would result in small
effects of a variation, an unreliable condition may result in a drastic change of the
result. Furthermore, it would directly reveal discrepancies between the simulation
and data.
For this reason, the systematic uncertainty of the different analysis cuts ∆σcuts was
investigated by inducing slight variations of ± 3 % to the applied conditions. The
size of the variation was chosen such that only reasonable changes were allowed.
Larger variations would not make sense as the individual conditions were already
chosen to be at the upper limit in order to suppress as much background as possible
while accepting a maximum number of true events. The cuts that were varied for
the investigation were the cut on the meson-nucleon coplanarity, the nucleon missing
mass, and the invariant mass cut. The analysis was then carried out with 3 %
narrower cuts and also with 3 % wider cuts than used for the extraction of the results.
The systematic error was then determined from the difference of the standard cross
section to the average cross section obtained from the minimum and maximum cut.

Nucleon Detection Efficiency

The requirement of the coincident detection of the recoil nucleon in all exclusive
analyses has a strong influence of the result. Hence, the systematic error of the result
strongly depends on the reliability of the nucleon detection efficiency. A reasonable
method for the estimation of this systematic error ∆σND is the comparison of the
(quasi-free) inclusive analysis (where the recoil nucleon detection is not required) with
the exclusive analyses. For the analysis on the free proton, it can be investigated
by comparing the inclusive to the exclusive cross section. In case where the proton
detection efficiency is understood, both results should coincide with each other. In
contrast, for the analyses of liquid deuterium data, the reaction can occur on either
the proton or the neutron and hence the quasi-free inclusive cross section contains
all events where the recoil proton or neutron was detected or not. In this case, a
reliable nucleon detection efficiency is only achieved if the quasi-free inclusive cross
section is equal to the sum of the exclusive proton and neutron result, by:

σ(γp→ γ(p)) = σ(γp→ γp) LH2

σ(γN → γ(N)) = σ(γp(n)→ γp(n)) + σ(γn(p)→ γn(p)) LD2 .
(6.71)

Any discrepancy between the (quasi-free) inclusive and the exclusive analysis is re-
lated to the systematic error of the detection of the recoil nucleon. Therefore, the
systematic error was determined as half of the difference of the two cross sections.
This method only accounts for relative systematic uncertainties between the inclu-
sive and exclusive analyses. If the nucleon detection efficiency in the experiment
was different than the behavior in the simulation, both cross sections might be in
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agreement, but the absolute scale can still be significantly different from the actual
result. This was discussed in the analysis of hydrogen data from A2 (see Section
6.8.4). In this case, the inclusive and exclusive 2π0 cross sections were in agreement
with each other, but both were about 10% lower than published results. However,
such effects can be controlled by comparing results of the same analysis, but from the
data of different beamtimes or even different experiments as it is rather unlikely that
the same issue is present in different experiments. In addition, the comparison of re-
sults to published data or investigations of results with and without the information
from charged particle sensitive detectors can give information about the accuracy
of the absolute normalization. Within the results of this work, such effects were
investigated and ruled out, yielding a reliable absolute normalization. Therefore, the
comparison of the (quasi-free) inclusive to exclusive cross sections indeed yields a
reliable estimation of the systematic uncertainty of the nucleon detection efficiency.

Crystal Ball Energy Sum Threshold

As the Crystal Ball energy sum threshold eliminates events of an energy sum below
a certain threshold and only accepts events above a certain energy sum, it has an
essential influence on the overall systematic uncertainty. Whereas software thresholds
below the experimental threshold affect the detection efficiency determination and
the normalization of the cross sections, software thresholds above the experimental
threshold only have an influence on the statistical quality. Therefore, the systematic
uncertainty of the applied threshold in the analysis ∆σCDF was determined from a
comparison of the cross section obtained with an analysis using a fixed threshold of
400 MeV (that is certainly above the experimental threshold of 300 MeV) to that
using the established threshold from the cumulative distribution function (see Section
6.6.2). The induced deviations for single and double π0 photoproduction supplied the
leading contribution at low incident photon energies as in both cases the production
threshold lies below the experimentally set value.

6.15.3 Total Systematic Uncertainty of the Unpolarized Re-
sults

The total systematic uncertainty from the reaction independent sources were not
added to the energy and angular dependent values, which are shown together with
the results and are listed as global values in Table 6.13. The resulting total systematic
uncertainty was calculated by adding them quadratically.
The calculation of the energy and angle dependent total systematic uncertainty is

based on the assumption that the individual errors are independent from each other
and due to the different contributions cancellation effects may occur. For this reason
for every energy and angular bin, the individual components of the systematic errors
were added quadratically according to:

∆σtot(Eγ/W, cos(θ∗m)) =
√

(∆σ2
cuts + ∆σ2

ND + ∆σ2
CDF︸ ︷︷ ︸

only for A2

)(Eγ/W, cos(θ∗m)) . (6.72)
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Beamtime ∆σρ ∆σET ∆σΓ ∆σΦ ∆σtot

A
2 LH2 4% 1% < 0.1% 3% ∼ 5%

LD2 4% 2.5% < 0.1% 3% ∼ 6%

C
B
T LH2 4% 1% < 0.1% 8% ∼ 9%

LD2 4% 2.5% < 0.1% 8% ∼ 10%

Table 6.13: Overview of the reaction, energy, and angle independent system-
atic uncertainties for the A2 and CBELSA/TAPS (CBT) experiments involving
liquid hydrogen and deuterium targets.

The total systematic error, which will be shown together with the results in chap-
ter 7, corresponds to the energy and angular dependent error (Equation (6.72)) only.
The result as a function of the incident photon energy Eγ for the analysis of A2 data
is shown in Figure 6.141, and for the analysis of CBELSA/TAPS data in Figure
6.142. The angular dependence of the total systematic error is shown for single π0

photoproduction in Figure 6.143, for double π0 photoproduction from the A2 data
in Figure 6.144, and for CBELSA/TAPS data in Figure 6.145.

The domination of the systematic error by the Crystal Ball energy sum threshold
at low photon energies is clearly visible for the A2 data (Figures 6.141, 6.143 and
6.144), where especially at the forward and backward meson polar angles in the center
of mass system, the systematic error reaches very high values. At these angles, the
overall very high systematic error is accompanied by the systematic error from the
detection efficiency, which drastically decreases at these angles, as the cross sections
are very small. Furthermore, these meson center of mass polar angles correspond to
nucleons going to TAPS where the detection is very sensitive to detector thresholds
or to nucleons going to very backward angles where they escape the detection by
the Crystal Ball detector. For higher photon energies, only the systematic error at
forward angles remains high, which results from the trigger settings. As discussed in
Section 2.3.2, the TAPS detector was not allowed to fulfill the multiplicity condition
alone. Therefore events at very forward meson angles, where the two photons are
going to TAPS, are not recorded.
In all other angular bins, the total relative systematic uncertainty for low energies is
below 30 % at higher energies around 5 %.

The situation for double π0 photoproduction is very similar to that observed for
single π0 photoproduction, but the size of the errors are much smaller due to the
on average lower energies of the recoil nucleons. Except for the very forward and
backward angular bin and for low energies, the systematic error for low energies is
below 20 % at higher energies around 5 %.
From the systematic error at CBELSA/TAPS, it is directly visible that no energy
sum condition could be applied to the Crystal Barrel detector. As a consequence,
the systematic error at low energies is not that sensitive to the energy of the detected
photons. Hence, the systematic error as a function of Eγ is only slightly dependent
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on the incident photon energy. However, at low energies it is dominated by the low
statistics, as the experimental conditions were optimized for η photoproduction. In
general, the angular dependence of the systematic error is rather small, especially
at higher energies. This is mostly due to the efficient charged particle identification
with the Inner detector over most of the angular range.
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Figure 6.141: Relative systematic uncertainties as a function of Eγ for the
analysis of the A2 data. Left column: single π0. Right column: double π0.
Upper row: free (black) and quasi-free proton (blue). Lower row: quasi-free
neutron (red).
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Figure 6.142: Relative systematic uncertainties as a function of Eγ for the
analysis of double π0 photoproduction of the CBELSA/TAPS data. Left col-
umn: free (black) and quasi-free proton (blue). Right column: quasi-free neu-
tron (red).
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Figure 6.143: Relative systematic uncertainties for the analysis of single π0

photoproduction from the deuterium beamtimes at A2. Blue histogram: quasi-
free proton. Red histogram: quasi-free neutron.
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Figure 6.144: Relative systematic uncertainties for the analysis of double π0

photoproduction from the hydrogen and deuterium beamtimes at A2. Black
histogram: free proton. Blue histogram: quasi-free proton. Red histogram:
quasi-free neutron.
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Figure 6.145: Relative systematic uncertainties for the analysis of dou-
ble π0 photoproduction from the hydrogen and deuterium beamtimes at
CBELSA/TAPS. Black histogram: free proton. Blue histogram: quasi-free
proton. Red histogram: quasi-free neutron.
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6.16 Systematic Uncertainties of Polarized Results

The systematic errors of the double polarization observable E and the helicity de-
pendent cross sections σ1/2 and σ3/2 are composed of the same sources as discussed
for the unpolarized results (see Section 6.15). Additional uncertainties arise from
the subtraction of the carbon background and the measurement and determination
of the beam and target polarization. However, most of the polarization unrelated
systematic uncertainties are automatically eliminated in the determination of E, as
they are present in the numerator as well as the denominator. Effects from the de-
tection of the recoil nucleon might be different for the helicity dependent yields and
may also affect the uncertainty of the result, but were observed to be negligible. As
the polarization observables were determined with different versions involving either
carbon subtraction or unpolarized cross sections and also different extraction steps,
a comparison of the results obtained from the individual methods is well suited for
the investigation of the systematic uncertainty.
For this purpose, the systematic uncertainty of the double polarization observable
∆Esys was determined from the maximal deviation between the three methods:

∆Esys =
1

2
max ({∆E1,2,∆E1,3,∆E2,3}) , (6.73)

where ∆Ei,j = Ei − Ej is the difference between the result for E from method i
and j and i 6= j. The systematic uncertainty of the helicity dependent cross sections
∆σ1/2,3/2,sys was also determined from the maximum difference between the individual
methods, neglecting the systematic error of the unpolarized cross section ∆σsys:

∆σ1/2,sys =
1

2
max

({
∆σ1,2

1/2,∆σ
1,3
1/2,∆σ

1,4
1/2,∆σ

2,3
1/2,∆σ

2,4
1/2,∆σ

3,4
1/2

})

∆σ3/2,sys =
1

2
max

({
∆σ1,2

3/2,∆σ
1,3
3/2,∆σ

1,4
3/2,∆σ

2,3
3/2,∆σ

2,4
3/2,∆σ

3,4
3/2

})
,

(6.74)

where ∆σi,j1/2,3/2 = ∆σi1/2,3/2−∆σj1/2,3/2 is the difference between the results for σ1/2,3/2

from method i and j and i 6= j.
This reliably allows for the determination of the systematic error of the carbon
subtraction method, photon flux determination, analysis cuts, and the detection effi-
ciency of the recoil nucleons. In addition, the influences of the systematic uncertainty
of the beam and target polarization on the results were considered.

6.16.1 Systematic Uncertainty of the Photon Beam Polariza-
tion

The systematic uncertainty of the degree of photon beam polarization ∆P sys
γ results,

according to Equation (2.5), directly from the systematic error of the electron beam
polarization.
At A2, the electron beam polarization results from the Mott measurements, which
have an overall systematic uncertainty of 2.7 % [109, 134, 215]. This uncertainty is
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composed of the uncertainty of the electron spin angle (1.1 %) due to the bending
of the beam before its extraction into the A2 hall, the admixture of a transversal
polarisation component (2.2 %), the finite thickness of the Mott radiator (1.0 %),
and a statistical error (0.2 %).
At CBELSA/TAPS, the systematic error of the electron beam polarization arises
from the Møller measurement, which has an overall uncertainty of 2.89 % [138]. It
consists of the uncertainty from the polarization of the Møller foil, the error of the
asymmetry coefficient, as well as of the count rate asymmetry (most likely 0.99 %,
maximally 2.89 %).

6.16.2 Systematic Uncertainty of the Target Polarization

At A2, due to the observed problem with the target polarization (see Section 6.11.3),
the systematic error of the target polarization ∆P sys

T was estimated retrospectively.
The final degree of target polarization, applied in the analysis, was determined from
a renormalization of the double polarization observable E for η photoproduction in
the region of the N(1535)1/2− [173] (see Section 6.11.3). The systematic error was
determined by the difference between the minimum and maximum scale factor from.
A maximum value of ± 10 % was found.
The systematic error of the degree of target polarization at CBELSA/TAPS was
predominantly given by the determination of the parameters from the fit of the
deuteron signals and was estimated to be on the order of 5 % [216].

6.16.3 Total Systematic Uncertainty of the Polarized Results

The total systematic uncertainty of the degree of polarization ∆Psys, which results
from the individual systematic error of the photon beam ∆P sys

γ (Section 6.16.1) and
the target polarization ∆P sys

T (section (6.16.2)) is given by

∆Psys =
√

(∆P sys
γ )2 + (∆P sys

T )2 =

{
11% A2
6% CBELSA/TAPS .

(6.75)

In order to account for the systematic uncertainty of the degree of polarization to
the total systematic error of the results, it was added in quadrature to the individual
errors (Equations (6.73), and (6.74)), according to:

∆Etot
sys =

√
∆E2

sys + ∆P 2
sys

∆σtot1/2,sys =
√

∆σ2
1/2,sys + ∆P 2

sys

∆σtot3/2,sys =
√

∆σ2
3/2,sys + ∆P 2

sys .

(6.76)

6.17 Merging of Datasets

As the present work involves analyses of several beamtimes, the final results are
the statistical averages of the corresponding results of the individual analyses. The
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statistical average was determined by the weighted arithmetic mean by means of
cross sections. Whereas for the unpolarized results the individual cross sections were
averaged, for the polarized results, the different ingredients used for the extraction
of the double polarization observable E, i.e. σdiff (Equation (6.54)), σsum (Equation
(6.55)), σdirect1/2 (Equation (6.60)), and σdirect3/2 (Equation (6.61)), were taken. According
to the weighted arithmetic mean, the statistical average of n results 〈σ〉 and their
statistical error 〈∆σ〉 is then given by:

〈σ〉 =

∑n
i=1

σi
∆σ2

i∑n
i=1

1
∆σ2

i

〈∆σ〉 =
1

∑n
i=1

√
1

∆σ2
i

, (6.77)

where σi,∆σi denotes the individual cross section and statistical error of the result
i.



7
Results and Discussion

This chapter presents the final results for single and double π0 photoproduction from
free and quasi-free nucleons obtained from the analyses of unpolarized and polarized
data from the A2 and CBELSA/TAPS experiments.
The results were extracted as a function of the incident photon energy Eγ, as well
as the final-state invariant mass W =

√
s. In the latter, effects from Fermi motion

are absent due to the reconstruction out of the final state particles (see Section 6.7).
This allows for a better comparison with results obtained from other experiments,
especially if different types of targets (involving different nuclear effects) were used.
However, the final state reconstruction requires the detection of the recoil nucleon,
which is only present in the exclusive analyses. As discussed in Section 6.8.3, a re-
liable detection of the recoil nucleon strongly depends on the experimental settings
and their precise modeling within the simulation. Comparisons of the (quasi-free)
inclusive and exclusive analyses serve as a solid check of the quality of the coincident
detection of the recoil nucleon. For this reason, the results of the differential and
total cross sections were also extracted as a function of the incident photon energy
Eγ.
In addition, the results for single and double π0 photoproduction from the free neu-
tron were estimated by applying a correction factor to the quasi-free neutron data.
The correction factor was determined from a comparison of the free to quasi-free
proton data, as discussed in Section 6.12 and is based on the assumption that the
nuclear effects of the reactions involving quasi-free protons and neutrons are identical.

Unpolarized differential and total cross sections of single π0 photoproduction from
quasi-free protons and neutrons from the analysis of liquid deuterium data from A2
will be shown in Section 7.1. The unpolarized differential and total cross sections
for double π0 photoproduction from free protons will be discussed in Section 7.2 and
those from quasi-free nucleons in Section 7.3. Whereas in the former, the results
from the A2 data will be directly compared to those from the CBELSA/TAPS, the
latter first presents the results from the analysis of A2 and CBELSA/TAPS data
individually. Afterwards both results will be compared and discussed.

341
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The results for the double polarization observable E and the helicity dependent
cross sections σ1/2 and σ3/2 will be summarized for single π0 photoproduction (A2
data) in Section 7.4, for double π0 photoproduction from A2 and CBELSA/TAPS
data in Section 7.5.1 and 7.5.2, respectively. The comparison of the polarized results
from the A2 data with those from the CBELSA/TAPS data will be presented in
Section 7.5.3.

7.1 Cross Sections for π0 Photoproduction

Differential and total cross sections have been measured with high statistics in the
second and third resonance region of the nucleon excitation spectrum for incident
photon energies from ∼ 450 MeV to ∼ 1400 MeV. Due to the trigger settings (see
Table 2.6) only two (December 2007 and May 2009) of three A2 beamtimes could be
analyzed. For the same reason, the liquid deuterium beamtime from CBELSA/TAPS
was not suited for the analysis of single π0 photoproduction from quasi-free nucleons.
The quasi-free inclusive reaction (γN → π0(N)) as well as both quasi-free exclusive
reactions (γp(n)→ π0p(n) and γn(p)→ π0n(p)) were analyzed. Results as a function
of the incident photon energy Eγ were primarily used for the investigation of the
quality of the recoil nucleon detection efficiency by the comparison of the results
from the quasi-free inclusive and the two quasi-free exclusive analyses. A selection
of these results is presented in Section 7.1.1, the remaining results are shown in
the Appendix, Section D.1.1. The main focus is on the results as a function of the
final state invariant mass W that are presented and discussed in Section 7.1.2. This
includes a full set of results from quasi-free nucleons, as well as the estimation of the
corresponding results from the free neutron.

7.1.1 Results as a Function of the Incident Photon Energy Eγ

The total cross sections as a function of the incident photon energy Eγ for the exclu-
sive analysis of photoproduction from quasi-free protons and neutrons are shown in
Figure 7.1b. Differential cross sections for the reaction on the proton and the neutron
can be found in the Appendix, in Figures D.1 - D.3. They were fit with Legendre
coefficients according to Equation (6.45) in the angular range −1 < cos(θ∗π0) < 0.9.
Due to the lack of statistics, the last bin was excluded from the fit. Total cross
sections were then extracted using Equation (6.46) and the resulting Legendre coef-
ficient ratios Bi/B0 are shown in Figures D.4.
The cross sections on the proton (open blue circles) and the neutron (open red tri-
angles) are of comparable size at the low incident photon energies, where they are
dominated by contributions from the first resonance region, i.e. the ∆(1232)3/2+

resonance. With increasing photon energy, both cross sections in general decrease,
but reveal the typical double-hump structure, corresponding to the second and third
resonance region. Thereby the third resonance region is clearly visible in the proton
cross section, but barely in the neutron cross section. In the second and third res-
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Figure 7.1: Total cross sections for single π0 photoproduction as a function
of the incident photon energy Eγ. Results from the A2 data. Left-hand side:
solid black circles: quasi-free inclusive reaction from the deuteron. Open ma-
genta circles: sum of exclusive results from proton and neutron. Open green
circles: (γd→ π0np) + (γd→ π0d) (MAMI-B) [69]. Insert: ratio of quasi-free
inclusive to sum of the exclusive cross sections. Right-hand side: open blue
circles: exclusive reaction on the proton. Open red triangles: exclusive reac-
tion on the neutron. Insert: ratio of neutron to proton cross sections. The
hatched histograms at the bottom indicate the systematic uncertainties of the
corresponding cross sections.

onance region, the proton cross section is up to 50% larger than the neutron cross
section. This is shown in the insert, which shows the ratio of the two cross sections.
However, at higher energies, the difference diminishes again, which points out sig-
nificant differences in the involved processes for photoproduction of π0 mesons from
protons and neutrons in the second and third resonance region. The statistical errors
are represented by the error bars, but due to the large statistics available, are barely
visible. The systematic uncertainties are shown by the hatched histograms at the
bottom of the figure. As already seen in Figures 6.141 and 6.143 the relative sys-
tematic uncertainty are of similar size for both results. The rather large systematic
error at low incident photon energies results from the influence of the Crystal Ball
energy sum threshold (see Section 6.15.3).

The quasi-free inclusive cross section is shown in Figure 7.1a (solid black circles)
and is compared to published data from MAMI-B [69] (open green circles) and to
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Figure 7.2: Differential cross sections for quasi-free inclusive π0 photopro-
duction from the deuteron as a function of the incident photon beam energy
Eγ. Results from the A2 data. Solid black circles: quasi-free inclusive reaction
from the deuteron. Open magenta circles: sum of exclusive results from proton
and neutron.

the sum of the exclusive proton and neutron cross section (open magenta circles).
The insert shows the ratio of the quasi-free inclusive to the sum of the exclusive cross
sections. Differential cross sections as a function of the incident photon energy are
shown in Figure 7.2 and as a function of the meson polar angle in the π0N center of
mass frame in Figure 7.4.
Since the quasi-free inclusive analysis does not require the coincident detection of the
recoil nucleon, the reconstruction of the final state invariant mass was not possible.
Therefore, a comparison of the cross sections was only possible as a function of the
incident photon energy. Contributions from coherent photoproduction of π0 from the
deuteron are negligible at these energies [69, 213, 217] and the quasi-free inclusive
cross section should be reproduced by the sum of the exclusive cross section of the
proton and neutron, i.e. σincl ≈ σp + σn. Deviations are on average on the order
of 5% and overall below 10%. As visible in the differential cross sections (Figures
7.2 and 7.4), the deviations are mainly present at the very forward and backward
angles. For all other polar angles, the agreement for all energies is very good. At
low energies, the deviations most likely stem from remaining coherent contributions.
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Whereas the coherent cross section strongly peaks at forward angles, the incoherent
cross section is much more in the backward direction. As no conditions on the recoil
nucleon could be applied to the event selection in the quasi-free inclusive analysis,
the discrepancies at low energies can partly be explained by a slight contamination
of the quasi-free inclusive cross section with deuterons from the coherent process. In
addition, the detection of the recoil nucleons at low energies is very sensitive for the
detector thresholds, which is difficult to incorporate appropriately in the simulation.
At higher energies the exclusive analyses are complicated by the reconstruction of
the kinetic energy of the recoil nucleons or by punch through of protons. Overall,
the agreement is very good, which indicates that the detection of the recoil nucleons
is well understood.
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Figure 7.3: Differential cross sections for quasi-free inclusive π0 photoproduc-
tion from the deuteron as a function of the incident photon energy Eγ. Results
from the A2 data. Solid black circles: this work. Open green circles: MAMI-B
[69]. Data from MAMI-B are only available for energies below 800 MeV. The
hatched histograms at the bottom represent the systematic uncertainties of the
quasi-free inclusive result from this work.

Within the systematic uncertainties, an overall good agreement between the
present and the MAMI-B results is visible, especially at higher photon energies where
contributions from the coherent cross section are absent and the systematic uncer-
tainties are smaller. This is also confirmed by the comparison of the differential cross
sections (Figure 7.3), which show an increasing agreement with the photon energy
for all meson center of mass polar angles.
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Figure 7.4: Differential cross sections for quasi-free inclusive π0 photopro-
duction from the deuteron as a function of the polar angle of the pion in the
π0N center of mass system. Results from the A2 data. Solid black circles:
quasi-free inclusive reaction from the deuteron. Open magenta circles: sum
of exclusive results from proton and neutron. The hatched histograms at the
bottom represent the systematic uncertainties of the quasi-free inclusive result.
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7.1.2 Results as a Function of the Center of Mass Energy W

For the exclusive reaction channels (which require the detection of all final state
particles except the spectator nucleon), the center of mass energy W =

√
s was

reconstructed from kinematics of the final state particles, according to Equation
(6.14), discussed in Section 6.7. The total cross sections were obtained by fitting
the differential cross sections with a series of Legendre coefficients (Equation (6.45))
of sixth order (see Figures D.5 and D.6 in the Appendix for the results of the fit).
Due to the lack of statistics (see Figure 7.6) the most forward angular bin, i.e.
0.9 < cos(θ∗π0) < 1.0, was excluded from the fit.
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Figure 7.5: Total cross sections for single π0 photoproduction from quasi-free
nucleons as a function of the final-state invariant mass W =

√
s. Results from

the A2 data. Left-hand side: open blue circles: exclusive reaction on the quasi-
free proton. Open red triangles: exclusive reaction on the quasi-free neutron.
Insert: ratio of quasi-free neutron to proton cross sections. Right-hand side:
solid red triangles: estimated free neutron cross section. Insert: ratio of free
neutron to proton cross sections. Model curves: left-hand side: γp → π0p.
Right-hand side: γn→ π0n. Dotted orange line: MAID [40]. Dashed cyan line:
SAID [39]. Dashed-dotted magenta line: BnGa-2014-02 (proton, [43]), BnGa-
2011-02 (neutron, [38]). Solid black line: BnGa-refit including the present free
neutron data [218]. The histograms at the bottom represent the systematic
uncertainties of the corresponding cross sections.

The resulting total cross sections for single π0 photoproduction from quasi-free
protons and neutrons are shown in Figure 7.5a. They are compared to model predic-
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Figure 7.6: Differential cross sections for exclusive π0 photoproduction from
quasi-free nucleons as a function of the final state invariant mass W . Results
from the A2 data. Notations as in Figure 7.5.

tions for free nucleons from the SAID partial wave analysis [39], the MAID unitary
isobar model [40], and the Bonn-Gatchina (BnGa) coupled channel partial wave anal-
ysis [38, 43] (the model results for the reaction on the neutron are shown in Figure
7.5b). The insert illustrates the ratio of the neutron to proton cross section from
data and model descriptions.
By comparing the total cross sections as a function of the incident photon energy Eγ
(Figure 7.1b) with those as a function of the center of mass energy W (Figure 7.5a),
the effect of the final state reconstruction is clearly visible. Due to the absence of
Fermi motion in the latter, the bump structures are less smeared out and are more
pronounced. However, the final state reconstruction depends on the experimental
resolution, which, though energy dependent, is on the order of 30 MeV [100] and
hence is only slightly lower than the most probable Fermi momentum of ∼40 MeV
(see Figure 3.9). Thus, due to the absence of narrow structures, a significant effect
holds off. The comparison of the proton (open blue circles) with the neutron cross
section (open red triangles) again reveals that the peaks in the second and third res-
onance region of the neutron are strongly suppressed. As can be seen in the neutron
to proton cross section ratio in the insert of Figure 7.5a, the different models only
simultaneously predict such a suppression for the third resonance region at ∼ 1680
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MeV, where all predict a much larger photon coupling of the N(1680)5/2+ resonance
for the proton than for the neutron [202]. In contrast, the predictions for the ratio
of the neutron to proton cross section in the second resonance region vary strongly.
Whereas the MAID model almost does not predict any suppression of the neutron
cross section in this region, a substantial difference can be seen in the description of
the SAID and BnGa model, which mainly results from different obtained coupling
strengths for the N(1535)1/2−.
In contrast to the different model predictions for the neutron, those for the proton are
in very good agreement. This results from the large data base for the reaction on the
proton to which the different models were fit. As available neutron data is sparse, the
predictions primarily depend on input from other reactions, such as γn → π−π0p,
and therefore are much more sensitive to the individual description. In addition,
the differential cross sections as a function of the center of mass energy (Figure 7.6)
reveal, that the suppression of the neutron cross section is strongly dependent on
the meson polar angle in the center of mass frame. Whereas the known reduction of
the neutron cross section in the third resonance region is already clearly present at
very backward angles and in the range of −1 < cos(θ∗π0) < 0.6, the suppression in
the second resonance region is primarily dominant at medium meson polar angles,
i.e. −0.6 < cos(θ∗π0) < 0.6.
Although all predictions for the free proton are very similar, the agreement with the
quasi-free proton cross section is poor. This indicates that the reaction on quasi-free
nucleons is strongly influenced by nuclear effects such as final state interactions (FSI)
that are not included in the models. Such a substantial suppression was already ob-
served in the second resonance peak for the inclusive γd→ π0np reaction (open green
circles in Figure 7.1a [69]). A 30% smaller cross section was reported with respect to
the sum of the model predictions for the free proton and neutron smeared with Fermi
motion. Nevertheless, since it was not possible to measure the neutron cross section
directly, it was not possible to assign the observation to FSI effects or to a much
smaller than predicted neutron cross section. The present data clearly demonstrate
that both effects contribute. It is very unlikely that the observed effect is due to any
systematic uncertainty of the data or analysis. At first, the quasi-free inclusive cross
section is in good agreement with former independent results [69] and similar effects
were observed and modeled for the quasi-free γd→ ppπ− reaction [77]. In addition,
the results for other reaction channels extracted from the same data exhibit different
behavior. Whereas the observed effect in this work is on the order of up to 35% and
energy dependent, for double π0π0 photoproduction it is energy independent and on
the order of 15% [219]. For ηπ0 and ηπ+ photoproduction differences of 30% and
10% were observed [220], and for η photoproduction, the free and quasi-free cross
sections were even in almost perfect agreement [207, 214].

The extraction of the cross section on the free neutron is complicated by the
presence of FSI effects. Theoretical models describing the FSI effects for single
π0 photoproduction from the deuteron are under way [82], but not yet available.
Therefore, it is only possible to estimate the free neutron cross section with the
assumption that the FSI effects are similar for quasi-free π0 photoproduction from
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Figure 7.7: Differential ratio of the free π0p cross section (SAID prediction)
to the quasi-free π0p(n) cross section (this work). Results from the A2 data.
Open circles: bare ratio. Solid circles: smoothed ratio, i.e. ratio obtained
from the SAID prediction smeared with the experimental resolution and an
additional energy dependent smoothing factor (see Section 6.12).
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protons and from neutrons. In this case, the FSI effects of the cross section from
quasi-free neutrons can be corrected with the ratio of the free to quasi-free proton
cross section according to Equation (6.40). Calculations for other reaction channels
(γd→ ppπ−, [77]) indicated that such approximations work reasonably well, except
for very forward angles, where, due to the very small relative momenta between the
participant and spectator nucleon, different behavior for protons than for neutrons
are expected. Nevertheless, since in this work the statistics at such angles are poor,
the most forward angular bin was rejected for the extraction of the results and at
least partly circumvents this problem.
The difference of the quasi-free to free cross sections is shown by their ratio in Figure
7.7. Thereby the SAID model prediction was taken as the free cross section, which
is reasonable, since it represents a fit to the world data of γp → π0p and hence
represents the free proton cross section reasonably well. The bare ratio, obtained
from the SAID prediction and the measured quasi-free differential cross section, is
shown as open black circles. However, as discussed in Section 6.12, this comparison
is not truly realistic, as, in contrast to the measured quasi-free result, the SAID
prediction is free from experimental resolution effects. Therefore, it was artificially
folded with the same experimental resolution as present in the quasi-free data and
the remaining resolution effects have been removed by applying an energy dependent
correction factor (see Figure 6.127). The final correction factor is represented by
the solid black circles in Figure 7.7. The effect of the folding procedure with the
experimental resolution is clearly visible. Whereas both ratios in general exhibit
similar behavior, the bare ratio (open black circles) has distinct wavy structures,
especially at higher energies where the experimental resolution is worse. In contrast,
the folded ratio is rather smooth and free of such structures. Apart from that, both
ratios show a clear enhancement at forward and backward angles. The behavior at
meson forward angles in the case of FSI effects is expected and predicted by model
calculations [78], since in this case the relative momenta between the spectator and
participant nucleon are comparatively small, which makes interactions between the
two nucleons much more probable. Nevertheless, as the relative energy increases with
the meson angle, an enhancement is also visible at meson backward angles, which
is not understood. However, this effect was also observed in the quasi-free inclusive
cross section in [69], but since recoil nucleons were not detected, contributions from
protons and neutrons could not be separated.

The resulting estimate of the total cross section of single π0 photoproduction
from free neutrons is shown in Figure 7.5b. The insert illustrates the ratio of the
estimated free neutron cross section to the SAID model prediction for the free proton.
Differential cross sections as a function of the final state invariant mass are shown in
Figure 7.8 and as a function of the meson polar angle in the center of mass frame in
Figure 7.11. The latter were normalized to the corresponding total cross section in
order to allow for a better comparison of the shapes of the different results. Standard
differential cross sections are shown in the Appendix, in Figure D.7. In all figures,
the results are compared to the available model predictions from MAID [40], SAID
[39], and BnGa [38, 43]. As previously mentioned, the three different models are not
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Figure 7.8: Estimated differential cross sections for exclusive π0 photopro-
duction from the free neutron as a function of the final state invariant mass
W . Results from the A2 data. Notations as in Figure 7.5.

in accordance with each other and none of them describes the estimated free neutron
cross section reasonably well. Among the models, the SAID prediction achieves the
best agreement with the data. Even though the shape is very similar to the data, it
underestimates the free neutron result, especially in the second and third resonance,
where mainly at backward and forward meson angles in the center of mass frame the
data is higher (see Figure 7.8.

A refit of the BnGa coupled channel partial wave analysis (solid black line), which
included the present data is also shown in the figures. However, the estimation was
carried out with the raw correction factor (open black circles in Figure 7.7) at that
time and hence does not correctly account for the experimental resolution, which is
present in the quasi-free cross section. The data and results that were used for the
fit can be found in [221]. Thus, the results of the refit, as shown in Figures 7.5b, 7.8,
7.9b and D.7, were obtained from a fit that included the old estimation, but is now
compared to the final estimation of the free neutron cross section. As visible for all
energies and angles, the free neutron data significantly improved the result of the fit,
while still describing previous data reasonably well. The retrospective elimination
of effects from the experimental resolution does not significantly degrade the quality
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Figure 7.9: Legendre coefficient ratios for single π0 photoproduction as a
function of the final-state invariant mass W =

√
s. Results from the A2 data.

Left-hand side: exclusive reactions on quasi-free nucleons. Right-hand side:
exclusive reactions on the free neutron. Notations as in Figure 7.5. The his-
tograms at the bottom represent the systematic uncertainties of the results.

of the agreement with the fit, but mainly differs in the width of the structures, as
expected from the resolution effects. A first effect of the estimated neutron cross
section can be seen in the ratios of the Legendre coefficients, as shown in Figure
7.9. The coefficient ratios for the reaction on quasi-free protons and neutrons are
shown on the left-hand side and those for the free neutron on the right-hand side.
Whereas the ratios with coefficients 2, 4, 5, and 6 do not show significant changes
for the free compared to the quasi-free neutron result, those with coefficients 1 and
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3 exhibit drastic changes such as different zero crossings or even general sign changes.

The impact of the present results to the understanding of the nucleon excita-
tion spectrum is demonstrated by its effect on the predictions of the BnGa partial
wave analysis. In order to describe the present neutron data simultaneously with
previous data, rather drastic changes had to be made. Due to the lack of neutron
data, the model predictions mainly depended on the beam asymmetry for γn→ π0n
from the GRAAL collaboration [46], as the other available neutron data is of poor
statistical quality. For the refit the strength of several background contributions,
e.g. t−, u− and in particular vector meson exchange amplitudes, had to be changed.
Furthermore, several resonance couplings had to be adjusted as depicted for a few
partial waves in Figure 7.10. Shown is the measured estimate of the neutron total
cross section (solid red circles) and the contributions from isospin I = 3/2 states
(left-hand side) and isospin I = 1/2 states (right-hand side) together with the con-
tributions from the previous BnGa result (dashed lines) and from the refit including
the present data (solid lines). As expected, the most drastic changes are observed
in the contributions with isospin I = 1/2, whereas the isospin I = 3/2 contributions
are barely affected. This results from the fact that the latter are already sufficiently
constrained by the results from the reaction on the free proton. In contrast, con-
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tributions of isospin I = 1/2 states and non-resonant t− und u− channels can not
be limited by measurements on the proton alone and hence strongly depend on the
available neutron data, which up to now was sparse and mainly consisted of either
data from γn(p) → p(n)π− or the beam asymmetry data from γn(p) → n(p)π0.
As a consequence, the present data strongly influenced the model calculations and
even revealed changes of well known four star states1. For example, the resonant
P11 partial wave (red line) that contains contributions from the N(1440)1/2+ roper
resonance and the N(1710)1/2+ changes significantly over the full energy range. At
energies above 1600 MeV, drastic changes are also observed for the non-resonant t−
und u−channel background terms and contributions from D13 partial waves, mainly
involving the N(1700)3/2− and N(1720)3/2+ resonances.

1The reliability of an observed resonance is rated with one to four stars, where one star denotes
evidence of existence is poor and four stars denote existence is certain, and properties are at least
fairly well explored [37].
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Figure 7.11: Normalized differential cross sections for exclusive π0 photo-
production from quasi-free protons (open blue triangles), quasi-free neutrons
(open red triangles), and free neutrons (solid black circles) as a function of the
polar angle of the pion in the π0N center of mass system. Results from the
A2 data. Notations as in Figure 7.5. The hatched histograms at the bottom
represent the systematic uncertainties of the quasi-free results.
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7.2 Cross Sections for π0π0 Photoproduction from
the Free Proton

In this section, the total and differential cross sections from the analysis of double
π0 photoproduction from free protons from A2 and CBELSA/TAPS data will be
presented and compared. The analysis on the liquid hydrogen target was primarily
used for the test of the analysis procedures. It was also used for the determination of
the nucleon detection efficiency correction (see Section 6.8.3) and the investigation of
final state interaction effects of the reaction from the quasi-free proton, from which
the free neutron cross section was estimated (see Section 6.12).
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(b) Results from the CBELSA/TAPS data

Figure 7.12: Total cross sections for double π0 photoproduction from the free
proton as a function of the final state invariant mass W . Left-hand side: A2
data. Right-hand side: CBELSA/TAPS data. Solid black triangles: exclusive
reaction. Open black triangles: inclusive reaction. Solid magenta stars: ELSA-
08 data [59]. Open green circles: MAMI1-12 data [55]. Open red diamonds:
MAMI2-12 data [52]. Dashed cyan line: MAID [62]. Dashed-dotted magenta
line: BnGa [43]. Gray histogram at the baseline: difference between inclusive
and exclusive results.

The liquid hydrogen data from A2 and CBELSA/TAPS was analyzed with (ex-
clusive) and without (inclusive) the coincident detection of the recoil proton. This
allows for the investigation of the quality of the detection of the recoil proton. The
resulting total cross sections for A2 and CBELSA/TAPS are shown in Figures 7.12a
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and 7.12b, respectively. It can be seen that the inclusive (open black triangles) and
the exclusive (solid black triangles) total cross section are in good agreement. The
quality of the agreement is visualized by the gray histogram at the bottom, which
represents the difference of the two results. The results are also compared to pre-
vious measurements from MAMI (without coincident detection of the proton, open
red diamonds: [52], open green circles: [55]) and ELSA (with coincident detection of
the proton, [59]) and solutions from the MAID isobar model (dashed cyan line, [62])
and BnGa coupled channel partial wave analysis (dashed-dotted magenta line, [43]).
The agreement between the A2 data (Figure 7.12a) and previous results is overall
satisfactory. The largest deviations (up to 10%) can be observed in the high energy
tail between the A2 results and the MAMI data (open green circles). At the same
time, the agreement with the data from ELSA (solid magenta diamonds) is much
better. The results from CBELSA/TAPS (Figure 7.12b) are, apart from statistical
fluctuations, in good agreement with both datasets. The large difference between
the inclusive and exclusive measurements close to the threshold are due to the lack
of statistics at low energies. As mentioned in Section 2.6.2, the trigger settings of
the liquid hydrogen and deuterium beamtimes were optimized for η photoproduc-
tion and some of the lower tagger channels were switched off. The agreement of the
measured data with the predictions from the MAID model is poor, which indicates
that it neglects certain resonance contributions or contains incorrect contributions
or wrong helicity couplings. The agreement with the BnGa solution is much better
since it was fit to the ELSA data.
The differential cross sections of the exclusive measurements from both experiments
are compared in Figure 7.13. In general, the agreement is good, especially for higher
energies where influences from poor statistics of the CBELSA/TAPS data or from
the energy sum trigger of the A2 data vanished. At low energies, small deviations
occur, but are mostly within the systematical uncertainties. At low energies, the
best agreement with the BnGa solution is achieved at meson backward angles and
at higher energies the opposite is true, i.e. discrepancies mainly occur at backward
angles. Even though several high statistics results are already available throughout
the full angular and energy range in the second and third resonance region, the mod-
els still struggle with an appropriate description of the data. Further input from
polarization observables or from measurements on the neutron seem to be necessary
for solving the puzzle.

A full set of differential cross sections from the A2 and CBELSA/TAPS data are
shown individually in Appendix D.2.1 and D.2.1. The π0p and π0π0 invariant mass
distributions are compared to each other in Appendix D.2.1.

The differential cross sections and Nπ0 and π0π0 invariant mass distributions
normalized to the total cross section are compared to those from quasi-free photo-
production in Section 7.3.1 and 7.3.2 for the analysis of the A2 and CBELSA/TAPS
data, respectively.
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Figure 7.13: Differential cross sections for exclusive 2π0 photoproduction
from the free proton as a function of the polar angle of the combined meson
in the 2π0p center of mass system. Solid black triangles: results from the A2
data. Open black triangles: results from the CBELSA/TAPS data. Dashed
cyan line: MAID [62]. Dashed-dotted magenta line: BnGa [43]. The hatched
histograms at the bottom represent the systematic uncertainty of the exclusive
result.
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7.3 Cross Sections for π0π0 Photoproduction from
Quasi-Free Nucleons

In this section, the analyses of double π0 photoproduction from quasi-free protons
and neutrons from the A2 and CBELSA/TAPS data will be presented. The results
will be presented individually in Sections 7.3.1 and 7.3.2, respectively, and then
compared to each other in Section 7.3.3.
Double π0 photoproduction was analyzed with (exclusively) and without (quasi-free
inclusively) the coincident detection of recoil protons and neutrons. Results were
extracted as a function of the incident photon energy Eγ for the investigation of the
quality of the nucleon detection efficiency and as a function of the final state invariant
mass W to eliminate effects from Fermi motion. Total cross sections and differential
cross sections as a function of the combined meson polar angle in the center of mass
frame cos(θ∗2π0), as well as a function of the Nπ0 and π0π0 invariant mass, have been
extracted. In addition, the results from double π0 photoproduction from the free and
quasi-free proton were used to estimate the free neutron cross section. Finally, the
results will be compared to the model predictions from the MAID isobar model [62]
and the BnGa coupled channel partial wave analysis [43].

7.3.1 Cross Sections from A2 Data

This section presents the differential and total cross sections obtained from the anal-
ysis of double π0 photoproduction from quasi-free protons and neutrons from the
A2 data. For this analysis, all three liquid deuterium beamtimes were analyzed, i.e.
December 2007, February 2009 and May 2009 (see Table 2.6 for details). First, the
exclusive total cross sections from the proton and neutron are shown as a function of
the incident photon energy Eγ and are compared to that of the quasi-free inclusive
analysis. In the following, the results as a function of the center of mass energy W
and the estimated free neutron cross section will be presented.

Results as a Function of the Incident Photon Energy Eγ

The total cross sections for the exclusive analyses of double π0 photoproduction from
quasi-free protons (open blue circles) and neutrons (open red triangles) as a function
of the incident photon energy are shown in Figure 7.14b. Both cross sections exhibit
the similar shape already observed on the free proton (Section 7.2) consisting of two
rather broad bump structures representing the second and third resonance region.
However, the proton cross section is steeper at threshold and reaches the maximum
of the first resonance region earlier than that of the neutron. Similarly, the second
bump in the proton cross section is shifted towards higher energies compared to the
neutron, such that it exceeds the neutron cross sections in the high energy tail. In
contrast, the neutron cross section does not exhibit a significantly deep valley in
between the two bumps. This behavior is also visualized in the insert, which shows
the ratio of the neutron to the proton cross section. In the minimum of the valley,
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Figure 7.14: Total cross sections for double π0 photoproduction as a function
of the incident photon energy Eγ. Results from the A2 data. Left-hand side:
solid black circles: quasi-free inclusive reaction from the deuteron. Open ma-
genta circles: sum of exclusive results from proton and neutron. Open green
stars: γd→ 2π0npMAMI-B 99 [69]. Open cyan diamonds: γd→ π0npMAMI-
B 2000 [70]. Insert: ratio of quasi-free inclusive to sum of the exclusive cross
sections. Right-hand side: open blue circles: exclusive reaction on the proton.
Open red triangles: exclusive reaction on the neutron. Insert: ratio of neutron
to proton cross sections. The hatched histograms at the bottom indicate the
systematic uncertainties of the corresponding cross sections.

both cross sections show a narrow structure of comparable size such that it is not
visible in the ratio. The statistical errors are shown as error bars, but due to the large
amount of statistics, fall below the size of the marker. The systematic uncertainties
are indicated as hatched histograms in the bottom of the figure.

Figure 7.14a shows the total cross sections of the quasi-free inclusive analysis
(solid black circles) compared to the sum of the exclusive proton and neutron cross
section (open magenta circles) and two low statistics results from previous experi-
ments from MAMI-B [69, 70]. Whereas one of the results from the older experiment
[69] agrees well with the present data within the relatively large statistical errors,
the other result [70] only agrees up to the η photoproduction threshold of Eγ ≈ 700
MeV and then overshoots the present results by about 13%. Above these energies,
the older experiments had to deal with large background contributions from the
η → 3π0 decay, which was eliminated in this work due to the condition of the cluster



362 Chapter 7. Results and Discussion

500 1000
0

1

2

* ) < -0.80π2θ-1.0 < cos(

500 1000
0

1

2

* ) < -0.60π2θ-0.8 < cos(

500 1000
0

1

2

* ) < -0.40π2θ-0.6 < cos(

500 1000
0

1

2

* ) < -0.20π2θ-0.4 < cos(

500 1000
0

1

2

* ) < 0.00π2θ-0.2 < cos(

A2

500 1000
0

0.5

1

1.5

2

* ) < 0.20π2θ0.0 < cos(

500 1000
0

0.5

1

1.5

2

* ) < 0.40π2θ0.2 < cos(

500 1000
0

0.5

1

1.5

2

* ) < 0.60π2θ0.4 < cos(

500 1000
0

0.5

1

1.5

2

* ) < 0.80π2θ0.6 < cos(

500 1000
0

0.5

1

1.5

2

* ) < 1.00π2θ0.8 < cos(

500 1000 500 1000 500 1000 500 1000 500 1000

0

1

2

0

0.5

1

1.5

 [MeV]γE

b/
sr

]
µ [

Ω
/dσd

Figure 7.15: Differential cross sections for quasi-free inclusive 2π0 photopro-
duction from the deuteron as a function of the incident photon beam energy
Eγ. Results from the A2 data. Solid black circles: quasi-free inclusive reaction
from the deuteron. Open magenta circles: sum of exclusive results from proton
and neutron.

multiplicity and the almost full angular coverage of the experimental setup.

The quasi-free inclusive result is in good agreement with the sum of the two
exclusive cross sections, also visible in the insert, which shows the ratio of the quasi-
free inclusive to the sum of the two exclusive cross sections. This equality must hold
true as contributions from coherent 2π0 production are well below 100 nb [222] and
thus, σincl ≈ σqfp + σqfn applies. Except for the very low energies close to threshold,
the ratio is almost one over all energies. The quality of the agreement can also be
seen in the differential cross sections as a function of the incident photon energy
(Figure 7.15) and as a function of the center of mass polar angle of the combined
meson (Figure 7.16). Except for the very backward and forward angles and close to
threshold, the agreement is excellent. This nicely demonstrates that no significant
sources of systematic uncertainty due to the detection of the recoil nucleons are
present.
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Figure 7.16: Differential cross sections for quasi-free inclusive 2π0 photopro-
duction from the deuteron as a function of the polar angle of the pion in the
π0N center of mass system. Results from the A2 data. Solid black circles:
quasi-free inclusive reaction from the deuteron. Open magenta circles: sum
of exclusive results from proton and neutron. The hatched histograms at the
bottom represent the systematic uncertainties of the quasi-free inclusive result.
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Results as a Function of the Final State Invariant Mass W
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Figure 7.17: Total cross sections for double π0 photoproduction from free
and quasi-free nucleons as a function of the final-state invariant mass W =√
s. Results from the A2 data. Left-hand side: open (solid) black triangles:

inclusive (exclusive) free proton. Open (solid) blue circles: quasi-free proton
from IS (FS). Open (solid) red triangles: quasi-free neutron from IS (FS). Solid
(dashed) black line: free proton folded with Fermi motion (scaled with 0.85).
Insert: ratio of quasi-free neutron to proton ratio. Solid cyan line: MAID
neutron to proton ratio. Right-hand side: blue circles: free proton. Open
(solid) red triangles: free neutron from IS (FS). Open black triangles: free
proton from GRAAL [68]. Solid black diamonds: free neutron from GRAAL
[68]. Dashed cyan (dotted orange) line: MAID proton (neutron) [62]. Dashed-
dotted line: BnGa [43]. Insert: ratio of free neutron to proton ratio. Open
(solid) red circles: this work from IS (FS). Open black circles: GRAAL data.
Solid black line: MAID neutron to proton ratio. The histograms at the bottom
represent the systematic uncertainties of the corresponding cross sections.

The total cross sections for double π0 photoproduction from quasi-free protons
and neutrons as a function of the center of mass energy are shown in Figure 7.17a.
The center of mass energy W =

√
s was reconstructed from the kinematics of the

final state (FS) as discussed in Section 6.7. The resulting cross sections are shown
as full symbols. In addition, the cross sections (shown as open symbols) were re-
constructed from the initial state particles (IS) similarly to the free proton results
(open black triangles: inclusive analysis, solid black triangles: exclusive analysis).
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Figure 7.18: Differential cross sections for exclusive 2π0 photoproduction
from quasi-free nucleons as a function of the final state invariant mass W .
Results from the A2 data. Open blue circles: quasi-free proton. Open red
triangles: quasi-free neutron. Dashed black line: free proton folded with Fermi
motion and scaled with 0.85.

Whereas the IS cross sections are affected by Fermi motion, those from FS are sub-
ject to effects from experimental resolution. As previously mentioned, both effects
are of similar order for the single π0 results on deuterium. For this reason, the results
of both reconstructions are very similar.
The comparison of the free and quasi-free proton cross sections show a rather strong
reduction of the quasi-free cross section. The size of the effect was estimated by
folding the free proton result with Fermi motion (shown as the solid black line).
The folded free proton cross section is about 15% larger than the quasi-free result
(indicated by the dashed line, which corresponds to the Fermi folded cross section
scaled by 0.85). The curve almost perfectly fits the quasi-free result, indicating that
the effect is nearly independent of energy. The angular dependence of the results
reveal a similar behavior. The differential cross sections as a function of the final
state invariant mass and the combined meson polar angle in the center of mass frame
are shown in Figures 7.18 and 7.22. Thereby the differential cross sections as a func-
tion of the meson polar angle were normalized to the corresponding cross section to
allow for a better comparison of the shapes of the distributions. The Fermi folded
and scaled free proton cross section is also shown (dashed black line). Besides being
independent of energy, the effect also seems to be of the same magnitude for all
combined meson angles.

For almost all angular bins, the curve is nearly congruent with the quasi-free cross
sections. This is somehow surprising, as the suppression of the quasi-free cross section
with respect to the free result most likely indicates a moderate nuclear FSI effect
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which should not be independent of energy or angle. However, it should be noted that
the present data does not cover the extreme forward angles where the FSI effects are
predicted to be the most sizeable. In addition, the most forward angular bins exhibit
the largest observed systematic uncertainties. Although the size of the effect is of
similar size as the systematic uncertainties of the measured cross sections, it seems
very unlikely that the effect is due to systematic errors in the analysis. On the one
hand, the same analysis procedure used on the liquid hydrogen data achieved good
agreement with published results. On the other hand, analyses of different reaction
channels using the same data exhibit different behavior. As previously discussed
in Section 7.1, the observed differences between free and quasi-free range from 0%
(η photoproduction) to 35% (single π0 photoproduction). Furthermore, the general
trend of the effect is mostly in agreement with expectations, as it was observed
to be larger for neutral pions than for charged pions (for the latter, due to charge
exchange, two identical nucleons exist in the final state and nucleon-nucleon FSI
effects are larger for proton-neutron than for neutron-neutron pairs [18]) and it was
already known to be mostly absent in η photoproduction. Nevertheless, a detailed
understanding of such effects are still required, even though first calculations for
γd→ p(p)π− and γd→ π0p(n) are under way [77, 82].

The high statistics results for the free and quasi-free proton cross sections were
used to derive an estimation of the free neutron cross section, as discussed in Section
6.12. The ratio of the Fermi folded free to quasi-free cross section was smoothed as
a function of energy (see right-hand side of Figure 6.126) and applied to the quasi-
free neutron cross section. The correction factors for the bare (open circles) and
smoothed ratio (filled circles) are shown in Figure 7.19. It is only slightly decreasing
with energy as already seen in Figure 6.126, but also reveals a slight angular depen-
dence that does not exhibit the predicted enhancement with forward meson angles
from the associated low relative momenta between the final state nucleons. Instead,
the largest ratios are observed at medium meson angles for all energies. Close inspec-
tion of the differential cross sections as a function of the final state invariant mass
confirms the angular dependence of the correction factor. Towards medium meson
angles, i.e. −0.4 < cos(θ∗2π0) < 0.2, the scaled Fermi folded proton result (dashed
black line in Figure 7.18), is larger than the quasi-free cross section (open blue cir-
cles), whereas at backward and forward angles the opposite is the case. However,
the angular dependence is
Since it was observed that the FSI effect for the quasi-free proton was on the order of
15% and is only weakly dependent on energy and angle, it can be expected that the
free neutron cross section is of 15% larger magnitude than the quasi-free result, which
is indeed the case. The obtained estimate for the free neutron cross section is shown
in Figure 7.17b. Shown are the two estimates obtained from the quasi-free neutron
cross section and were reconstructed from the initial state (open red triangles) and
from the final state (solid red triangles). Both results are in very good agreement,
since the effects of the Fermi motion in the initial state reconstruction are of similar
size as those from the experimental resolution in the final state reconstruction and
hence, both effects only affect the neutron cross section weakly. The insert shows the
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Figure 7.19: Differential ratio of free exclusive 2π0p cross section to the
quasi-free 2π0p(n) cross section. Results from the A2 data. Open circles:
bare ratio. Solid circles: ratio obtained from the free cross section smeared
with Fermi motion and an additional energy dependent smoothing factor (see
Section 6.12).
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Figure 7.20: Differential cross sections for exclusive 2π0 photoproduction
from the free proton (solid blue circles) and the estimated free neutron (solid
red triangles) as a function of the final state invariant mass W . Results from
the A2 data. Notations as in Figure 7.17.

ratio of the free neutron to free proton cross section that, free of normalization un-
certainties, is equal to the quasi-free ratio. The estimated free neutron cross section
is compared to the exclusive result for the free proton cross section (solid blue cir-
cles) and to available free proton and neutron results from the GRAAL collaboration
[68]. They obtained the free neutron cross section with the ratio of free to quasi-free
proton cross section reconstructed from the initial state. However, in contrast to the
present work, they did not smear the free proton data with Fermi motion and their
result for the free proton cross section exhibits significant discrepancies with pub-
lished results. For this reason, their estimate for the neutron cross section exhibits
a large enhancement in the third resonance region with respect to the proton cross
section. Nevertheless, the present results can not confirm such behavior at all. In
contrast, apart from the absolute magnitude, the free cross sections exhibit nearly
the same characteristics as already discussed for the quasi-free results.
In addition to the already mentioned model results for the proton, the MAID cal-
culation for the neutron (dotted orange line) is shown. However, compared to the
already underestimating proton model, the prediction for the neutron seems to miss
even more contributions. Nevertheless, it represents the only officially available pre-
diction for double π0 photoproduction from the neutron.

The nearly energy and angular independent effect of the FSI correction can also
be seen in the normalized differential cross sections as a function of W and cos(θ∗2π0)
for the free neutron compared to those for the quasi-free neutron in Figures 7.20,
7.18, and 7.22 which are almost of identical shape and only differ in magnitude.
Besides the difference in absolute magnitude, the shape of the differential cross sec-
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Figure 7.21: Legendre coefficient ratios for double π0 photoproduction as
a function of the final-state invariant mass W =

√
s. Results from the A2

data. Left-hand side: exclusive reactions on quasi-free nucleons. Right-hand
side: exclusive reactions on the free nucleons. Notations as in Figure 7.17.
The histograms at the bottom represent the systematic uncertainties of the
corresponding results.

tion for free and quasi-free protons is similar to that for free and quasi-free neutrons
for energies up to the region between the first bump and the subsequent valley at
W ≈ 1600 MeV. For higher energies, they exhibit rather different shapes, which is
due to different contributions from the sequential decays. As expected, the agree-
ment of the proton data with the prediction from the BnGa coupled-channel partial
wave analysis is reasonably good over all energies, since their model was fit to similar
data from previous CBELSA/TAPS data. In contrast, the solution from the MAID
model does not accurately describe the proton or the neutron data. Due to the good
agreement between free and quasi-free data, the Legendre coefficient ratios for the
extraction of the quasi-free and free cross sections (Figure 7.21), apart from small
differences, are very similar. The small deviations of the BnGa model in the differ-
ential cross sections result in rather large discrepancies in the coefficient ratios of the
Legendre expansion.
Differential cross sections as a function of the Nπ0 and π0π0 pairs normalized to the
corresponding total cross section are shown in Figures 7.23 and 7.24, respectively.
Thereby for every event one of the two available pions was randomly chosen for the
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Figure 7.22: Normalized differential cross sections for exclusive 2π0 photo-
production from free and quasi-free nucleons as a function of the polar angle of
the pion in the 2π0p center of mass system. Results from the A2 data. Nota-
tions are given in the Figure. The hatched histograms at the bottom represent
the systematic uncertainties of the quasi-free results.
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Figure 7.23: Normalized differential cross sections for exclusive 2π0 photo-
production from the free proton and from quasi-free nucleons as a function of
the Nπ0 invariant mass. Results from the A2 data. Notations are given in
the Figure. The hatched histograms at the bottom represent the systematic
uncertainties of the quasi-free results.
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Figure 7.24: Normalized differential cross sections for exclusive 2π0 photo-
production from the free proton and from quasi-free nucleons as a function of
the π0π0 invariant mass. Results from the A2 data. Notations are given in
the Figure. The hatched histograms at the bottom represent the systematic
uncertainties of the quasi-free results.
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nucleon-pion pair to avoid correlations in the statistical uncertainty. This results
in the same if the invariant masses from both Nπ0 were used and the results were
renormalized by a factor of 0.5. Shown are the results for the quasi-free proton
(open blue triangles) and neutron (open red triangles) together with those for the
free proton (open black circles). As expected from the comparison of the total cross
sections, the results for the free and quasi-free proton are in good agreement and
exhibit nearly identical shapes for all energies. The shapes of the proton and neu-
tron cross sections again are very similar until energies of W ≈ 1600 MeV, close to
the valley between the two resonance regions. At higher energies, the shape remains
similar, but the neutron cross section exhibits a more pronounced peak at the mass
of the ∆ resonance. This indicates a larger contribution from sequential decays via
the ∆(1232)3/2+ intermediate state in the region of the second bump for the neutron
compared to the proton.

In order to investigate this characteristic behavior in more detail, the total
cross section was decomposed into contributions from phase space (γN → Nπ0π0)
and the sequential decays via ∆(1232)3/2+ (γN → ∆(1232)3/2+π0 → Nπ0π0) or
N(1520)3/2− (γN → N(1520)3/2−π0 → Nπ0π0) resonances. These sequential de-
cays were chosen within the energy range of interest as they tend to contribute most
to the Nπ0π0 final state, also visible in the Nπ0 differential cross sections. For this
purpose, the relative contributions obtained from the determination of the detection
efficiencies (see Equation (6.16) in Section 6.8.1) were used to produce total cross
sections according to Equation (6.17). The quantum numbers of the intermediate
states were not considered here and information about the angular distributions of
the involved resonances were neglected. Similarly, the analysis does not account for
the available information about the beam helicity asymmetries [56], nor for the in-
terferences between the different contributions. Even though the data are compared
to results from a PWA of previous ELSA data on the proton [59] and already reveal
a few interesting aspects concerning the comparison of the reaction on the proton
to the neutron, a more detailed analysis in the framework of coupled-channel partial
wave analyses would be required. The results from the decomposition of the total
cross section are shown in Figure 7.25 and the corresponding differential cross sec-
tions as a function of the final state invariant mass in Figure 7.26.

For all polar angles θ∗2π0 in the second resonance region, the first bump in the pro-
ton and neutron cross sections is dominated by the sequential decay via the interme-
diate ∆(1232)3/2+π0 state. Previous analyses of free proton data [50, 51, 59] found
that this mainly originates from the N(1520)3/2− → ∆(1232)π03/2+ decay. Sub-
sequently, contributions from the ∆(1232)3/2+π0 intermediate state diminish in the
third resonance region (except for polar angles in the range −0.2 < cos(θ∗2π0) < 0.4)
and are replaced by a strong resonance of the phase-space contribution and at forward
angles also by the intermediate N(1520)3/2− state. In contrast, the contributions to
the neutron cross section are, throughout all energies and meson polar angles, mostly
dominated by a reaction chain via an intermediate ∆(1232)π0 state and contribu-
tions from phase-space or via N(1520)3/2− remain small. This shows that although
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Figure 7.25: Contributions of γN → ∆(1232)π0 → Nπ0π0 (blue triangles),
γN → Nπ0π0 (red triangles) and γN → N(1520)π0 → Nπ0π0 (green squares)
to the 2π0 total cross section (black circles) for quasi-free protons (left-hand
side) and quasi-free neutrons (right-hand side). Solid lines: corresponding
results from a PWA from previous ELSA proton data [59]. Results from the
A2 data.

both cross sections exhibit a very similar shape, the origin of the bumps in the third
resonance region is entirely different. Whereas for the proton, it mainly originates
from phase space contributions, for the neutron intermediate ∆(1232)3/2+π0 states
are dominant and responsible for the more shallow peak.
A possible explanation for the observed behavior can be found in the origin of the
phase-space contribution. As observed in the present data, the bump in the third
resonance region in the PWA of the proton data is mainly caused by the resonant
phase-space contribution (solid red line in Figure 7.25) which represents decays of
the N(π0π0)S final state with the two pions in a relative s-wave. Such final states
are sometimes assigned to the Nσ final state and the broad scalar-isoscalar σ-meson
is used as an effective parametrization of this partial wave. In the MAID model,
the second bump in the proton cross section is mainly caused by the N(1680)5/2+

resonance, and in the neutron cross section primarily by the N(1675)5/2− reso-
nance. This description is in agreement with expectations that would result from
interpretations of the basic properties of these states as listed in the Review of
Particle Physics [37]. The branching ratio of the N(1680)5/2+ resonance to the
∆(1232)3/2+π0 state is much lower (5-15%) than that of the N(1675)5/2− (50-
60%). Due to the large electromagnetic coupling (all in units of 10−3 GeV−1/2) of
the N(1680)5/2+ to the proton (Ap1/2 = 15 ± 6, Ap3/2 = 133 ± 12) compared to the
neutron (An1/2 = 29± 10, An3/2 = 33± 9), it is much more probable that the proton
is excited to the N(1680)5/2+ than to the N(1675)5/2−. In addition, the elec-
tromagnetic excitation of the latter is Moorehouse suppressed for the proton [223]
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Figure 7.26: Contributions of γN → ∆(1232)π0 → Nπ0π0 (blue triangles),
γN → Nπ0π0 (red triangles), and γN → N(1520)π0 → Nπ0π0 (green squares)
to the 2π0 differential cross sections as function of the final state invariant
mass W (black circles) for quasi-free protons (upper two rows) and quasi-free
neutrons (lower two rows). Results from the A2 data.

(Ap1/2 = 19± 8, Ap3/2 = 20± 5) than for the neutron (An1/2 = 60± 5, An3/2 = 85± 10).
These considerations are also in agreement with the Nσ interpretation from the
PWA [59]. The N5/2± → Nσ decay is possible with a relative angular momentum
of the Nσ system of lNσ = 2 for the 5/2+ state, but the 5/2− state is only possible
with lNσ ≥ 3. As a consequence, a larger contribution from the Nσ decay for the
N(1680)5/2+ state, which is the main contribution in the third resonance region of
the proton cross section, is very plausible. However, a combined PWA involving
both reactions, as well as information from angular distributions and polarization
observables, will certainly shed more light on the puzzle.

A full set of differential cross sections for the quasi-free proton and neutron as
well as for the free neutron are shown in the Appendix, in Figures D.12 - D.14
and are compared to the results from the CBELSA/TAPS data in Figures D.19 -
D.21. Differential cross sections as function of the Nπ0 and π0π0 invariant mass are
compared to those from CBELSA/TAPS in Figures D.23, D.24 and Figures D.26,
D.27.
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7.3.2 Cross Sections from CBELSA/TAPS Data

In this section, the results for the differential and total cross sections for double π0

photoproduction from quasi-free protons and neutrons bound in deuterium from the
CBELSA/TAPS data will be presented. The data are taken from the December
2008 experiment with a liquid deuterium target and were analyzed with the equiv-
alent analysis as used for the extraction of the results of the A2 data, presented in
Section 7.3.1. The same observables using the identical techniques have been ex-
tracted for incident photon energies from ∼ 0.45 GeV to ∼ 2.3 GeV. Although the
statistical quality of the data compared to that from A2 is rather poor and required a
coarser energy and angular binning, the present results allow for the extension of the
discussion and interpretation of the A2 results from section 7.3.1 beyond the third
resonance region to roughly 1 GeV higher energies. Furthermore, applying the same
analysis to data of a different experimental setup using different types of detectors
and trigger settings allows for an important cross check and puts stringent limits on
the systematic uncertainties among the individual results.

Results as a Function of the Incident Photon Energy Eγ

The total cross sections of the exclusive analysis of 2π0 photoproduction from quasi-
free protons and neutrons bound in the deuteron are presented as a function of the
incident photon energy in Figure 7.27b. Both cross sections exhibit the typical two
bump shape. Due to the poor statistics that mostly affect the neutron channel,
the cross sections show rather large fluctuations and error bars from threshold until
roughly the second bump region. Compared to the Results from the A2, the high
granularity of the Crystal Barrel detector results in a somewhat better energy res-
olution and by that the bumps appear sharper. In the second and third resonance
region, the ratio of neutron to proton cross section strongly varies (see insert in
Figure 7.27b), but remains rather stable at higher photon beam energies, indicating
that at higher energies the neutron cross section is suppressed with respect to the
proton result by roughly 20%. The sum of the two exclusive results is compared to
the quasi-free inclusive cross section in Figure 7.27a. The comparison of the differ-
ential cross sections as a function of the incident photon energy and the meson polar
angle in the center of mass frame are shown in Figures 7.28 and 7.29. Within the
systematic uncertainties, the results are in good agreement for all meson polar angles
and photon energies. The differences lie within 10% with a slight excess of about
15% at energies of ∼ 1.3 GeV after the third resonance region and a somewhat too
high sum of proton and neutron cross section at meson backward angles, which is
compensated by a slightly too low sum in the proximate angular bin. The results are
also compared to previous data from MAMI-B, illustrated with open green stars [69]
and open cyan diamonds [70]. The same good agreement with the older MAMI-B
data [69] as obtained with the A2 data is observable, whereas the newer MAMI-B
data again exceeds the present result above the η photoproduction threshold at en-
ergies of Eγ ≈ 700 MeV. The deviations are well within the systematic uncertainties
and hence no significant problem with the detection of recoil nucleons was observed.
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Figure 7.27: Total cross sections for double π0 photoproduction as a function
of the incident photon energy Eγ. Results from the CBELSA/TAPS data. Left-
hand side: solid black circles: quasi-free inclusive reaction from the deuteron.
Open magenta circles: sum of exclusive results from proton and neutron. Open
green stars: γd → 2π0np MAMI-B 99 [69]. Open cyan diamonds: γd → π0np
MAMI-B 2000 [70]. Insert: ratio of quasi-free inclusive to sum of the exclusive
cross sections. Right-hand side: open blue circles: exclusive reaction on the
proton. Open red triangles: exclusive reaction on the neutron. Insert: ratio
of neutron to proton cross sections. The hatched histograms at the bottom
indicate the systematic uncertainties of the corresponding cross sections.
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Figure 7.28: Differential cross sections for quasi-free inclusive 2π0 photopro-
duction from the deuteron as a function of the incident photon beam energy
Eγ. Results from the CBELSA/TAPS data. Solid black circles: quasi-free
inclusive reaction from the deuteron. Open magenta circles: sum of exclusive
results from proton and neutron.
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Figure 7.29: Differential cross sections for quasi-free inclusive 2π0 photopro-
duction from the deuteron as a function of the polar angle of the pion in the
π0N center of mass system. Results from the CBELSA/TAPS data. Solid
black circles: quasi-free inclusive reaction from the deuteron. Open magenta
circles: sum of exclusive results from proton and neutron. The hatched his-
tograms at the bottom represent the systematic uncertainties of the quasi-free
inclusive result.
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Figure 7.30: Total cross sections for double π0 photoproduction from free
and quasi-free nucleons as a function of the final-state invariant massW =

√
s.

Results from the CBELSA/TAPS data. Left-hand side: open (solid) black tri-
angles: inclusive (exclusive) free proton. Open (solid) blue circles: quasi-free
proton from IS (FS). Open (solid) red triangles: quasi-free neutron from IS
(FS). Solid (dashed) black line: free proton folded with Fermi motion (scaled
with 0.85). Insert: ratio of quasi-free neutron to proton ratio. Solid cyan
line: MAID neutron to proton ratio. Right-hand side: blue circles: free pro-
ton. Open (solid) red triangles: free neutron from IS (FS). Open black trian-
gles: free proton from GRAAL [68]. Solid black diamonds: free neutron from
GRAAL [68]. Dashed cyan (dotted orange) line: MAID proton (neutron) [62].
Dashed-dotted line: BnGa [43]. Insert: ratio of free neutron to proton ratio.
Open (solid) red circles (triangles): this work from IS (FS). Open black circles:
GRAAL data. Solid black line: MAID neutron to proton ratio. The histograms
at the bottom represent the systematic uncertainties of the corresponding cross
sections.

Total cross sections as a function of the center of mass energyW have been recon-
structed for the exclusive reactions from the final state (FS) according to Equation
(6.14) and from the initial state (IS) under the assumption that the participant nu-
cleon was at rest. The results (open symbols: IS reconstruction, full symbols: FS
reconstruction) for the proton (blue circles) and the neutron (red circles) are shown
in Figure 7.30a. Due to the slightly better energy resolution of the Crystal Barrel
calorimeter compared to the Crystal Ball calorimeter from A2, the reconstruction
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from the final state achieves somewhat less smeared out structures. However, the
agreement between both reconstructions is still in very good agreement. The quasi-
free proton result is again compared to that of the free proton (black symbols: open
triangles: inclusive analysis, full triangles: exclusive analysis) and to the free proton
cross section smeared with Fermi motion (solid black line). In accordance with the
observations from the A2 analysis but extending to higher energies, the quasi-free
proton cross section is suppressed with respect to the free data by 15 %, as indicated
by the Fermi smeared result scaled down by a factor of 0.85. The same observation
applies for the differential cross sections as a function of the incident photon energy
(Figure 7.31) and by that confirms the independence of the effect on photon energy
and meson polar angle in the center of mass frame. No accurate information for very
low photon energies in the most forward angular bin can be obtained as the poor
statistics and small detection efficiencies result in an excess of the differential cross
section.
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Figure 7.31: Differential cross sections for exclusive 2π0 photoproduction
from quasi-free nucleons as a function of the final state invariant mass W .
Results from the CBELSA/TAPS data. Open blue circles: quasi-free proton.
Open red triangles: quasi-free neutron. Dashed black line: free proton folded
with Fermi motion and scaled with 0.85.

The free neutron cross section was estimated with the same method as discussed
in the results of the A2 analysis, in Section 7.3.1. The ratio of the free proton cross
section folded with Fermi motion and the quasi-free proton data was applied as a
correction factor to the quasi-free neutron data. The correction factor for the pure
unfolded ratio (open black circles) and the final ratio (full black circles) is shown in
Figure 7.32.
The correction factor is strongly influenced by the statistical fluctuations of the free
and quasi-free protons. However, it exhibits by trend the same behavior as seen in
the result of the A2 analysis: a slightly decreasing energy dependence with the high-
est values at medium meson polar angles. Figure 7.30b presents the free proton cross
section compared to the resulting estimate for the free neutron as obtained from the
correction of the quasi-free neutron data reconstructed from initial state (open red
triangles) and final state (full red triangles). Both results are in good agreement and
of similar shape and roughly 15% higher than the quasi-free neutron cross section.
The comparison with the previous estimate from the GRAAL collaboration [68] dis-
proves their observed enhancement of the free neutron result with respect to the free
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Figure 7.32: Differential ratio of free exclusive 2π0p cross section to the quasi-
free 2π0p(n) cross section. Results from the CBELSA/TAPS data. Open
circles: bare ratio. Solid circles: ratio obtained from the free cross section
smeared with Fermi motion and an additional energy dependent smoothing
factor (see Section 6.12).



382 Chapter 7. Results and Discussion

1500 2000
0

1

2

3

4

* ) < -0.60π2θ-1.0 < cos(

1500 2000
0

1

2

3

4

* ) < -0.20π2θ-0.6 < cos(

1500 2000
0

1

2

3

4

* ) < 0.20π2θ-0.2 < cos(

1500 2000
0

1

2

3

4

* ) < 0.60π2θ0.2 < cos(

1500 2000
0

1

2

3

4

* ) < 1.00π2θ0.6 < cos(

CBELSA/TAPS

1500 2000 1500 2000 1500 2000 1500 2000 1500 20000

1

2

3

4

W [MeV]

b/
sr

]
µ [

Ω
/dσd

Figure 7.33: Differential cross sections for exclusive 2π0 photoproduction
from the free proton (solid blue circles) and the estimated free neutron (solid
red triangles) as a function of the final state invariant mass W . Results from
the CBELSA/TAPS data. Notations as in Figure 7.30.

proton.
The energy and angular independent FSI effects are also confirmed by the compar-
ison of the individual differential cross sections of the quasi-free and free nucleons
normalized to the corresponding cross section as shown in Figure 7.35. For all ener-
gies, the free and quasi-free results are in reasonable good agreement. Furthermore,
as already observed at the results from the A2 analysis (Figure 7.22) up to energies of
W ≈ 1600 MeV the proton and neutron results are of similar shape, but at higher en-
ergies, i.e. in the third resonance peak, start to differ. In contrast to the A2 data, for
which the available photon beam energies only provided data up to W ≈ 1900 MeV,
the CBELSA/TAPS data now reveal that at energies beyond the third resonance,
i.e. at W ≈ 2050 MeV, the proton and neutron results recover similar shape. For all
energies, the BnGa model describes the proton data rather well and agreement with
the MAID model is generally poor for proton and neutron. Due to the similarity
of the free and quasi-free differential cross sections, the Legendre coefficient ratios
obtained from the fit of the differential cross sections are almost identical, as shown
in Figure 7.34. Almost no change at all is seen in coefficients B1 and B2 and small
deviations mainly occur at low energies in the coefficients B3 and B4.
Differential cross sections as a function of the invariant mass of the Nπ0 and π0π0

pairs are shown in Figures 7.36 and 7.37, respectively. They were normalized to
the corresponding total cross sections and are compared to the results from the free
proton and to the theoretical model predictions. Overall, good agreement between
the free and quasi-free proton is visible. The shapes of the proton and neutron
cross section are almost identical from threshold up to energies of about W ≈ 1600
MeV, corresponding to energies above the second resonance region, close to the valley
between the two bumps. For energies throughout the third resonance region until
W ≈ 1900 MeV, the neutron result has a more pronounced peak at the mass of
the ∆(1232) resonance. The higher incident photon beam energies achieved with
the ELSA accelerator open access to higher lying excited states. For center of mass
energies above W ≈ 1900 MeV, contributions of many resonances with intermediate
∆π0 or Nπ0 states (e.g. ∆(1600)3/2+, ∆(1620)1/2−, ∆(1700)3/2− or N(1650)1/2−,
N(1675)5/2−, N(1680)5/2+, N(1720)3/2+ might play a role) can be observed, but
due to the statistical fluctuations, are hard to resolve. Within these fluctuations, the
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Figure 7.34: Legendre coefficient ratios for double π0 photoproduction as
a function of the final-state invariant mass W =

√
s. Results from the

CBELSA/TAPS data. Left-hand side: exclusive reactions on quasi-free nu-
cleons. Right-hand side: exclusive reactions on the free nucleons. Notations
as in Figure 7.30. The histograms at the bottom represent the systematic
uncertainties of the corresponding results.

shapes of the free and quasi-free proton and the quasi-free neutron are in comparable
agreement.

The total and differential cross sections were also decomposed into the contribu-
tions from the phase-space and sequential decays via the intermediate ∆(1232)3/2+π0

and N(1520)3/2−π0 states. The relative contributions from the fit of the simulated
line shapes of the different components to the invariant mass distributions according
to Equation (6.16) were used to extract the individual contributions to the cross
sections. The resulting decomposition of the total cross sections are shown in Figure
7.38 and of the differential cross sections as a function of the center of mass energy
in Figure 7.39. Even though CBELSA/TAPS has less statistics than the A2 data,
the results are in good agreement. The achieved decomposition nicely reproduces
the results of the PWA of the previous ELSA data [59] and shows the completely
different origin of the bump of the proton and neutron cross sections in the third res-
onance region. The first bump in the second resonance region of both cross sections
is entirely dominated by contributions from the ∆(1232)3/2+π0 intermediate states.
With increasing energy for the proton, the contributions of the sequential decay
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Figure 7.35: Normalized differential cross sections for exclusive 2π0 photo-
production from free and quasi-free nucleons as a function of the polar angle of
the pion in the 2π0p center of mass system. Results from the CBELSA/TAPS
data. Notations are given in the Figure. The hatched histograms at the bottom
represent the systematic uncertainties of the quasi-free results.
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Figure 7.36: Normalized differential cross sections for exclusive 2π0 photo-
production from the free proton and from quasi-free nucleons as a function of
the Nπ0 invariant mass. Results from the CBELSA/TAPS data. Notations
are given in the Figure. The hatched histograms at the bottom represent the
systematic uncertainties of the quasi-free results.
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Figure 7.37: Normalized differential cross sections for exclusive 2π0 photo-
production from the free proton and from quasi-free nucleons as a function of
the π0π0 invariant mass. Results from the CBELSA/TAPS data. Notations
are given in the Figure. The hatched histograms at the bottom represent the
systematic uncertainties of the quasi-free results.
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Figure 7.38: Contributions of γN → ∆(1232)π0 → Nπ0π0 (blue triangles),
γN → Nπ0π0 (red triangles) and γN → N(1520)π0 → Nπ0π0 (green squares)
to the 2π0 total cross section (black circles) for quasi-free protons (left-hand
side) and quasi-free neutrons (right-hand side). Solid lines: corresponding
results from a PWA from previous ELSA proton data [59]. Results from the
CBELSA/TAPS data.

via the ∆(1232)3/2+π0 state decrease. They are accompanied by slowly increasing
contributions from the N(1520)3/2−π0 intermediate state and the resonant contri-
bution of the phase space component, which primarily causes the bump structure
in the third resonance region. For the neutron, the contributions from phase space
and the N(1520)3/2−π0 intermediate state increase with energy, but the second and
third resonance region are throughout dominated by the strong contribution from
the ∆(1232)3/2+π0 intermediate state.
The relative contributions are also visible in the angular behavior of the individ-

ual contributions and are in reasonable agreement with the observations from A2.
Additionally, the decomposition gives an explanation of the recovered shape of the
differential cross sections at energies beyond the third resonance region for which no
conclusion from the A2 data was possible. In the high energy tail of the cross sec-
tion, the contributions of the individual components of the proton and neutron cross
section become very similar. The dominant ∆(1232)3/2+ intermediate state only
contributes to roughly 50%, but is slowly decreasing with energy whereas the phase
space and N(1520)3/2− components slowly increase. Except for the third resonance
region, the physical processes behind the reaction on the proton and neutron seem to
be identical in nature and result in comparable total and differential cross sections.
The main difference between the magnitude and angular distributions of the proton
and neutron seem to originate from the excitation of the N(1680)5/2+ resonance for
the proton and that of the N(1675)5/2− resonance for the neutron that decay either
via phase space (proton) or the ∆(1232)3/2+π0 intermediate state (neutron).
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Figure 7.39: Contributions of γN → ∆(1232)π0 → Nπ0π0 (blue triangles),
γN → Nπ0π0 (red triangles), and γN → N(1520)π0 → Nπ0π0 (green squares)
to the 2π0 differential cross sections as function of the final state invariant
mass W (black circles) for quasi-free protons (upper two rows) and quasi-free
neutrons (lower two rows). Results from the CBELSA/TAPS data.

A full set of differential cross sections for the quasi-free proton and neutron as
well as for the free neutron are shown in the Appendix, in Figures D.16 - D.18 and
are compared to the results from the A2 data in Figures D.19 - D.21. Differential
cross sections as function of the Nπ0 and π0π0 invariant mass are compared to those
from A2 in Figure D.23, D.24 and Figures D.26, D.27.
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7.3.3 Comparison of the A2 and CBELSA/TAPS Data

In this section, the most important results from the analysis of double π0 photopro-
duction from quasi-free protons and neutrons from the A2 and CBELSA/TAPS data
will be directly compared and discussed. From the discussion and comparison of the
individual results with former data (Sections 7.3.1 and 7.3.2), a general agreement
can already be expected. Nevertheless, only a direct comparison will allow for a
quantitative investigation of the systematic quality of the results.
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Figure 7.40: Total cross sections for double π0 photoproduction from free
nucleons (right-hand side) and quasi-free nucleons (left-hand side) as a function
of the final-state invariant mass W =

√
s. Results from the A2 data (solid

symbols) and CBELSA/TAPS data (open symbols). Dashed cyan (dotted
orange) line: MAID proton (neutron) [62]. Dashed-dotted magenta line: BnGa
[43]. Inserts: ratio of (quasi-free) free neutron to proton ratio. Dashed orange
line: MAID neutron to proton ratio.

Figure 7.40 shows the total cross sections for free (right-hand side) and quasi-free
(left-hand side) photoproduction from the A2 (full symbols) and CBELSA/TAPS
data (open symbols). The free cross sections are also compared to the predictions
from the BnGa coupled-channel PWA (only proton) [43] and the MAID isobar model
[62]. As previously discussed, the MAID model clearly misses important resonance
contributions and highly underestimates the measured cross sections, especially in
the third resonance region. In contrast, the BnGa solution for the proton is in
much better agreement with the free proton data, most notably compared to the
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CBELSA/TAPS result, which is reasonable as it was fit to previous CBELSA/TAPS
data. The insert in both figures shows the ratio of the quasi-free (qf) and free (f)
neutron to proton cross sections, which have to be equal by definition of the correction
factor rp = σfp/σqfp as it holds:

σfn
σfp

=
rp · σqfn
σfp

=

σfp
σqfp
· σqfn
σfp

=
σqfn
σqfp

. (7.1)

The small deviations are due to the subsequent fitting of the free and quasi-free
differential cross sections with the Legendre series. Also shown is the ratio of the
predicted solution by the MAID isobar model (dotted orange curve), which does not
observe the strong suppression of the proton cross section in between the second and
third resonance region, contrary to the measured results.
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Figure 7.41: Differential cross sections for exclusive 2π0 photoproduction
from quasi-free nucleons (a) and free nucleons (b) as a function of the fi-
nal state invariant mass W . Results from the A2 data (solid symbols) and
CBELSA/TAPS data (open symbols). Dashed cyan (dotted orange) line:
MAID proton (neutron) [62]. Dashed-dotted magenta line: BnGa [43].

The results for the quasi-free (left-hand side) and free (right-hand side) proton
and neutron cross sections from the individual analyses of both experiments are in
good agreement. The biggest discrepancies can be found close to threshold, where
the proton data from CBELA/TAPS is systematically too large due to the lack of
statistics. In addition, the free proton cross section from CBELSA/TAPS exhibits
a somewhat higher bump in the third resonance region. As previously mentioned
in Section 7.2 (see Figure 7.12), the differences between the available results and
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the solution from the BnGa model in general are the most sizeable in this region.
Although the effect is within the systematic uncertainties, it is unclear whether the
discrepancies are due to effects from resolution or the detection of the recoil nucleons.
Overall, the quasi-free and free cross sections are in reasonable good agreement and
do not show any significant deviation. Both results obtained a reduction of the quasi-
free cross section of 15 % with respect to the free result, which is nearly independent
of energy and angle.
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Figure 7.42: Legendre coefficient ratios for double π0 photoproduction from
quasi-free nucleons (a) and free nucleons (b) as a function of the final state in-
variant massW . Results from the A2 data (solid symbols) and CBELSA/TAPS
data (open symbols). Dashed cyan (dotted orange) line: MAID proton (neu-
tron) [62]. Dashed-dotted magenta line: BnGa [43]

In Figure 7.41, the quality of the agreement of the quasi-free and free cross sec-
tions from the A2 and CBELSA/TAPS data is demonstrated by means of the dif-
ferential cross sections as a function of the center of mass energy W . Reasonable
agreement between the A2 and CBELSA/TAPS results was achieved for all angular
bins. The differential cross sections demonstrate the different angular dependence
of the individual contributions to the proton and neutron cross sections. For the
neutron cross section, mainly the overall magnitude depends on the angle and has
the largest values at meson backward angles. For the proton, the first bump behaves
in a similar way, but the second bump increases in height towards forward meson
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angles. This can be explained with the different mechanisms that were observed
in the decomposition of the cross sections into the phase space and sequential de-
cay components. It was observed (see Figures 7.25 and 7.38) that the first peak in
both cross sections is dominated by contributions from the ∆(1232)3/2+ intermedi-
ate state, but the second peak results from resonant phase space contributions for
the proton, and the ∆(1232)3/2+ contributes for the neutron. The angular depen-
dence of the decomposition (Figures 7.26 and 7.39) revealed that the phase space
and N(1520)3/2− contributions grow towards meson forward angles and thus nicely
explains the angular dependence of the differential cross sections.
The Legendre coefficient ratios obtained from the fit of the differential cross sections
are compared in Figure 7.42. Almost identical coefficient ratios were obtained for
the fit of the quasi-free (see Figure 7.42a) and free (see Figure 7.42b) data. Even
though the results from the fit of the CBELSA/TAPS data have rather larger statis-
tical error bars, the coefficient ratios are in relatively good agreement. The largest
discrepancies are visible in the ratio of the third coefficient B3/B0, which is most
likely due to its sensitivity to the very forward and backward angles, where slight
discrepancies in the differential cross sections are visible.

Differential cross sections as a function of the meson polar angle θ∗2π0 in the cen-
ter of mass frame and the comparison of the differential cross sections as a function
of the nucleon-pion and pion-pion pairs for the individual reactions are shown in
the Appendix D.2.1. Except for the first few energy bins, where due to the lack of
the statistics of the CBELSA/TAPS data discrepancies in magnitude occur. How-
ever, the distributions for all reactions are in good agreement. The distributions are
also compared to the model predictions from BnGa [43] and MAID [62]. Whereas
the BnGa solution is in reasonable agreement with the shape and magnitude of the
proton data, the MAID model only more or less agrees in shape, but drastically
underestimates the results.
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7.4 Double Polarization Observables for π0 Photo-
production

In this section, the results from the analysis of single π0 photoproduction from longi-
tudinally polarized protons and neutrons inside deuterated butanol will be presented.
The exclusive reactions γp(n) → π0p(n) and γn(p) → π0n(p) were analyzed for all
deuterated butanol beamtimes from A2 (July 2013, February 2014, and March 2015)
to extract the polarization weighted difference of the helicity dependent cross sec-
tions σdiff, according to Equation (6.54), and the (not polarization weighted) sum
of the helicity dependent cross sections σsum, according to Equation (6.55). In ad-
dition, the helicity dependent cross sections σ1/2 and σ3/2 were extracted directly,
using Equations (6.60) and (6.61). Since σsum and the directly measured σ1/2 and
σ3/2 contain contributions from reactions on the unpolarized nuclei of the deuterated
butanol molecule, the same reactions were identically analyzed for the carbon foam
beamtime (February 2014). The carbon background was then subtracted by absolute
normalization of the corresponding data, as discussed in Section 6.13.4.

The results presented in this section were then obtained using the extracted cross
sections σdiff, σsum, σ1/2, and σ3/2 as well as the unpolarized cross sections σunpol, as
discussed in Section 7.1. From these quantities, the final helicity dependent cross
sections σ1/2 and σ3/2 were determined in four distinct versions (see Equations (6.58),
(6.59), (6.60) and (6.61)) and the double polarization observable E in three different
ways (see Equations (6.56), (6.57) and (6.62)). The different versions are summa-
rized in Table 6.12.
As a normalization cross check, the unpolarized total cross section σunpol = 0.5 ·
(σ1/2 + σ3/2) was reconstructed from the four versions for the helicity dependent
cross sections σ1/2 and σ3/2. However, as two of the four versions for σ1/2 and σ3/2

(version 1 and version 2) use the extracted observable E together with the unpolar-
ized cross section σunpol itself, the cross check is redundant and not considered.
The four versions of the extracted helicity dependent cross sections σ1/2 and σ3/2, the
three versions of the determined double polarization observable E, and the two recon-
structed unpolarized cross sections compared to the reference cross section σunpol are
shown in Figures 7.43 and 7.44 for the exclusive reaction on the proton and neutron,
respectively. The corresponding results as a function of the incident photon energy
are shown in the Appendix D.1.2. The error bars correspond to the statistical errors,
the systematic uncertainties are shown as the gray histogram at the base line of each
figure. In addition, the results are compared to the predictions from the SAID par-
tial wave analysis [39], the MAID unitary isobar model [40], and the Bonn-Gatchina
(BnGa) coupled-channel partial wave analysis (proton: [43], neutron: [38]).
For the reaction on the proton and the neutron, all different versions of the extrac-
tion are in perfect agreement. Small deviations occur at very low energies, where
effects from the different Crystal Ball energy sum thresholds play an important role,
and at the highest energies, which are sensitive to effects from the folding of the
different photon fluxes with Fermi motion (and are not visible as a function of the
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Figure 7.43: Double polarization observables for single π0 photoproduction
from quasi-free protons as a function of the final state invariant mass W . Re-
sults from the A2 data. (a) Reconstructed unpolarized total cross section
σunpol. (b) Double polarization observable E. (c) Helicity dependent cross
section σ1/2. (d) Helicity dependent cross section σ3/2. The different versions
are summarized in Table 6.12. Dotted orange line: MAID [40]. Dashed cyan
line: SAID [39]. Dashed-dotted magenta line: BnGa [43]. The gray histogram
at the base line of each figure represents the systematical uncertainties of the
results.

incident photon energy in Figures D.8 and D.9). The good agreement of the different
versions puts stringent limits on the systematic uncertainties of the results. As the
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different versions involve completely different analysis methods and even different
beamtimes, the difference of the methods is a highly representative measure of the
systematic quality of the results. The gray histogram at the bottom of each figure
represents the systematic error that was determined from the maximal deviation
of the different versions and the uncertainty of the polarization values (see Section
6.16.3) and is dominated by the systematic error of the degree of beam and target
polarization.
Version 1 was determined from the measured difference of the helicity dependent

cross sections σdiff from the weighted average of the deuterated butanol beamtimes
and the unpolarized cross section σunpol obtained from the weighted average of the
different liquid deuterium data. The normalization with the unpolarized cross sec-
tion is possible since the contributions of the reactions on unpolarized nuclei in the
target cancel out in the difference (see Equation (6.52)). By that, this version is
independent on the estimation of the carbon background, but strongly relies on the
delicate absolute normalization of the deuterated butanol and the liquid deuterium
data. Whereas the normalization of the liquid deuterium data can be checked by
comparing the obtained total cross section with measured or published cross sections,
the appropriate normalization of the deuterated butanol data is not guaranteed in
this way.

Version 2 is the most straightforward version and is nearly independent of nor-
malization. It makes use of the measured difference σdiff and sum σsum of the helicity
dependent cross sections σ1/2 and σ3/2 that were obtained from the same dataset.
The double polarization observable E was determined as the ratio of the difference
and the sum. In this way, apart from asymmetries in the helicity states of the
photon beam, normalization of the individual quantities is unessential and by the
definition of E is guaranteed. From the obtained double polarization observable E,
the helicity dependent cross sections are then given by σ1/2 = σunpol · (1 + E) and
σ3/2 = σunpol · (1 − E). If the unpolarized cross section is properly normalized, the
same applies for the resulting helicity dependent cross sections. However, the sum
σsum contains contributions from the carbon background that first has to be sub-
tracted. This represents the sensitive part of this version.
In version 3, E is as well determined from the ratio of σdiff and σsum and is identical
to that from version 2. However, the helicity dependent cross sections are determined
from σ1/2 = 0.5 · (σsum + σdiff) and σ3/2 = 0.5 · (σsum − σdiff). By that this version
relies on the proper normalization of the deuterated butanol data.

Version 4 is the most elegant but also the most delicate one. All other versions
make use of the polarization weighted difference σdiff (which is free of contributions
from unpolarized nucleons) and then use either the unpolarized cross section or the
sum σsum (contaminated with carbon background), which was not weighted with the
polarization degree. The latter is the crucial part since in the analysis, the individual
counts are weighted with the degree of polarization on an event by event basis. As
it is not known which events occur on unpolarized nucleons, it is important to only
apply the weight to those quantities (i.e. σdiff) for which the carbon background



396 Chapter 7. Results and Discussion

W [MeV]
1300 1400 1500 1600 1700 1800 1900

b]µ [σ

0

10

20

30

40

50

60

70

80

unpolσ

A2
0πsingle 

unpolσ

version 3

version 4

(a) σunpol : γd→ π0n(p)

W [MeV]
1300 1400 1500 1600 1700 1800 1900

E
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

E

A2
0πsingle 

version 1

version 2

version 4

(b) E : γd→ π0n(p)

W [MeV]
1300 1400 1500 1600 1700 1800 1900

b]µ [
1/

2
σ

0

10

20

30

40

50

60

70

1/2σ
A2

0πsingle 

version 1
version 2
version 3
version 4

(c) σ1/2 : γd→ π0n(p)

W [MeV]
1300 1400 1500 1600 1700 1800 1900

b]µ [
3/

2
σ

0

10

20

30

40

50

60

70

3/2σ
A2

0πsingle 

version 1
version 2
version 3
version 4

(d) σ3/2 : γd→ π0n(p)

Figure 7.44: Double polarization observables for single π0 photoproduction
from quasi-free neutrons as a function of the final state invariant mass W .
Results from the A2 data. (a) Reconstructed unpolarized total cross section
σunpol. (b) Double polarization observable E. (c) Helicity dependent cross
section σ1/2. (d) Helicity dependent cross section σ3/2. The different versions
are summarized in Table 6.12. Dotted orange line: MAID [40]. Dashed cyan
line: SAID [39]. Dashed-dotted magenta line: BnGa [38]. The gray histogram
at the base line of each figure represents the systematical uncertainties of the
results.

cancels out. Otherwise, the carbon foam data has to be weighted with an average
inverse weight, which is not exact and allows for unnecessary sources of systematic
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Figure 7.45: Final averaged double polarization observables for single π0 pho-
toproduction from quasi-free protons and neutrons as a function of the final
state invariant mass W . Results from the A2 data. Shown are the average
observables obtained from the arithmetic mean of the different versions. Fig-
ures (a)-(c): quasi-free proton. Figures (d)-(f): quasi-free neutron. (a) and
(d): double polarization observable E. (b) and (e): helicity dependent cross
section σ1/2. (c) and (f): helicity dependent cross section σ3/2. Dotted orange
line: MAID [40]. Dashed cyan line: SAID [39]. Dashed-dotted magenta line:
BnGa (proton: [43], neutron: [38]). The gray histogram at the base line of
each figure represents the systematical uncertainties of the results.

uncertainties. This is the weak point of version 4, since all quantities, including the
carbon background, are weighted with the degree of polarization. Therefore, for the
direct extraction of the helicity dependent cross sections σ1/2 and σ3/2 according to
Equations (6.60) and (6.61), the estimated carbon background was multiplied by the
inverse of the corresponding average polarization weight.

The fact that all versions are in good agreement indicates that the normalization
of the liquid deuterium, deuterated butanol, and carbon data together (at least
relative to the different beamtimes) and the estimation of the carbon background
are well understood. The good agreement of the reconstructed cross sections with
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Figure 7.46: Helicity dependent differential cross sections as a function of
the final state invariant mass W for single π0 photoproduction from quasi-free
protons. Results from the A2 data. Solid blue circles: dσ1/2/dΩ. Open blue
circles: dσ3/2/dΩ. Dotted orange line: MAID [40]. Dashed cyan line: SAID
[39]. Dashed-dotted magenta line: BnGa [43].

the reference cross sections indicates, that also the absolute normalization of the
different beamtimes is understood. Furthermore, as the individual conditions in the
analyses were adapted to the individual data that involve different kinematics and
Fermi momenta, it also confirms that the analysis cuts are within the estimated
systematic uncertainty.

Due to the precise agreement of the different versions, the arithmetic mean of the
different versions was determined and will be used for the discussion of the results.
The final results for the double polarization observable E and the helicity dependent
cross sections σ1/2 and σ3/2 as a function of the final state invariant mass are shown in
Figure 7.45 and the differential helicity dependent cross sections as a function of the
center of mass energy in Figures 7.46 and 7.47 for the proton and neutron, respec-
tively. Differential cross sections for E, σ1/2, and σ3/2 as a function of the pion polar
angle in the center of mass system are shown in Figures 7.50 - 7.55. The differential
results were then fit with a Legendre expansion of order 4, according to Equation
(6.45). The resulting Legendre coefficient ratios are shown in Figure 7.48. However,
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Figure 7.47: Helicity dependent differential cross sections as a function of
the final state invariant mass W for single π0 photoproduction from quasi-free
neutrons. Results from the A2 data. Solid red circles: dσ1/2/dΩ. Open red
triangles: dσ3/2/dΩ. Dotted orange line: MAID [40]. Dashed cyan line: SAID
[39]. Dashed-dotted magenta line: BnGa [38].

due to the fluctuation in the resulting coefficient B0, the total cross sections shown
in Figures 7.45 were taken from the direct integration over the entire angular range.
It was checked that the results only differ in statistical quality.

The obtained results of the helicity dependent total and differential cross sections
as a function of the final state invariant mass (Figures 7.45, 7.46, and 7.47) are in
good agreement with the expected resonance contributions available in the RPP [37].
Good agreement with the models was already achieved in the double polarization ob-
servable E [35], T , P , and H [224] in single π0 photoproduction from the free proton,
even though the data helped to further improve the individual descriptions and to
clarify the type and strength of contributing resonances.
The tail of the ∆(1232)3/2+ resonance at low energies is visible in both σ1/2 and
σ3/2, but is roughly twice as strong in σ3/2, which twice as strong as expected from
the actual helicity couplings (all in units of 10−3 GeV−1/2) of A1/2 = −135 ± 6 and
A3/2 = −255 ± 5. The bump in the second resonance region is clearly present in
σ1/2, which indicates contributions from the N(1440)1/2+ (Roper resonance) and
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Figure 7.48: Legendre coefficient ratios for single π0 photoproduction from
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tron: [38]).
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the N(1535)1/2−. The latter couples stronger to the proton (Ap1/2 = 115± 15) than
to the neutron (An1/2 = −75±20), which is visible by the larger height of the structure
in σ1/2 of the proton. However, the second resonance region is also visible in σ3/2,
which results from contributions of the N(1520)3/2−. Nevertheless, its coupling is
expected to be stronger for the proton (Ap1/2 = −20 ± 5 and Ap3/2 = 140 ± 10) than
for the neutron (An1/2 = −50 ± 10 and An3/2 = −115 ± 10), which is in agreement
with the measured data. Even though the second resonance region in σ3/2 of proton
and neutron are of similar magnitude, the peak in the proton result is much more
pronounced than observed for the neutron.
In the third resonance region, a clear signature from the N(1650)1/2− is visible in
σ1/2 on the proton (Ap1/2 = 45±10 and An1/2 = −50±20), whereas for the neutron the
bump in the third resonance region is almost only present in σ3/2 and most likely re-
sults from contributions of the N(1675)5/2− (Ap1/2 = 19±8 and Ap3/2 = 20±5 for the
proton and An1/2 = −60± 5 and An3/2 = −85± 10 for the neutron). Nevertheless, its
coupling to total spin 1/2 states is not much lower than to 3/2 states, but clear evi-
dence in σ1/2 is missing. The dominant contribution of theN(1680)5/2+ in σ3/2 of the
proton (Ap1/2 = −15±6, Ap3/2 = 133±12 and An1/2 = 29±10, An3/2 = −33±9) is clearly
visible. Contributions from the N(1700)3/2− are difficult to identify as the coupling
to 1/2 and 3/2 is similar and not very strong (Ap1/2 = 15± 25, Ap3/2 = −15± 25 and
An1/2 = 20± 15, An3/2 = 30± 20).
Even though the results seem to coincide more or less with expected resonance con-
tributions, strong deviations with the different model calculations can be seen. For
the proton, the shape of σ1/2 is consistent with the different predictions and the
difference in magnitude might be due to the earlier observed FSI effect (see Section
7.1). In σ3/2 for the proton, besides the difference in magnitude deviations in the
shape also occur. The neutron result of the SAID model is not far away from the
data, but still appears to miss certain contributions or needs to adjust the different
coupling strengths. However, the SAID model also showed the best agreement with
the unpolarized neutron cross section in Figure 7.5a. The solution from BnGa fails
in describing the neutron data, but is also in good agreement with the proton re-
sults. The relative contributions to σ1/2 and σ3/2 seem to agree such that the model
curve for the double polarization observable E sufficiently well describes the data.
In contrast, the MAID model only achieves satisfying results for σ1/2 for the proton.
The situation is also nicely visible in the Legendre coefficient ratios for σ1/2 and σ3/2,
as shown in Figure 7.48.

However, the former discussions involved results from quasi-free nucleons com-
pared to model predictions for free nucleons, which due to the observed FSI effects,
might be misleading. For this reason, the correction factor obtained from the com-
parison of the SAID result (describing accurately the available world data for single
π0 on the proton) to the measured unpolarized cross sections from quasi-free protons
was used to deduce an estimation for the observables for the free proton and neu-
tron. Thereby only the energy dependence of the correction factor was used. The
correction was carried out by applying the factor to the initially measured quantities
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Figure 7.49: Final averaged double polarization observables for single π0 pho-
toproduction from free protons and neutrons (FSI corrected quasi-free results)
as a function of the final state invariant mass W . Results from the A2 data.
Shown are the average observables obtained from the arithmetic mean of the
different versions. Figures (a)-(c): free proton. Figures (d)-(f): free neutron.
(a) and (d): double polarization observable E. (b) and (e): helicity dependent
cross section σ1/2. (c) and (f): helicity dependent cross section σ3/2. Dotted
orange line: MAID [40]. Dashed cyan line: SAID [39]. Dashed-dotted magenta
line: BnGa (proton: [43], neutron: [38]). The gray histogram at the base line
of each figure represents the systematical uncertainties of the results.

σdiff, σsum, σ1/2, σ3/2, and σunpol introduced in the beginning of this section. The final
observables were then determined identically to the quasi-free results using versions
1 to 4. For this reason, the systematic uncertainty was also determined from the
maximal deviation of the individual results combined with the error of the degree of
polarization.
The results for the double polarization observable E and the helicity dependent cross
sections σ1/2 and σ3/2 for the free proton and neutron, averaged over the different
versions, are shown in Figure 7.49. Whereas the double polarization observable E
remains unaltered by the definition of the correction factor (minor effects from the
calculation using the different versions are visible at the lowest energies), the effect
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on σ1/2 and σ3/2 are clearly visible. The proton data is now in very good agreement
with the SAID and BnGa solutions, but in the third resonance region the models
overestimate σ3/2 and underestimate σ1/2. This could either point out some misinter-
preted contributions of spin J ≥ 3/2, which originate from a J = 1/2 state, or could
be an effect from the correction. However, the correction was identical for the proton
and neutron, but in the latter case in the same region results in an enhancement in
σ3/2 compared to the model predictions. Again, the SAID model achieves the best
agreement with the data. It nicely describes σ1/2 and is only somewhat poorer in the
case of σ3/2, where it seems to underestimates contributions of the N(1520)3/2− in
the second resonance region and N(1700)3/2− or N(1675)5/2− in the third resonance
region.
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Figure 7.50: Differential double polarization observable E for single π0 pho-
toproduction from quasi-free protons (not FSI corrected) as a function of the
meson polar angle in the π0p center of mass frame. Solid blue line: Legendre
fit. Dotted orange line: MAID [40]. Dashed cyan line: SAID [39]. Dashed-
dotted magenta line: BnGa [43]. The gray histogram at the base line of each
figure represents the systematical uncertainties of the results.
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Figure 7.51: Differential helicity dependent cross section σ1/2 for single π0

photoproduction from quasi-free protons (not FSI corrected) as a function of
the meson polar angle in the π0p center of mass frame. Solid blue line: Legendre
fit. Dotted orange line: MAID [40]. Dashed cyan line: SAID [39]. Dashed-
dotted magenta line: BnGa [43]. The gray histogram at the base line of each
figure represents the systematical uncertainties of the results.
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Figure 7.52: Differential helicity dependent cross section σ3/2 for single π0

photoproduction from quasi-free protons (not FSI corrected) as a function of
the meson polar angle in the π0p center of mass frame. Solid blue line: Legendre
fit. Dotted orange line: MAID [40]. Dashed cyan line: SAID [39]. Dashed-
dotted magenta line: BnGa [43]. The gray histogram at the base line of each
figure represents the systematical uncertainties of the results.
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Figure 7.53: Differential double polarization observable E for single π0 pho-
toproduction from quasi-free neutrons (not FSI corrected) as a function of the
meson polar angle in the π0n center of mass frame. Solid red line: Legendre fit.
Dotted orange line: MAID [40]. Dashed cyan line: SAID [39]. Dashed-dotted
magenta line: BnGa [38]. The gray histogram at the base line of each figure
represents the systematical uncertainties of the results.
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Figure 7.54: Differential helicity dependent cross section σ1/2 for single π0

photoproduction from quasi-free neutrons (not FSI corrected) as a function of
the meson polar angle in the π0n center of mass frame. Solid red line: Legendre
fit. Dotted orange line: MAID [40]. Dashed cyan line: SAID [39]. Dashed-
dotted magenta line: BnGa [38]. The gray histogram at the base line of each
figure represents the systematical uncertainties of the results.
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Figure 7.55: Differential helicity dependent cross section σ3/2 for single π0

photoproduction from quasi-free neutrons (not FSI corrected) as a function of
the meson polar angle in the π0n center of mass frame. Solid red line: Legendre
fit. Dotted orange line: MAID [40]. Dashed cyan line: SAID [39]. Dashed-
dotted magenta line: BnGa [38]. The gray histogram at the base line of each
figure represents the systematical uncertainties of the results.
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7.5 Double Polarization Observables for π0π0 Pho-
toproduction

In this section, the final results of the double polarization observable E and the
helicity dependent cross sections σ1/2 and σ3/2 of double π0 photoproduction from
quasi-free protons and neutrons from the analysis of the A2 and CBELSA/TAPS data
will be presented. The observables were extracted with the same versions (three for
E and four for σ1/2 and σ3/2) as discussed in Section 7.4 and introduced in Section
6.13.3. Deuterated butanol beamtimes (July 2013, February 2014, and March 2015
for A2 and January 2011 and June 2011 for CBELSA/TAPS) were analyzed for the
extraction of the polarized results and carbon beamtimes (February 2014 for A2 and
November 2011 for CBELSA/TAPS) for the estimation of the reactions on the unpo-
larized nucleons. In addition, the results of the unpolarized 2π0 cross sections shown
in Sections 7.3.1 and 7.3.2 were used in two of the different versions to allow for a
separate and independent normalization, which provides a distinct investigation of
systematic uncertainties, as discussed in Section 7.4.
The observables extracted with the different versions from the A2 data will be pre-
sented and discussed in Section 7.5.1. Subsequently those from the CBELSA/TAPS
analysis will be shown in Section 7.5.2. The final averaged results will be used to
compare the results from the two independent analyses in Section 7.5.3 in order to
discuss the features that can be deduced from the present data.

7.5.1 Double Polarization Observables from A2 Data

The helicity dependent cross sections σ1/2 and σ3/2, the double polarization observ-
able E, and the reconstructed unpolarized cross sections σunpol = 0.5 · (σ1/2 +σ3/2) as
a function of the center of mass energy are shown in Figure 7.56 and 7.57 for the ex-
clusive reaction on the quasi-free proton and neutron, respectively. Differential cross
sections, mass distributions, and the decomposition into contributions from phase
space and intermediate ∆(1232)3/2+π0 and N(1520)3/2−π0 states will be presented
while comparing the results with those from CBELSA/TAPS in Section 7.5.3. Indi-
vidual results as a function of the center of mass energy and the average results from
Figure 7.56 as a function of the incident photon energy are shown in the Appendix
D.2.2.

As can be seen in Figure 7.56, the results from the different versions are overall in
good agreement. All results exhibit the identical shape and small differences are only
visible in the overall magnitude, but are within the systematic uncertainty. Versions
3 and 4 which involve the subtraction of the carbon background, result in somewhat
smaller helicity dependent cross sections and therefore, the reconstructed unpolarized
cross section is too small. Nevertheless, the resulting double polarization observable
E is in good agreement with the other two versions. This indicates a small source
of systematic error, which is related to the subtraction of the background from reac-
tions on the unpolarized nucleons. Since the results, which are based on the carbon
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Figure 7.56: Double polarization observables for double π0 photoproduc-
tion from quasi-free protons as a function of the final state invariant mass W .
Results from the A2 data. (a) Reconstructed unpolarized total cross section
σunpol. (b) Double polarization observable E. (c) Helicity dependent cross
section σ1/2. (d) Helicity dependent cross section σ3/2. The different versions
are summarized in Table 6.12. Dotted orange line: MAID [40]. Dashed-dotted
magenta line: BnGa [43]. The gray histogram at the base line of each figure
represents the systematical uncertainties of the results.

subtraction, are lower than the reference cross sections (see top left plot in Figure
7.56), it seems that the contributions from carbon and oxygen were overestimated
and too much carbon was subtracted from the results. In contrast, the results for the
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Figure 7.57: Double polarization observables for double π0 photoproduction
from quasi-free neutrons as a function of the final state invariant mass W .
Results from the A2 data. (a) Reconstructed unpolarized total cross section
σunpol. (b) Double polarization observable E. (c) Helicity dependent cross
section σ1/2. (d) Helicity dependent cross section σ3/2. The different versions
are summarized in Table 6.12. Dotted orange line: MAID [40]. The gray his-
togram at the base line of each figure represents the systematical uncertainties
of the results.

reaction on the neutron using the different versions are in good agreement, except for
the highest energies where influences from the W -dependent photon flux are visible.
Nevertheless, the reconstructed cross sections are in good agreement with the refer-
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ence unpolarized cross section besides some fluctuations in the third resonance region.

The missing mass spectra used for the estimation of the carbon background (see
Figure 6.137) reveal that in the case of the proton (upper half of the figure), the
estimation of the contamination was overestimated at intermediate energies, whereas
the effect seems negligible for the neutron. However, the observed differences are
rather energy dependent and a reliable improvement of the estimation is difficult.
Simultaneous fitting of the missing mass, coplanarity, and invariant mass spectra
from deuterated butanol with those from deuterium and carbon (as was used for
the absolute normalization in Figures 6.137, C.2, and C.5) resulted in a flawless
agreement between the different spectra, but strongly depends on the choice of fit
parameters and limits. Furthermore, the problem could also be of a different origin
such as an imperfect proton detection efficiency correction or related to the absolute
scaling of the target polarization with the factor of 1.5 (see Section 6.11.3). As the
differences are well within systematic uncertainties, it was decided that the extraction
by absolute normalization is the most unbiased method and was retained.

7.5.2 Double Polarization Observables from CBELSA/TAPS
Data

The double polarization observable E and the helicity dependent cross sections σ1/2

and σ3/2 for double π0 photoproduction from quasi-free protons and neutrons result-
ing from the analysis of the CBELSA/TAPS data will be presented in this section.
The results together with the reconstructed unpolarized cross section as a function of
the final state invariant massW are shown in Figures 7.58 and 7.59 for the proton and
neutron, respectively. The differential cross sections and the decomposition into con-
tributions from phase space and intermediate ∆(1232)3/2+π0 and N(1520)3/2−π0

states will be presented in comparison to the A2 data in Section 7.5.3, the individual
results are shown in the Appendix D.2.2 as well as the averaged results from Figure
7.58 as a function of the incident photon energy. Due to the lack of statistics, helicity
dependent invariant mass distributions were omitted.

The observables for the reaction on the proton (see Figure 7.58) obtained with
the different methods are in excellent agreement, except for the first two energy bins,
which are dominated by low statistics. Due to the lower systematic uncertainty of
the degree of polarization (6%) at CBELSA/TAPS compared to A2 (11%), the size
of the systematic errors (gray histograms) are primarily dominated by the difference
of the results from the different versions. The results for the exclusive reaction on
the neutron are still in good agreement, but exhibit larger differences between the
individual methods. However, as seen in the results from the A2 data on the proton,
the helicity dependent cross sections obtained from versions 3 and 4 are somewhat
smaller with respect to those from versions 1 and 2. The effect is best visible in the
reconstruction of the unpolarized cross section that are roughly 10% too small, which
indicates a slight discrepancy in the estimation of the carbon background. The neu-
tron missing mass spectra used for the estimation of the degree of contamination with
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Figure 7.58: Double polarization observables for double π0 photoproduc-
tion from quasi-free protons as a function of the final state invariant mass
W . Results from the CBELSA/TAPS data. (a) Reconstructed unpolarized
total cross section σunpol. (b) Double polarization observable E. (c) Helicity
dependent cross section σ1/2. (d) Helicity dependent cross section σ3/2. The
different versions are summarized in Table 6.12. Dotted orange line: MAID
[40]. Dashed-dotted magenta line: BnGa [43]. The gray histogram at the base
line of each figure represents the systematical uncertainties of the results.

reactions from unpolarized nucleons (lower half of Figure 6.138) show some evidence
that at the energies of highest deviations, the carbon background was overestimated.
This might be due to the fact that in the exclusive CBELSA/TAPS analysis for the
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Figure 7.59: Double polarization observables for double π0 photoproduction
from quasi-free neutrons as a function of the final state invariant mass W .
Results from the CBELSA/TAPS data. (a) Reconstructed unpolarized total
cross section σunpol. (b) Double polarization observable E. (c) Helicity depen-
dent cross section σ1/2. (d) Helicity dependent cross section σ3/2. The different
versions are summarized in Table 6.12. Dotted orange line: MAID [40]. The
gray histogram at the base line of each figure represents the systematical un-
certainties of the results.

reaction on the neutron, the neutron detection efficiency could not be applied (see
Section 6.8.3). However, it might also result from an inaccuracy in the subtraction of
the carbon background. An issue with the photon flux determination could be ruled
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out, as it would also influence the results for the reaction on the proton. Concerning
the statistical quality of the data, the deviations are overall in acceptable agreement.

7.5.3 Comparison of A2 and CBELSA/TAPS Data
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Figure 7.60: Final averaged double polarization observables for double π0

photoproduction from quasi-free protons and neutrons as a function of the
final state invariant mass W . Results from the A2 (solid symbols) and
CBELSA/TAPS data (open symbols). Shown are the average observables ob-
tained from the arithmetic mean of versions 1 and 2. Figures (a)-(c): quasi-free
proton. Figures (d)-(f): quasi-free neutron. (a) and (d): double polarization
observable E. (b) and (e): helicity dependent cross section σ1/2. (c) and (f):
helicity dependent cross section σ3/2. Dotted orange line: MAID [62]. Dashed-
dotted magenta line: BnGa [43] (only proton). The gray histogram at the base
line of each figure represents the systematical uncertainties of the results.

For the comparison of the Results from the A2 and CBELSA/TAPS, only the
results obtained with versions 1 and 2, i.e. those that achieved a proper reconstructed
unpolarized cross section, were used. Although all different versions were overall
in good agreement, the slight discrepancies in the proton results from A2 and the
neutron results from CBELSA/TAPS would affect the arithmetic mean such, that the
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agreement between A2 and CBELSA/TAPS is not representative. As versions 1 and
2 achieved good agreement for both datasets, the final average was only computed out
of these two versions. The arithmetic mean of the different versions of the double
polarization observable E and the helicity dependent cross sections σ1/2 and σ3/2

from A2 and CBELSA/TAPS data are shown in Figure 7.60. The results from both
experiments are in reasonable agreement. Due to the better energy resolution of
the CBELSA/TAPS results, the bump structures in the second and third resonance
region of the total cross sections are slightly narrower. This results in higher maxima
and lower minima, which is also reflected in the helicity dependent cross sections. The
results from both datasets for the proton are in rather good agreement. The largest
differences are visible at the maxima of the peaks and the minimum of the valley in
between, where effects from the different experimental resolutions are expected to
be the largest. The neutron results are also in reasonable agreement, but somewhat
poorer than those for the proton. The largest discrepancies are visible in σ1/2, which
is the smallest and by that the most sensitive of the four cross sections. In the second
resonance region of the neutron, σ3/2 of CBELSA/TAPS is larger in magnitude than
at A2 and also results in a lower magnitude in σ1/2. In addition, σ1/2 from the
CBELSA/TAPS data on the neutron shows a narrow dip above W ≈ 1800 MeV,
which is not visible in the result from A2. As a consequence, these two deviations
are also reflected in the double polarization observable E.
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Figure 7.61: Helicity dependent differential cross sections as a function of
the final state invariant mass W for double π0 photoproduction from quasi-
free protons. Results from the A2 (solid blue circles) and CBELSA/TAPS
data (open blue circles). Upper row: dσ1/2/dΩ. Lower row: dσ3/2/dΩ. Dotted
orange line: MAID [62]. Dashed-dotted magenta line: BnGa [43].

As shown in the differential cross sections as a function of the center of mass en-
ergy in Figures 7.61 and 7.62, the data also agree in the individual angular regions.
However, the statistical quality of the CBELSA/TAPS data is hardly sufficient for
angular distributions. This is even more reflected in the differential cross sections as
a function of the meson polar angle θ∗2π0 , as shown in Figures 7.70-7.75. Although the
CBELSA/TAPS data slightly scatters around the A2 results, the general agreement
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is reasonable.
Also shown are the predictions from the MAID isobar model [62] (dotted lines) and
from the BnGa coupled-channel partial wave analysis [43] (dashed-dotted magenta
lines, only available for the proton). An overall discrepancy in magnitude is expected
as moderate FSI effects were observed in the comparison of cross sections from free
and quasi-free protons (see Section 7.3). In general, the shape of the BnGa pre-
dictions are in good agreement with the proton data. Their model even achieves a
good agreement of the helicity dependent cross section σ1/2. However, it predicts
a more similar height of the two peaks in the second and third resonance region in
σ3/2 than observed in the data. Even though this might indicate a difference in the
assignment of the contributing resonances, a slight excess of the prediction in the
third resonance region was already observed in the unpolarized total cross section
(see Figure 7.40). The good agreement from BnGa with the proton data is also
confirmed in the differential cross sections as a function of the center of mass energy
(Figure 7.61. Except for the most backward angular region, the agreement in σ1/2

is excellent. The description of σ3/2 mostly overestimates the data with increasing
forward polar angles of the meson in the center of mass frame.
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Figure 7.62: Helicity dependent differential cross sections as a function of
the final state invariant mass W for double π0 photoproduction from quasi-
free neutrons. Results from the A2 (solid red circles) and CBELSA/TAPS
data (open red circles). Upper row: dσ1/2/dΩ. Lower row: dσ3/2/dΩ. Dotted
orange line: MAID [62].

At energies above W ≈ 1550 MeV the MAID predictions for the proton achieve a
good description of σ3/2 from the proton, whereas the overall underestimation of the
total cross section (see Figure 7.40) is reflected in σ1/2, where the prediction is far
too low in this energy range. This points out that spin J = 1/2 resonance or non-
resonant background are missing in the model. The neutron result from MAID only
agrees with the data up to the second resonance region of σ1/2 and σ3/2 at energies
below W ≈ 1500 MeV. Apart from that, the data is underestimated with missing
contributions in both helicity dependent cross sections.
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Figure 7.63: Legendre coefficient ratios for double π0 photoproduction from
polarized protons and neutrons. Results from the A2 (solid symbols) and
CBELSA/TAPS data (open symbols). Left two columns: quasi-free proton.
Right two columns: quasi-free neutron. First and third column: coefficient
ratios from σ1/2. Second and fourth column: coefficient ratios from (σ3/2).
Dotted orange line: MAID [62]. Dashed-dotted magenta line: BnGa [43] (only
proton).
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The differential observable E and helicity dependent cross sections as a function
of the meson polar angle in the center of mass frame are shown in Figures 7.70 -
7.75. The agreement is satisfactory, the CBELSA/TAPS data by trend follows the
results from A2. However, the statistical quality of the results from CBELSA/TAPS
is barely sufficient for an interpretation of the angular dependence of the observables
and is only meaningful by means of a comparison to the results from the A2 data.
The complete set of differential results for all energy bins from the A2 data are shown
in the Appendix D.2.2. Nevertheless, the Legendre expansion obtained from the fit
of the differential results with a series of order 4 are in reasonable agreement, as
shown in Figure 7.63 and also agree with the predictions from BnGa.

From the decomposition of the total cross sections into the contributions from
phase space and ∆(1232)3/2+π0 and N(1520)3/2− intermediate states (see Figures
7.25 and 7.38), it was observed that even though the shape of the proton and neutron
cross sections are very similar, completely different processes are responsible for the
peak in the third resonance region of the proton than of the neutron. Whereas the
second and third resonance regions of the neutron are dominated by contributions
from intermediate ∆(1232)3/2+ states, the second bump in the proton cross section
originates from a resonant phase space contribution. A possible explanation for this
behavior was found in the helicity couplings of the resonances that mainly contribute
in this energy region, i.e. aroundW ≈ 1700 MeV. The excitation of the N(1680)5/2+

is much more likely for the proton (Ap1/2 = 15± 6 and Ap3/2 = 133± 12, units in 10−3

GeV−1/2) than for the neutron (An1/2 = 29± 10 and An3/2 = 33± 9) and has a small
branching ratio to the ∆(1232)3/2+ intermediate state (5-15%), but the decay to
Nσ (phase space, i.e. N(π0π0)S final state) is possible with lNσ = 2. In contrast,
the excitation of the N(1675)5/2− is favored for the neutron (Ap1/2 = 19 ± 8 and
Ap3/2 = 20± 5 for the proton and An1/2 = 60± 5 and An3/2 = 85± 10 for the neutron)
and the branching ratio to ∆(1232)3/2+π0 intermediate states is comparably large,
whereas the decay to Nσ requires lNσ ≥ 3 and is more unlikely.

In order to further investigate this finding, the decomposition was also carried
out using the helicity dependent cross sections σ1/2 and σ3/2. The decompositions
are shown in Figures 7.64a for the A2 data in Figure 7.64b for the CBELSA/TAPS
data. The strongest signature of the phase space component is visible in σ3/2 of
the proton, which is in agreement with the discussions above. However, its sig-
nal in σ1/2 is not as negligible as expected from the much smaller helicity coupling
(Ap1/2 = 15 ± 6, Ap3/2 = 133 ± 12, units in 10−3 GeV−1/2). However, the general
observations from the discussions of the unpolarized cross sections are qualitatively
confirmed. Contributions from the intermediate ∆(1232)3/2+π0 states dominate the
neutron cross sections throughout the second and third resonance region, whereas a
strong suppression is visible in the third resonance region of the proton. In this region,
the phase space contributions exhibit a resonant structure and are stronger present in
σ3/2. Additionally, it seems that for the reaction on the proton aboveW ≈ 1700 MeV,
resonances that decay to intermediate ∆(1232)3/2+ states contribute stronger to σ1/2
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Figure 7.64: Contributions of γN → ∆(1232)π0 → Nπ0π0 (blue triangles),
γN → Nπ0π0 (red triangles) and γN → N(1520)π0 → Nπ0π0 (green squares)
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and σ3/2 (black circles, right column) for quasi-free protons (top row) and
neutrons (bottom row). (a) Results from the A2 data. (b) Results from the
CBELSA/TAPS data.
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Figure 7.65: Final averaged double polarization observables for single π0 pho-
toproduction from free protons and neutrons (FSI corrected quasi-free results)
as a function of the final state invariant mass W . Results from the A2 (solid
symbols) and CBELSA/TAPS data (open symbols). Shown are the average
observables obtained from the arithmetic mean of versions 1 and 2. Figures
(a)-(c): free proton. Figures (d)-(f): free neutron. (a) and (d): double polar-
ization observable E. (b) and (e): helicity dependent cross section σ1/2. (c)
and (f): helicity dependent cross section σ3/2. Dotted orange line: MAID [62].
Dashed-dotted magenta line: BnGa [43] (only proton). The gray histogram
at the base line of each figure represents the systematical uncertainties of the
results.

than to σ3/2, whereas for the neutron the opposite is true. The same observations can
be found from the Nπ0 and π0π0 mass distributions (see Figures 7.66-7.69). Above
energies of W ≈ 1700, dσ3/2/dm(π0p) exceeds dσ1/2/dm(π0p) whereas the opposite
trend is visible in dσ/dm(π0n). Furthermore, the shape of the proton dσ3/2/dm(π0p)
distributions are similar to phase space and the characteristic resonance structures
are visible in dσ1/2/dm(π0p). The distributions also show that for the neutron σ3/2

is larger than σ1/2 for all energies, while for the proton it is exceeded by σ1/2 for
energies above W ≈ 1550 MeV. This is interesting, as this suggests that for the pro-
ton above W ≈ 1550 MeV, spin 1/2 resonances strongly contribute to the excitation
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spectrum. However, at energies beyond the N(1535)1/2−, spin 1/2 resonances be-
come sparse. However, possible candidates are the ∆(1620)1/2−, N(1650)1/2−, or
the N(1710)1/2+ of which the latter is the closest and the most narrow resonance of
the three and might explain the rather sharp structure seen in σ1/2 on the proton.

As for single π0 photoproduction, an estimation of the results from the free proton
and neutron were determined by applying the energy dependence of the correction
factor (see Figures 7.19 and 7.32) to σdiff, σsum, σ1/2, σ3/2, and σunpol and recalculation
of the results with versions 1 to 4. The average results are shown in Figure 7.65 and
are compared to the model predictions. As the correction factor is nearly indepen-
dent of energy, the shape of the result was not much affected by the correction. In
principle, the results are scaled up by a factor of 1/0.85. The MAID model is now in
almost perfect agreement with σ3/2 from the proton, but still totally underestimates
σ1/2. The solution from BnGa is also in very good agreement with σ1/2, but seems
to neglect some spin 1/2 contributions in the third resonance region. As a conse-
quence, the corresponding data in σ3/2 are overestimated. As previously mentioned,
this might be due to a too weak helicity coupling of the N(1710)1/2+ to the proton.
In the absence of more detailed model predictions, especially for the neutron, the
interpretation of the results is complicated by the large amount of spin 1/2 (N) and
spin 3/2 (∆) resonances that are present in the second and third resonance regions.
However, the overall good agreement between the results from A2 and CBELSA/TAPS
and the collection of different helicity dependent observables, ranging from total and
differential cross sections to invariant mass distributions, provides a lot of valuable
input for the understanding of the excitation spectrum of the nucleon.
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Figure 7.66: Differential helicity dependent cross sections σ1/2 (solid symbols)
and σ3/2 (open symbols) for double π0 photoproduction from quasi-free protons
(not FSI corrected) as a function of the π0p invariant mass. Results from the
A2 data.
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Figure 7.67: Differential helicity dependent cross sections σ1/2 (solid sym-
bols) and σ3/2 (open symbols) for double π0 photoproduction from quasi-free
neutrons (not FSI corrected) as a function of the π0n invariant mass. Results
from the A2 data.
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Figure 7.68: Differential helicity dependent cross sections σ1/2 (solid symbols)
and σ3/2 (open symbols) for double π0 photoproduction from quasi-free protons
(not FSI corrected) as a function of the π0π0 invariant mass. Results from the
A2 data.
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Figure 7.69: Differential helicity dependent cross sections σ1/2 (solid sym-
bols) and σ3/2 (open symbols) for double π0 photoproduction from quasi-free
neutrons (not FSI corrected) as a function of the π0π0 invariant mass. Results
from the A2 data.
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Figure 7.70: Differential double polarization observable E for double π0 pho-
toproduction from quasi-free protons (not FSI corrected) as a function of the
meson polar angle in the 2π0p center of mass frame. Results from the A2
(solid symbols) and CBELSA/TAPS data (open symbols). Dotted orange line:
MAID [62]. Dashed-dotted magenta line: BnGa [43].
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Figure 7.71: Differential helicity dependent cross section σ1/2 for double π0

photoproduction from quasi-free protons (not FSI corrected) as a function of
the meson polar angle in the 2π0p center of mass frame. Results from the A2
(solid symbols) and CBELSA/TAPS data (open symbols). Dotted orange line:
MAID [62]. Dashed-dotted magenta line: BnGa [43].
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Figure 7.72: Differential helicity dependent cross section σ3/2 for double π0

photoproduction from quasi-free protons (not FSI corrected) as a function of
the meson polar angle in the 2π0p center of mass frame. Results from the A2
(solid symbols) and CBELSA/TAPS data (open symbols). Dotted orange line:
MAID [62]. Dashed-dotted magenta line: BnGa [43].



7.5. Double Polarization Observables for π0π0 Photoproduction 431

-1 0 1

-1

0

1

CBELSA/TAPS

A2

-1 0 1

-1

0

1

p 0π0πMAID 

p 0π0πBNGA 

-1 0 1

-1

0

1
W=1400 MeV

-1 0 1

-1

0

1
1440 MeV

-1 0 1

-1

0

1

1480 MeV

-1 0 1

-1

0

1

1520 MeV

-1 0 1

-1

0

1

1560 MeV

-1 0 1

-1

0

1

1600 MeV

-1 0 1

-1

0

1

1640 MeV

-1 0 1

-1

0

1

1680 MeV

-1 0 1

-1

0

1

1720 MeV

-1 0 1

-1

0

1

1760 MeV

-1 0 1

-1

0

1
1800 MeV

-1 0 1

-1

0

1
1840 MeV

-1 0 1

-1

0

1
1880 MeV

-1 0 1

-1

0

1
1920 MeV

-1 0 1

-1

0

1

1960 MeV

-1 0 1

-1

0

1

2000 MeV

-1 0 1

-1

0

1

2040 MeV

-1 0 1

-1

0

1

2080 MeV

-1 0 1

-1

0

1
2120 MeV

-1 0 1

-1

0

1
2160 MeV

-1 0 1

-1

0

1
2200 MeV

-1 0 1

-1

0

1
2240 MeV

-1 0 1 0 1 0 1 0 1

0

1

0

1

0

1

0

1

0

1

-1

0

1

* )0π2θcos(

]
-1

 [s
r

Ω
dE

/d

Figure 7.73: Differential double polarization observable E for double π0 pho-
toproduction from quasi-free neutrons (not FSI corrected) as a function of the
meson polar angle in the 2π0n center of mass frame. Results from the A2
(solid symbols) and CBELSA/TAPS data (open symbols). Dotted orange line:
MAID [62].
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Figure 7.74: Differential helicity dependent cross section σ1/2 for double π0

photoproduction from quasi-free neutrons (not FSI corrected) as a function of
the meson polar angle in the 2π0n center of mass frame. Results from the A2
(solid symbols) and CBELSA/TAPS data (open symbols). Dotted orange line:
MAID [62].
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Figure 7.75: Differential helicity dependent cross section σ3/2 for double π0

photoproduction from quasi-free neutrons (not FSI corrected) as a function of
the meson polar angle in the 2π0n center of mass frame. Results from the A2
(solid symbols) and CBELSA/TAPS data (open symbols). Dotted orange line:
MAID [62].





8
Summary and Conclusions

In the present work, precise angular distributions, helicity dependent cross sections
and the double polarization observable E have been measured for π0 and π0π0 pho-
toproduction from free and quasi-free nucleons bound in the deuteron.

Significant final state interaction effects (∼ 35% for single π0 and ∼ 15% for dou-
ble π0 with respect to the free proton cross sections) in the quasi-free proton cross
sections were observed. From the comparison of the cross sections for quasi-free
protons bound in the deuteron to the results for free protons, the influence of such
nuclear effects was estimated. The estimation is based on the assumption that the
effects are similar for protons and neutrons and was used to extract the results for
free neutrons.

The obtained results comprise of analyses of data obtained within the A2 collab-
oration at MAMI and the CBELSA/TAPS collaboration at ELSA, which not only
provide results of a different energy range and resolution, but also allow for an elab-
orate investigation of the systematic uncertainties that result from the individual
measurements. The results provide an important contribution to the understanding
of the excitation spectrum of the nucleon and are an important step towards the
complete measurement.

In the following sections, the results and the discoveries of the analyses of single
and double π0 photoproduction from free and quasi-free nucleons will be summarized.

435
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8.1 Single π0 Photoproduction

Unpolarized cross sections and angular distributions for photoproduction of single
π0 mesons from quasi-free protons and neutrons in the second and third resonance
region were measured with high precision at the tagged photon beam facility MAMI.

The comparison of the quasi-free proton and neutron cross sections revealed sig-
nificant differences in the excitation spectrum of protons and neutrons. A compar-
ison of the reaction on the neutron with the available model predictions from the
MAID unitary isobar model [40], the SAID partial wave analysis [39] and the BnGa
coupled-channel partial wave analysis [38, 43] clearly demonstrates that the other
isospin channels (pπ0, pπ−, and nπ+) do not alone sufficiently constrain the isospin
structure of single π0 photoproduction. Knowledge of the reaction γn→ π0n, as ob-
tained in the present work, is essential for the determination of the neutron helicity
couplings of N∗ resonances.
A recalculation of the BnGa solution, including the free neutron data from this
work, demonstrates the large impact of the present results on contributions from non-
resonant background and on partial waves that are related to N∗ resonances. The re-
sults mainly affect the properties of P11 and D13 partial waves, among which the well-
known low lying Roper resonance (N(1440)1/2+) and the higher-lying N(1710)1/2+

drastically change throughout the first and second resonance region. Contributions
from D13 partial waves mainly are affected at energies above W = 1.6 GeV among
which a sign change in the photon coupling of the N(1710)1/2+ was necessary. These
results have been published in Physical Review Letters (see Ref. [221]). A more de-
tailed version is in preparation for submission to Physics Letters B.

The measurement of double polarization observables for γn → π0n provides the
next step towards reliable neutron couplings. For this purpose, the double polar-
ization observable E and the helicity dependent cross sections σ1/2 and σ3/2 were
measured for photoproduction of π0 mesons from quasi-free protons and neutrons
with high statistics throughout the second and third resonance region.

In general, the results for the free proton are in good agreement with expecta-
tions from the available helicity couplings from the RPP [37]. Due to the much
stronger helicity coupling of the ∆(1232)3/2+ to σ3/2, in the high energy tail of the
∆-resonance region, the proton cross section is dominated by contributions from σ3/2.
In the second resonance region, σ1/2 prevails due to the dominant contribution of the
N(1535)1/2− and the third resonance region is again dominated by σ3/2, due to the
strong coupling of the N(1680)5/2+. The neutron cross section is overall dominated
by contributions from σ3/2, with a slight excess of contributions from σ1/2 in the
second resonance region, where the coupling of the N(1535)1/2− exceeds that of
the N(1520)3/2−. The third resonance region is less pronounced with only a small
contribution from the N(1675)5/2−.
The FSI correction factor, established in the analysis of unpolarized data, was used
to extract the helicity dependent results on the free proton and neutron. This allowed
for a detailed comparison of the different resonance contributions to the helicity de-
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pendent cross sections σ1/2 and σ3/2 for the proton and neutron with the available
model predictions. Whereas the different models already predict a very different
total cross section for the neutron, the different predictions for the free proton are
in good agreement. However, the individual contributions to the helicity dependent
cross sections σ1/2 and σ3/2 for the proton are strongly model dependent.
The MAID model for the proton drastically underestimates σ1/2 and overestimates
σ3/2 throughout the second and third resonance region and is in poor agreement with
the other two models. In contrast, the solution from SAID and BnGa are close to
each other and are in reasonable agreement with the present free proton data, ex-
cept for the third resonance region, where the contribution to σ3/2 is overestimated
(with respect to the data). By the same amount, the models underestimate the
contributions to σ1/2 in the same energy region, which indicates that more spin 1/2
resonances contribute to the third resonance region of the proton than expected.
Thereby, contributions from the N(1710)1/2+, which was affected by the recalcula-
tion of the BnGa solution, and from the N(1720)3/2+ might play a role.
The SAID model, which already achieved the best description of the unpolarized
neutron cross section (excluding the refit of the BnGa model), is the closest to the
neutron data, but strongly differs from the other descriptions.
The high statistics and first time results of unpolarized and polarized data from
single π0 photoproduction from quasi-free and free nucleons provide an important
contribution to the world database of single π0 photoproduction, especially in the
neutron sector. The simultaneous measurement of unpolarized cross sections, he-
licity dependent cross sections, and the double polarization observable E present a
significant input for the understanding of the excitation spectrum of the nucleon.
The results are ready for publication.

8.2 Double π0 Photoproduction

A full set of observables comprising total cross sections, angular distributions, and
invariant mass distributions, have been measured with high statistics for photo-
production of double π0 photoproduction from free protons and quasi-free nucleons
bound in the deuteron. Data from experiments within the A2 collaboration at MAMI
and the CBELSA/TAPS collaboration at ELSA were analyzed with (exclusively) and
without (inclusively) the coincident detection of the recoil nucleon. The free proton
data are in good agreement with previous measurements and were primarily used as
a cross check of the analysis procedures. The exclusive and inclusive measurements
are in good agreement and put stringent limits on the systematic uncertainties. The
results for free and quasi-free protons differ by about 15% in magnitude, but are
of almost identical shape. This indicates the presence of moderate effects from FSI
that exhibit an atypical energy and angular independent behavior. In the second
resonance region, at energies up to W ≈ 1550 MeV, the results for the proton and
neutron are very similar and are dominated by the decay of the N(1520)3/2− res-
onance via the ∆(1232)3/2+π0 intermediate state. In the third resonance region,
the cross sections are still very similar, but the angular distributions and invariant
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mass distributions from the proton and neutron differ. A decomposition of the total
cross section into contributions from phase space decays and decays via intermediate
∆(1232)3/2+π0 and N(1520)3/2−π0 states showed, that the reaction on the proton
is dominated by a strong contribution of N∗ → Nσ decays, while for the reaction on
the neutron, contributions from the ∆(1232)3/2+π0 intermediate states remain. The
CBELSA/TAPS data is in good agreement with the results from A2 and provides
information about the reaction at higher incident photon energies. In addition, it
revealed that for energies above the third resonance region, i.e. above W ≈ 2050
MeV, the proton and neutron cross section become again very similar. The data were
compared to the available model predictions from the MAID isobar model [62] and
the BnGa coupled-channel partial wave analysis [43] (only available for the proton).
The MAID model predicts results of similar shape, but a suppression of the neutron
results compared to those from the proton. It underestimates both data significantly,
which indicates that it does not properly account for certain resonance contributions
or even misses some. In contrast, the BnGa solution is in reasonable agreement with
the proton data. The largest discrepancies were observed in the region of the peak
in the third resonance region, where though the different previous results exhibit
the largest disagreement. The results from the A2 data have been published in The
European Physics Journal A (see Ref. [219]).

The measurement of the double polarization observable E, i.e. of the helicity
dependent cross sections σ1/2 and σ3/2, shed some light on the situation. From both
analyses, helicity dependent cross sections, angular distributions, and invariant mass
distributions in the energy range of the second and third resonance region were
extracted. In addition, the decomposition into contributions from phase space and
∆(1232)3/2+, as well as N(1520)3/2− intermediate states, was carried out using the
helicity dependent cross sections. Signatures of the Nσ decay are dominantly seen
in σ3/2 from the proton, while σ1/2 and σ3/2 from the neutron are both dominated by
intermediate ∆(1232)3/2+π0 decays, which confirms the processes that were observed
from the unpolarized results. In the second resonance region, i.e. until energies of
W ≈ 1550 MeV, the proton cross section is dominated by resonances with total
angular momentum J ≥ 3/2. At higher energies, resonances with J = 1/2 are
dominant, which is not expected by the models. Both model results predict a change
in the sign of the double polarization observable E at energies of W ≈ 1750 MeV.
In contrast, the neutron cross section is dominated by resonances with total angular
momentum J ≥ 3/2 throughout all energies. These observations indicate a significant
underestimation of σ1/2 by the models and can certainly provide important input for
the improvement of the calculations.
Estimates for the helicity dependent cross sections and of the double polarization
observable E on the free nucleons were determined by applying the correction factor
(as used for the extraction of the unpolarized free neutron cross section) to the
measured quantities σdiff, σsum, σ1/2, σ3/2, and σunpol. The estimates of the observables
were then extracted and averaged from the different versions in the same way as
for the quasi-free results. Compared to the quasi-free results, the free proton and
neutron cross sections are almost identical in shape, but are approximately 15%
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higher in magnitude. The BnGa model is in good agreement with the free proton
results, but underestimates σ1/2 in the third resonance region. As a consequence,
the prediction overestimates σ3/2, which explains why the sign change in the double
polarization observable E is predicted at too high energies and might be due to a
wrong contribution of the N(1710)1/2+. In contrast, the MAID model is in good
agreement with σ3/2 of the proton except in the threshold region, but significantly
underestimates all the other results.
In summary, the results from the analyses from A2 and CBELSA/TAPS data provide
a full set of unpolarized and helicity dependent quantities comprising total cross
sections, helicity dependent cross sections, and invariant mass distributions for 2π0

photoproduction from free and quasi-free nucleons. Whereas the statistical quality of
the A2 data is sufficient for the extraction of angular distributions of the unpolarized
and polarized results in the second and third resonance regions, the CBELSA/TAPS
data is just of adequate quality in order to confirm the A2 results up to the third
resonance region and to draw conclusions for the extended energy range. These
results present the first measurement of unpolarized and helicity dependent cross
sections from the neutron and provide essential information for the understanding of
the excitation spectrum of the nucleon. The results from the A2 and CBELSA/TAPS
data are ready for publication.
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A
Constants and Tables

A.1 Physical Properties of Scintillators

Table A.1 gives an overview of the physical properties of some of the scintillators
used in the experimental setups at A2 and CBELSA/TAPS.

Scintil-
lator

Type Den-
sity
[g/cm3]

Radia-
tion
Length
[cm]

Light
Output
[% An-
thracene]

Decay
constant,
main
component
[ns]

Wavelength
of maximum
emission [nm]

NaI(Tl) Crystal 3.67 2.59 230 230 413
CsI(Tl) Crystal 4.51 1.86 95 1100 580
EJ-204 Plastic 1.023 ∼ 43 68 1.8 408
NE-104 Plastic 1.032 ∼ 43 68 1.9 406
BaF2 Crystal 4.89 2.026 46 (slow)

/ 9.2
(fast)

620 (slow)
/ 0.6 (fast)

310 (slow) /
180-240 (fast)

PbWO4

Crystal 8.30 0.8903 - 30 (slow) /
10 (fast)

420 nm

Table A.1: Physical properties of some of the scintillators used at A2 and
CBELSA/TAPS. [120, 201]
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B.1 The χ2 Distribution

The probability density function of a normally (or Gaussian) distributed sample of
random variables x with expectation value µ and standard deviation σ is given by:

f(x) =
1√
2πσ

exp

[
−(x− µ)2

2σ2

]
. (B.1)

For the simplified case of a standard normal distribution, i.e. a normally dis-
tributed sample of random variables x with expectation value µ = 0 and standard
deviation σ = 1, the sum of the squares of the elements of k subsamples

x2 !
= χ2 = x2

1 + x2
2 + . . .+ x2

k , (B.2)

follows the cumulative distribution function

Fk(χ
2) =

1

Γ(k/2)2k/2
·
∫ χ2

0

uk/2−1 exp(−u/2)du

=
γ(k/2, χ2/2)

Γ(k/2)
,

(B.3)

where k is the number of degrees of freedom of the sample, Γ(k/2) is the Gamma
function, and γ(k/2, χ2/2) is the lower incomplete Gamma function. The probability
density function is then given by [225]:

fk(χ
2) =

(χ2)k/2−1

Γ(k/2) · 2k/2 · exp(−χ2/2) . (B.4)

Examples for the cumulative distribution function Fk(χ2) and the probability den-
sity function fk(χ2) for a few different degrees of freedom are illustrated in Figure B.1.

For general normally distributed random variables of expectation value µ and
standard deviation σ, the sum of squares of equation (B.2) is no longer directly
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described by a χ2 distribution. However, this can be revised by considering the
modified sum of squares

x2 !
= χ2 =

(x1 − µ)2 + (x2 −mu)2 + . . .+ (xk −mu)2)2

σ2
, (B.5)

or for subsamples with different means µi and standard deviations σi

x2 !
= χ2 =

(x1 − µ1)2

σ2
1

+
(x2 − µ2)2

σ2
2

+ . . .+
(xk − µk)2

σ2
k

, (B.6)

which immediately again follows a χ2 distribution.

The primary importance of the χ2 distribution is given by the χ2 test, where
the quantity χ2 is used as a measure of the confidence of a certain event. As in
equation (B.6), the value χ2 was defined as the sum of squares of deviations from the
expectation value, the smaller the value of χ2 the more plausible the event can be
considered. Thereby, the cumulative distribution function Fk(χ

2) (equation (B.3))
represents the probability P (x2 < χ2) that a random variable x2 will not exceed a
value of χ2.
A quantity that is often used to describe the degree of confidence is the confidence
level Wk(χ

2) which represents the probability that a random value x2 of the same
distribution is greater than or equal to χ2:

Wk(χ
2) = 1− Fk(χ2). (B.7)

From the definition and interpretation of Fk(χ2), it is reasonable that low values
of χ2 correspond to large values of Wk(χ

2) and vice versa. The confidence level
distributions for a few degrees of freedom are illustrated on the right-hand side of
Figure B.1. Note that the confidence level value Wk(χ

2) is given on the x-axis and
was sampled according to the probability density function fk(χ2).
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0.5

1 )2χ(kf
k=1
k=2
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Counts
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)2χ(k                                        W
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2χ                                   

k
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Figure B.1: Illustration of the χ2 distribution. Left column: probability den-
sity function fk(χ2). Middle column: cumulative distribution function Fk(χ2).
Right column: normalized confidence level distributions Wk(χ

2). Shown are
the representatives for different degrees of freedom k.
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B.2 Determination of the Error in Invariant Mass

As discussed in section 6.1, the neutral clusters were assigned to the decay photons
from the π0 and π0π0 mesons with a χ2 test on the invariant mass of the two photons.
For every possible combination of two photons to a π0 meson or four photons to a
π0π0, pair the χ2 value was determined as follows:

(
χ2
)ij
k

=
k∑

i=1

(
mγiγj −mπ0

∆mγiγj

)2
{
k = 1, i, j = 1, 2, 3, i 6= j | π0

k = 2, i, j = 1, 2, 3, 4, (5), i 6= j | π0π0 , (B.8)

where mπ0 is the nominal mass of the π0 meson, mγiγj is the invariant mass of the
two photons that form a π0, and

mγiγj =
√

2EγiEγj · (1− cosφγiγj) , (B.9)

and φγiγj is the opening angle between the two photons that is given by the inner
product of the two photon momenta pγi and pγj :

cosφγiγj =
~pγi · ~pγj
|~pγi | · |~pγj |

=
pxγip

x
γj

+ pyγip
y
γj

+ pzγip
z
γj

|~pγi | · |~pγj |
= sin θγi sin θγj cosφγi cosφγj+

sin θγi sin θγj sinφγi sinφγj+

cos θγi cos θγj .

(B.10)

Therefore, the error of the invariant mass ∆mγiγj is given by:

∆mγiγj =

√(
∂mγiγj

∂Eγi
∆Eγi

)2

+

(
∂mγiγj

∂Eγj
∆Eγj

)2

+

(
∂mγiγj

∂ cosφγiγj
∆ cosφγiγj

)2

=
1

2
mγiγj

√(
∆Eγi
Eγi

)2

+

(
∆Eγj
Eγj

)2

+

(
∆ cosφγiγj

1− cosφγiγj

)2
,

(B.11)
where the error of the opening angle ∆ cosφγiγj is given by

∆ cosφγiγj =
{[
− sin θγiθγj sin(φγi − φγj)

]2 ·∆φ2
γi

+
[
− sin θγiθγj sin(φγj − φγi)

]2 ·∆φ2
γj

+
[(

cos θγi sin θγj cos(φγi − φγj)− sin θγi cos θγj
)2
]2

·∆θ2
γi

+

[(
sin θγi cos θγj cos(φγj − φγi)− cos θγi sin θγj

)2
]2

∆θ2
γj

}1/2

.

(B.12)

For the determination of the error in the invariant mass that is used for the χ2 test,
the error of the energy ∆E, the azimuthal angle ∆φ, and the polar angle ∆θ have to
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be known. They were determined by simulations and for the individual calorimeters
are presented in section 5.4.1 and 5.4.3. For every χ2 value of a photon pair ij the
error is evaluated individually according to their energies Eγi , Eγj , azimuthal and
polar angles φγi , φγj , θγi , θγj , and the corresponding errors ∆Eγi , ∆Eγj , ∆φγi , ∆φγj ,
∆θγi , ∆θγj .

B.3 Kinetic Energy of the Recoil Nucleon

Under certain conditions nucleons may not fully deposit their kinetic energy in the
detector and hence make a reconstruction of their energy from the measured energy
impossible. However, the angular information as reconstructed from their impact in
the detector is still valid and of the same precision as for all other particles. In such
cases it is advantageous that their kinetic energy in free and quasi-free kinematics
can be recalculated with the following formalisms.

For photoproduction of a meson m on a free target nucleon p, the kinetic energy
of the recoil nucleon Tp is simply given by the difference of the incident photon energy
Eγ and the energy of the meson Em

T free
p = Eγ − Em (B.13)

The derivation of the kinetic energy of the recoil participant nucleon in quasi-
free kinematics needs some more effort. Consider a photoproduction reaction on a
participant nucleon Np inside a target nucleus d at rest

γ + d→ m+Np +Ns , (B.14)

which produces a final state meson m and distributes the remaining energy among
the meson, the participant nucleon and the spectator nucleon Ns. In this case the
kinetic energy of the participant nucleon in the final state can be determined exactly
by knowing the mass of the target nucleon md, the incident photon energy Eγ, the
energy of the meson Em, the mass mp, the polar and azimuthal angle θp, φp of the
participant nucleon as well as the mass of the spectator nucleon mn. The calculation
is based on the energy and momentum conservation of the reaction with the photon
beam in z-direction, where the index p denotes the participant nucleon and the index
s the spectator nucleon



0
0
Eγ
Eγ


+




0
0
0
md


 =




pmx
pmy
pmz
Em


+




ppx
ppy
ppz
Ep


+




psx
psy
psz
Es


 . (B.15)

Inserting the momentum components of the spectator nucleon into the energy
equation of equation (B.15) yields

Eγ +md = Em + Ep +
√
p2
s,x + p2

s,y + p2
s,z +m2

s

= Em + Ep +

√
(pmx + ppx)

2 +
(
pmy + ppy

)2
+ (Eγ − (pmz + ppz))

2 +m2
s .

(B.16)
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The participant energy Ep is therefore given by

Ep = Eγ +md − Em
−
√

(pmx + ppx)
2 +

(
pmy + ppy

)2
+ (Eγ − (pmz + ppz))

2 +m2
s .

(B.17)

Inserting equation (B.17) into the definition of the kinetic energy of the participant
nucleon:

Tp = Ep −mp (B.18)

yields

Tp = Eγ − Em +md −mp

−
√
p2
m + p2

p + 2~pm~pp + E2
γ − 2Eγ (pmz + ppz) +m2

s .
(B.19)

Using the expression (B.18) for the kinetic energy of the participant nucleon, the
absolute value of the participant momentum can be written as

|~p| =
√
E2
p −m2

p =
√

(Tp +mp)2 −m2
p

=
√
Tp(Tp + 2mp) .

(B.20)

The polar and azimuthal angle θp and φp of the participant nucleon can then be
introduced as follows:

~pp = |~pp|




sin(θp) cos(φp)
sin(θp) sin(φp)

cos(θp)




=
√
Tp (Tp + 2mp)




sin(θp) cos(φp)
sin(θp) sin(φp)

cos(θp)


 .

(B.21)

Therefore the terms in the square root of equation (B.19) can be written as

p2
p = Tp (Tp + 2mp)

2~pm~pp = 2
√
Tp (Tp + 2mp) [pmx sin(θp) cos(φp)

+pmy sin(θp) sin(φp) + pmz cos(θp)
]

−2Eγp
p
z = −2Eγ

√
Tp (Tp + 2mp) cos(θp) .

(B.22)

Defining

a := pmx sin(θp) cos(φp) + pmy sin(θp) sin(φp) + (pmz − Eγ) cos(θp) (B.23)

and inserting this expression (B.23) into equation (B.19) yields

Tp = Eγ − Em +md −mp

−
√
p2
m + Tp (Tp + 2mp) + 2

√
Tp (Tp + 2mp)a+ E2

γ − 2Eγpmz +m2
s .

(B.24)
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Squaring equation (B.24) and substituting

b := Em − Eγ −md

c := (Em +mp − Eγ −md)
2 −

(
m2
s + p2

m + E2
γ − 2Eγp

m
z

)
,

(B.25)

yields for equation (B.24)

(2Tpb+ c)2 = 4a2Tp (Tp + 2mp)

→ 4b2T 2
p + 4bcTp + c2 = 4a2T 2

p + 4a22mpTp .
(B.26)

Finally the following quadratic equation of the kinetic energy of the recoil nucleon

T 2
p

(
4b2 − 4a2

)
+ Tp

(
4bc− 8a2mp

)
+ c2 = 0 (B.27)

has to be solved to find the two solutions

T 1,2
p =

− (4bc− 8a2mp)±
√

(4bc− 8a2mp)
2 − 4 (4b2 − 4a2) c2

2 (4b2 − 4a2)
, (B.28)

where a, b and c are given by equations (B.23) and (B.25).

To use the achieved formula for the kinetic energy of the participant nucleon, Tp,
one has to verify which solution of the two is the physically correct one. For this
purpose 1 · 105 events of η photoproduction from the quasi-free neutron γ + d →
η + n + p were generated with PLUTO (see section 3.4.1). The kinetic energy of the
participant neutron was then recalculated according to the two possible solutions
from equation (B.28) and compared to the generated value. Figure B.2 shows the
difference of each solution and the generated values. It is clearly visible that the only
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Figure B.2: Reconstructed mass of the neutron from the two solutions of
equation (B.28).

physically correct solution of (B.28) is achieved in the left-hand side of figure B.2
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which shows an exact value for mn for all of the 100′000 events. This corresponds to
the following solution of (B.28)

T quasi-free
p =

− (4bc− 8a2mp) +
√

(4bc− 8a2mp)
2 − 4 (4b2 − 4a2) c2

2 (4b2 − 4a2)
, (B.29)

where the parameters a, b and c are given by

a = pm,x sin(θp) cos(φp) + pm,y sin(θp) sin(φp) + (pm,z − Eγ) cos(θp)

b = Em − Eγ −md

c = (Em +mp − Eγ −md)
2 −

(
m2
s + p2

m + E2
γ − 2Eγpm,z

)
.

(B.30)





C
Additional Spectra

C.1 Carbon Background Subtraction

This chapter presents the estimation of the background contribution from reactions
on unpolarized nucleons inside the carbon and oxygen nuclei by means of coplanarity
or invariant mass spectra, instead of missing mass spectra as discussed in Section
6.13.4.
Shown are the corresponding coplanarity and invariant mass spectra for the car-
bon subtraction in the analysis of single π0 photoproduction (Figures C.1 and C.4)
double π0 photoproduction from the A2 data (Figures C.2 and C.5) and double π0

photoproduction from the CBELSA/TAPS data (Figures C.3 and C.6).
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Figure C.1: Illustration of the estimation of the carbon background by means
of coplanarity spectra for exclusive single π0 photoproduction. Results from
the A2 data. Shown are five selected energy and angular bins. All cuts were
applied to the data. Red (blue) triangles: proton (neutron) distribution from
the deuterated butanol data. Dashed green histogram: distribution from the
deuterium data. Dotted magenta histogram: distribution from the carbon
data. Black histogram: sum of deuterium and carbon data. Gray histogram:
carbon subtracted yield from the deuterated butanol target. Dashed vertical
black lines: coplanarity cut from deuterium data.
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Figure C.2: Illustration of the estimation of the carbon background by means
of coplanarity spectra for exclusive double π0 photoproduction. Results from
the A2 data. Shown are five selected energy and angular bins. All cuts were
applied to the data. Red (blue) triangles: proton (neutron) distribution from
the deuterated butanol data. Dashed green histogram: distribution from the
deuterium data. Dotted magenta histogram: distribution from the carbon
data. Black histogram: sum of deuterium and carbon data. Gray histogram:
carbon subtracted yield from the deuterated butanol target. Dashed vertical
black lines: coplanarity cut from deuterium data.
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Figure C.3: Illustration of the estimation of the carbon background by means
of coplanarity spectra for exclusive double π0 photoproduction. Results from
the CBELSA/TAPS data. Shown are five selected energy and angular bins. All
cuts were applied to the data. Red (blue) triangles: proton (neutron) distribu-
tion from the deuterated butanol data. Dashed green histogram: distribution
from the deuterium data. Dotted magenta histogram: distribution from the
carbon data. Black histogram: sum of deuterium and carbon data. Gray his-
togram: carbon subtracted yield from the deuterated butanol target. Dashed
vertical black lines: coplanarity cut from deuterium data.
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Figure C.4: Illustration of the estimation of the carbon background by means
of invariant mass spectra for exclusive single π0 photoproduction. Results from
the A2 data. Shown are five selected energy and angular bins. All cuts were
applied to the data. Red (blue) triangles: proton (neutron) distribution from
the deuterated butanol data. Dashed green histogram: distribution from the
deuterium data. Dotted magenta histogram: distribution from the carbon
data. Black histogram: sum of deuterium and carbon data. Gray histogram:
carbon subtracted yield from the deuterated butanol target. Dashed vertical
black lines: invariant mass cut from deuterium data.
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Figure C.5: Illustration of the estimation of the carbon background by means
of invariant mass spectra for exclusive double π0 photoproduction. Results
from the A2 data. Shown are five selected energy and angular bins. All cuts
were applied to the data. Red (blue) triangles: proton (neutron) distribution
from the deuterated butanol data. Dashed green histogram: distribution from
the deuterium data. Dotted magenta histogram: distribution from the carbon
data. Black histogram: sum of deuterium and carbon data. Gray histogram:
carbon subtracted yield from the deuterated butanol target. Dashed vertical
black lines: invariant mass cut from deuterium data.
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Figure C.6: Illustration of the estimation of the carbon background by means
of invariant mass spectra for exclusive double π0 photoproduction. Results
from the CBELSA/TAPS data. Shown are five selected energy and angular
bins. All cuts were applied to the data. Red (blue) triangles: proton (neutron)
distribution from the deuterated butanol data. Dashed green histogram: dis-
tribution from the deuterium data. Dotted magenta histogram: distribution
from the carbon data. Black histogram: sum of deuterium and carbon data.
Gray histogram: carbon subtracted yield from the deuterated butanol target.
Dashed vertical black lines: invariant mass cut from deuterium data.





D
Supplementary Results

This chapter presents additional results that were not shown in the final results in
Chapter 7.

D.1 Single π0 Photoproduction

This section presents additional results from the analysis of single π0 photoproduction
from unpolarized and polarized A2 data discussed in Sections 7.1 and 7.4.

D.1.1 Unpolarized Cross Sections

This section presents additional results from the analysis of single π0 photoproduction
from the unpolarized A2 data discussed in Sections 7.1.
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Figure D.1: Differential cross sections for exclusive π0 photoproduction from
quasi-free nucleons as a function of the incident photon energy Eγ. Results
from the A2 data. Open blue circles: proton. Open red circles: neutron.
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Figure D.2: Differential cross sections for exclusive π0 photoproduction from
the quasi-free proton as function of the polar angle of the pion in the π0p center
of mass system. Results from the A2 data. Shown is the result for energy bins
of incident photon energy Eγ. Solid line: Legendre fit. Hatched histogram:
systematic uncertainties.
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Figure D.3: Differential cross sections for exclusive π0 photoproduction from
the quasi-free neutron as function of the polar angle of the pion in the π0p
center of mass system. Results from the A2 data. Shown is the result for
energy bins of incident photon energy Eγ. Solid line: Legendre fit. Hatched
histogram: systematic uncertainties.



462 Appendix D. Supplementary Results

500 1000

-1

0

1 0/B1B

500 1000

-1

0

1 0/B2B

500 1000

-1

0

1

0/B3B

500 1000

-1

0

1

0/B4B

500 1000

-0.5

0

0.5

0/B5B

500 1000

-0.5

0

0.5

0/B6B

500 1000 500 1000

-1

0

1

-1

0

1

-0.5

0

0.5

 [MeV]γE
(a) γN → π0(N)

500 1000
-2

-1

0

1 0/B1B

500 1000
-2

-1

0

1 0/B2B

500 1000

-1

0

1
0/B3B

500 1000

-1

0

1
0/B4B

500 1000

-1

0

0/B5B

500 1000

-1

0

0/B6B

500 1000 500 1000

-2

-1

0

1

-1

0

1

-1

0

 [MeV]γE
(b) γN → π0N

Figure D.4: Legendre coefficient ratios for single π0 photoproduction as func-
tion of the incident photon energy Eγ. Results from the A2 data. Left-hand
side: Quasi-free inclusive reaction on the deuteron. Right-hand side: Quasi-
free exclusive reactions on quasi-free nucleons. Solid black circles: quasi-free
inclusive result. Open magenta circles: sum of exclusive proton and neutron
results. Open blue circles: exclusive proton results. Open red circles: exclusive
neutron result. The hatched histograms represent the systematic uncertainties
of the corresponding cross sections.
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Figure D.5: Differential cross sections for exclusive π0 photoproduction from
quasi-free protons as a function of the polar angle of the pion in the π0p center
of mass system. Results from the A2 data. Notations as in Figure 7.5. The
hatched histograms at the bottom represent the systematic uncertainties.
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Figure D.6: Differential cross sections for exclusive π0 photoproduction from
quasi-free neutrons as a function of the polar angle of the pion in the π0n center
of mass system. Results from the A2 data. Notations as in Figure 7.5. The
hatched histograms at the bottom represent the systematic uncertainties.
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Figure D.7: Estimated differential cross sections for exclusive π0 photopro-
duction from the free neutron as a function of the polar angle of the pion in
the π0n center of mass system. Results from the A2 data. Notations as in
Figure 7.5. The hatched histograms at the bottom represent the systematic
uncertainties.
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D.1.2 Polarized Cross Sections

This section presents additional results from the analysis of single π0 photoproduction
from the polarized A2 data discussed in Sections 7.4.
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Figure D.8: Double polarization observables for single π0 photoproduction
from quasi-free protons as a function of the incident photon energy Eγ. Results
from the A2 data. (a) Reconstructed unpolarized total cross section σunpol. (b)
Double polarization observable E. (c) Helicity dependent cross section σ1/2. (d)
Helicity dependent cross section σ3/2. The different versions are summarized
in Table 6.12. Dotted orange line: MAID [40]. Dashed cyan line: SAID [39].
Dashed-dotted magenta line: BnGa [43]. The gray histogram at the base line
of each figure represents the systematical uncertainties of the results.
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Figure D.9: Double polarization observables for single π0 photoproduction
from quasi-free neutrons as a function of the incident photon energy Eγ. Re-
sults from the A2 data. (a) Reconstructed unpolarized total cross section
σunpol. (b) Double polarization observable E. (c) Helicity dependent cross
section σ1/2. (d) Helicity dependent cross section σ3/2. The different versions
are summarized in Table 6.12. Dotted orange line: MAID [40]. Dashed cyan
line: SAID [39]. Dashed-dotted magenta line: BnGa [38]. The gray histogram
at the base line of each figure represents the systematical uncertainties of the
results.
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Figure D.10: Final averaged double polarization observables for single π0

photoproduction from quasi-free protons and neutrons as a function of the in-
cident photon energy Eγ. Results from the A2 data. Shown are the average
observables obtained from the arithmetic mean of the different versions. Fig-
ures (a)-(c): quasi-free proton. Figures (d)-(f): quasi-free neutron. (a) and
(d): double polarization observable E. (b) and (e): helicity dependent cross
section σ1/2. (c) and (f): helicity dependent cross section σ3/2. Dotted orange
line: MAID [40]. Dashed cyan line: SAID [39]. Dashed-dotted magenta line:
BnGa (proton: [43], neutron: [38]). The gray histogram at the base line of
each figure represents the systematical uncertainties of the results.
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D.2 Double π0 Photoproduction

This section presents additional results from the analysis of double π0 photopro-
duction from unpolarized and polarized A2 and CBELSA/TAPS data discussed in
Sections 7.2, 7.3 and 7.5.

D.2.1 Unpolarized Cross Sections

This section presents additional results from the analysis of double π0 photoproduc-
tion from the unpolarized A2 and CBELSA/TAPS data discussed in Sections 7.2
and 7.3.

A2 Data

This section presents additional results from the analysis of double π0 photoproduc-
tion from the unpolarized A2 data discussed in Sections 7.2 and 7.3.1.
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Figure D.11: Differential cross sections for 2π0 photoproduction from the
free proton as function of the polar angle of the combined meson in the 2π0p
center of mass system. Results from the A2 data. Open triangles: inclusive
result. Solid triangles: exclusive result. Solid black line: Legendre fit of the
exclusive result. Dashed cyan line: MAID [62]. Dashed-dotted magenta line:
BnGa [43]. The hatched histograms represent the systematic uncertainties of
the exclusive result.
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Figure D.12: Differential cross sections for 2π0 photoproduction from the
quasi-free proton as function of the polar angle of the combined meson in
the 2π0p center of mass system. Results from the A2 data. Solid blue line:
Legendre fit of the data. Dashed black line: free proton result folded with Fermi
motion and scaled with 0.85. Dashed cyan line: MAID [62]. Dashed-dotted
magenta line: BnGa [43]. The hatched histograms represent the systematic
uncertainties.
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Figure D.13: Differential cross sections for 2π0 photoproduction from the
quasi-free neutron as function of the polar angle of the combined meson in the
2π0n center of mass system. Results from the A2 data. Solid red line: Legendre
fit of the data. Dotted orange line: MAID [62]. The hatched histograms
represent the systematic uncertainties.
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Figure D.14: Estimated differential cross sections for 2π0 photoproduction
from the free neutron as function of the polar angle of the combined meson
in the 2π0n center of mass system. Results from the A2 data. Solid red
line: Legendre fit of the data. Dotted orange line: MAID [62]. The hatched
histograms represent the systematic uncertainties.
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CBELSA/TAPS Data

This section presents additional results from the analysis of double π0 photoproduc-
tion from the unpolarized CBELSA/TAPS data discussed in Sections 7.2 and 7.3.2.
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Figure D.15: Differential cross sections for 2π0 photoproduction from the
free proton as function of the polar angle of the combined meson in the 2π0p
center of mass system. Results from the CBELSA/TAPS data. Open triangles:
inclusive result. Solid triangles: exclusive result. Solid black line: Legendre fit
of the exclusive result. Dashed cyan line: MAID [62]. Dashed-dotted magenta
line: BnGa [43]. The hatched histograms represent the systematic uncertainties
of the exclusive result.
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Figure D.16: Differential cross sections for 2π0 photoproduction from the
quasi-free proton as function of the polar angle of the combined meson in
the 2π0p center of mass system. Results from the A2 data. Solid blue line:
Legendre fit of the data. Dashed black line: free proton result folded with Fermi
motion and scaled with 0.85. Dashed cyan line: MAID [62]. Dashed-dotted
magenta line: BnGa [43]. The hatched histograms represent the systematic
uncertainties.
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Figure D.17: Differential cross sections for 2π0 photoproduction from the
quasi-free neutron as function of the polar angle of the combined meson in the
2π0n center of mass system. Results from the A2 data. Solid red line: Legendre
fit of the data. Dotted orange line: MAID [62]. The hatched histograms
represent the systematic uncertainties.
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Figure D.18: Estimated differential cross sections for 2π0 photoproduction
from the free neutron as function of the polar angle of the combined meson
in the 2π0n center of mass system. Results from the A2 data. Solid red
line: Legendre fit of the data. Dotted orange line: MAID [62]. The hatched
histograms represent the systematic uncertainties.
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Comparison of A2 and CBELSA/TAPS Data

This section presents additional results from the comparison of the analyses of double
π0 photoproduction from the unpolarized A2 and CBELSA/TAPS data discussed in
Sections 7.2 and 7.3.3.
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Figure D.19: Differential cross sections for exclusive 2π0 photoproduction
from the quasi-free proton as a function of the polar angle of the combined
meson in the 2π0p center of mass system. Solid blue circles: results from the
A2 data. Open blue circles: results from the CBELSA/TAPS data. Dashed
cyan line: MAID [62]. Dashed-dotted magenta line: BnGa [43]. The hatched
histograms at the bottom represent the systematic uncertainty of the corre-
sponding result.
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Figure D.20: Differential cross sections for exclusive 2π0 photoproduction
from the quasi-free neutron as a function of the polar angle of the combined
meson in the 2π0p center of mass system. Solid red circles: results from the
A2 data. Open red circles: results from the CBELSA/TAPS data. Dotted
orange line: MAID [62]. The hatched histograms at the bottom represent the
systematic uncertainty of the corresponding result.
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Figure D.21: Estimated differential cross sections for exclusive 2π0 photopro-
duction from the free neutron as a function of the polar angle of the combined
meson in the 2π0p center of mass system. Solid red triangles: results from the
A2 data. Open red triangles: results from the CBELSA/TAPS data. Dotted
orange line: MAID [62]. The hatched histograms at the bottom represent the
systematic uncertainty of the corresponding result.
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Figure D.22: Differential cross sections for exclusive 2π0 photoproduction
from the free proton as a function of the π0p invariant mass. Solid black
triangles: results from the A2 data. Open black triangles: results from the
CBELSA/TAPS data. Dashed cyan line: MAID [62]. Dashed-dotted magenta
line: BnGa [43].
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Figure D.23: Differential cross sections for exclusive 2π0 photoproduction
from the quasi-free proton as a function of the π0p invariant mass. Solid
blue circles: results from the A2 data. Open blue circles: results from the
CBELSA/TAPS data. Dashed cyan line: MAID [62]. Dashed-dotted magenta
line: BnGa [43].
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Figure D.24: Differential cross sections for exclusive 2π0 photoproduction
from the quasi-free neutron as a function of the π0n invariant mass. Solid
red triangles: results from the A2 data. Open red triangles: results from the
CBELSA/TAPS data. Dotted orange line: MAID [62].
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Figure D.25: Differential cross sections for exclusive 2π0 photoproduction
from the free proton as a function of the π0π0 invariant mass. Solid black
triangles: results from the A2 data. Open black triangles: results from the
CBELSA/TAPS data. Dashed cyan line: MAID [62]. Dashed-dotted magenta
line: BnGa [43].
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Figure D.26: Differential cross sections for exclusive 2π0 photoproduction
from the quasi-free proton as a function of the π0π0 invariant mass. Solid
blue circles: results from the A2 data. Open blue circles: results from the
CBELSA/TAPS data. Dashed cyan line: MAID [62]. Dashed-dotted magenta
line: BnGa [43].
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Figure D.27: Differential cross sections for exclusive 2π0 photoproduction
from the quasi-free neutron as a function of the π0π0 invariant mass. Solid
red triangles: results from the A2 data. Open red triangles: results from the
CBELSA/TAPS data. Dotted orange line: MAID [62].
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D.2.2 Polarized Cross Sections

This section presents additional results from the analysis of double π0 photoproduc-
tion from the polarized A2 and CBELSA/TAPS data discussed in Section 7.5.

A2 Data

This section presents additional results from the analysis of double π0 photoproduc-
tion from the polarized A2 data discussed in Section 7.5.1.
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Figure D.28: Final averaged double polarization observables for double π0

photoproduction from quasi-free protons and neutrons as a function of the
incident photon energy Eγ. Results from the A2 data. Shown are the average
observables obtained from the arithmetic mean of versions 1 and 2. Figures
(a)-(c): quasi-free proton. Figures (d)-(f): quasi-free neutron. (a) and (d):
double polarization observable E. (b) and (e): helicity dependent cross section
σ1/2. (c) and (f): helicity dependent cross section σ3/2. Dotted orange line:
MAID [62]. Dashed-dotted magenta line: BnGa (proton: [43], neutron: [38]).
The gray histogram at the base line of each figure represents the systematical
uncertainties of the results.
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Figure D.29: Final averaged double polarization observables for double π0

photoproduction from quasi-free protons and neutrons as a function of the final
state invariant mass W . Results from the A2 data. Shown are the average
observables obtained from the arithmetic mean of versions 1 and 2. Figures
(a)-(c): quasi-free proton. Figures (d)-(f): quasi-free neutron. (a) and (d):
double polarization observable E. (b) and (e): helicity dependent cross section
σ1/2. (c) and (f): helicity dependent cross section σ3/2. Dotted orange line:
MAID [62]. Dashed-dotted magenta line: BnGa (proton: [43], neutron: [38]).
The gray histogram at the base line of each figure represents the systematical
uncertainties of the results.
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Figure D.30: Differential double polarization observable E for double π0

photoproduction from quasi-free protons as a function of the meson polar angle
in the π0p center of mass frame. Results from the A2 data. Solid blue line:
Legendre fit. Dotted orange line: MAID [62]. Dashed-dotted magenta line:
BnGa [43]. The gray histogram at the base line of each figure represents the
systematical uncertainties of the results.
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Figure D.31: Differential helicity dependent cross section σ1/2 for double π0

photoproduction from quasi-free protons as a function of the meson polar angle
in the π0p center of mass frame. Results from the A2 data. Solid blue line:
Legendre fit. Dotted orange line: MAID [62]. Dashed-dotted magenta line:
BnGa [43]. The gray histogram at the base line of each figure represents the
systematical uncertainties of the results.
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Figure D.32: Differential helicity dependent cross section σ3/2 for double π0

photoproduction from quasi-free protons as a function of the meson polar angle
in the π0p center of mass frame. Results from the A2 data. Solid blue line:
Legendre fit. Dotted orange line: MAID [62]. Dashed-dotted magenta line:
BnGa [43]. The gray histogram at the base line of each figure represents the
systematical uncertainties of the results.
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Figure D.33: Differential double polarization observable E for double π0

photoproduction from quasi-free neutrons as a function of the meson polar
angle in the π0p center of mass frame. Results from the A2 data. Solid red
line: Legendre fit. Dotted orange line: MAID [62]. The gray histogram at the
base line of each figure represents the systematical uncertainties of the results.
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Figure D.34: Differential helicity dependent cross section σ1/2 for double π0

photoproduction from quasi-free neutrons as a function of the meson polar
angle in the π0p center of mass frame. Results from the A2 data. Solid red
line: Legendre fit. Dotted orange line: MAID [62]. The gray histogram at the
base line of each figure represents the systematical uncertainties of the results.
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Figure D.35: Differential helicity dependent cross section σ3/2 for double π0

photoproduction from quasi-free neutrons as a function of the meson polar
angle in the π0p center of mass frame. Results from the A2 data. Solid red
line: Legendre fit. Dotted orange line: MAID [62]. The gray histogram at the
base line of each figure represents the systematical uncertainties of the results.
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Figure D.36: Legendre coefficient ratios for double π0 photoproduction from
polarized protons and neutrons. Results from the A2 data. Left two columns:
quasi-free proton. Right two columns: quasi-free neutron. Solid (open) sym-
bols: coefficient ratios from σ1/2 (σ3/2). Dotted orange line: MAID [40].
Dashed-dotted magenta line: BnGa [43] (only proton).
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Figure D.37: Final averaged double polarization observables for double π0

photoproduction from free protons and neutrons as a function of the final state
invariant mass W . Results from the A2 data. Shown are the average ob-
servables obtained from the arithmetic mean of the different versions. Figures
(a)-(c): free proton. Figures (d)-(f): free neutron. (a) and (d): double polar-
ization observable E. (b) and (e): helicity dependent cross section σ1/2. (c)
and (f): helicity dependent cross section σ3/2. Dotted orange line: MAID [62].
Dashed-dotted magenta line: BnGa [43] (only proton). The gray histogram
at the base line of each figure represents the systematical uncertainties of the
results.
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CBELSA/TAPS Data

This section presents additional results from the analysis of double π0 photoproduc-
tion from the polarized CBELSA/TAPS data discussed in Section 7.5.2.
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Figure D.38: Final averaged double polarization observables for double π0

photoproduction from quasi-free protons and neutrons as a function of the
incident photon energy Eγ. Results from the CBELSA/TAPS data. Shown
are the average observables obtained from the arithmetic mean of versions 1
and 2. Figures (a)-(c): quasi-free proton. Figures (d)-(f): quasi-free neutron.
(a) and (d): double polarization observable E. (b) and (e): helicity dependent
cross section σ1/2. (c) and (f): helicity dependent cross section σ3/2. Dotted
orange line: MAID [62]. Dashed-dotted magenta line: BnGa (proton: [43],
neutron: [38]). The gray histogram at the base line of each figure represents
the systematical uncertainties of the results.
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Figure D.39: Final averaged double polarization observables for double π0

photoproduction from quasi-free protons and neutrons as a function of the final
state invariant mass W . Results from the CBELSA/TAPS data. Shown are
the average observables obtained from the arithmetic mean of versions 1 and
2. Figures (a)-(c): quasi-free proton. Figures (d)-(f): quasi-free neutron. (a)
and (d): double polarization observable E. (b) and (e): helicity dependent
cross section σ1/2. (c) and (f): helicity dependent cross section σ3/2. Dotted
orange line: MAID [62]. Dashed-dotted magenta line: BnGa (proton: [43],
neutron: [38]). The gray histogram at the base line of each figure represents
the systematical uncertainties of the results.
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Figure D.40: Differential double polarization observable E for double π0 pho-
toproduction from quasi-free protons as a function of the meson polar angle in
the π0p center of mass frame. Results from the CBELSA/TAPS data. Solid
blue line: Legendre fit. Dotted orange line: MAID [62]. Dashed-dotted ma-
genta line: BnGa [43]. The gray histogram at the base line of each figure
represents the systematical uncertainties of the results.
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Figure D.41: Differential helicity dependent cross section σ1/2 for double
π0 photoproduction from quasi-free protons as a function of the meson polar
angle in the π0p center of mass frame. Results from the CBELSA/TAPS data.
Solid blue line: Legendre fit. Dotted orange line: MAID [62]. Dashed-dotted
magenta line: BnGa [43]. The gray histogram at the base line of each figure
represents the systematical uncertainties of the results.
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Figure D.42: Differential helicity dependent cross section σ3/2 for double
π0 photoproduction from quasi-free protons as a function of the meson polar
angle in the π0p center of mass frame. Results from the CBELSA/TAPS data.
Solid blue line: Legendre fit. Dotted orange line: MAID [62]. Dashed-dotted
magenta line: BnGa [43]. The gray histogram at the base line of each figure
represents the systematical uncertainties of the results.
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Figure D.43: Differential double polarization observable E for double π0 pho-
toproduction from quasi-free neutrons as a function of the meson polar angle
in the π0p center of mass frame. Results from the CBELSA/TAPS data. Solid
red line: Legendre fit. Dotted orange line: MAID [62]. The gray histogram
at the base line of each figure represents the systematical uncertainties of the
results.
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Figure D.44: Differential helicity dependent cross section σ1/2 for double π0

photoproduction from quasi-free neutrons as a function of the meson polar an-
gle in the π0p center of mass frame. Results from the CBELSA/TAPS data.
Solid red line: Legendre fit. Dotted orange line: MAID [62]. The gray his-
togram at the base line of each figure represents the systematical uncertainties
of the results.
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Figure D.45: Differential helicity dependent cross section σ3/2 for double π0

photoproduction from quasi-free neutrons as a function of the meson polar an-
gle in the π0p center of mass frame. Results from the CBELSA/TAPS data.
Solid red line: Legendre fit. Dotted orange line: MAID [62]. The gray his-
togram at the base line of each figure represents the systematical uncertainties
of the results.
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Figure D.46: Legendre coefficient ratios for double π0 photoproduction from
polarized protons and neutrons. Results from the CBELA/TAPS data. Left
two columns: quasi-free proton. Right two columns: quasi-free neutron. Solid
(open) symbols: coefficient ratios from σ1/2 (σ3/2). Dotted orange line: MAID
[40]. Dashed-dotted magenta line: BnGa [43] (only proton).
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Figure D.47: Final averaged double polarization observables for double π0

photoproduction from free protons and neutrons as a function of the final state
invariant mass W . Results from the A2 data. Shown are the average ob-
servables obtained from the arithmetic mean of the different versions. Figures
(a)-(c): free proton. Figures (d)-(f): free neutron. (a) and (d): double polar-
ization observable E. (b) and (e): helicity dependent cross section σ1/2. (c)
and (f): helicity dependent cross section σ3/2. Dotted orange line: MAID [62].
Dashed-dotted magenta line: BnGa [43] (only proton). The gray histogram
at the base line of each figure represents the systematical uncertainties of the
results.



E
Data Tables

The following data tables contain most of the results of the measured cross sections
and polarization observables. Shown are the individual observables together with
the corresponding statistical and (if available) systematic uncertainties.
Section E.1 contains the data from the differential and total cross sections for single
π0 photoproduction from the A2 data. Section E.2 presents the differential and total
cross section data of the double polarization observable E and the helicity dependent
cross sections σ1/2 and σ3/2 for single π0 photoproduction from the A2 data.
Section E.3 (E.5) shows the differential and total cross sections for double π0 pho-
toproduction from A2 (CBELSA/TAPS) data as well as the decomposition of the
contributions from intermediate excited states. The data for the double polarization
observable E and the helicity dependent cross sections σ1/2 and σ3/2 for double π0

photoproduction from A2 (CBELSA/TAPS) data are shown in Sections E.4 (E.6).
The data for the results as function of the incident photon energy Eγ are only given
for the total cross sections.
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E.1 Unpolarized Results for Single π0 from the A2
Data

E.1.1 Total Cross Sections as a Function of Eγ

Eγ ∆Eγ σqf−inc ∆stat ∆sys σp ∆stat ∆sys σn ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb] [µb] [µb] [µb]

457.5 7.5 141.4821 0.1513 5.3213 74.9837 0.5187 9.5700 66.8859 0.5619 4.3109
472.5 7.5 123.2560 0.1355 3.4777 63.7430 0.4244 5.0109 58.1992 0.4351 2.8045
487.5 7.5 108.3517 0.1210 3.1052 55.6968 0.3622 3.3248 50.3520 0.3755 2.2971
502.5 7.5 95.9017 0.1159 2.0117 48.1427 0.3143 2.4351 44.2452 0.3494 1.8676
517.5 7.5 84.5504 0.1144 2.2393 42.2911 0.2857 1.9912 39.7596 0.3395 2.0811
532.5 7.5 76.2117 0.1104 1.9346 37.2945 0.2425 1.3237 35.9047 0.2934 1.4378
547.5 7.5 68.5697 0.1044 1.9441 33.4638 0.2209 0.9878 32.5279 0.2541 1.4042
562.5 7.5 61.7227 0.0998 1.8769 29.9749 0.2007 1.1724 29.4814 0.2359 1.4227
577.5 7.5 56.2482 0.0949 1.8787 27.0379 0.1856 0.9025 27.1374 0.1950 1.3458
592.5 7.5 51.3141 0.0922 1.7596 24.5180 0.1674 0.9163 25.1375 0.1892 1.2837
607.5 7.5 47.2732 0.0896 1.8536 22.7883 0.1495 0.8657 23.2758 0.1742 1.2626
622.5 7.5 43.9993 0.0886 1.7280 21.7439 0.1348 1.1075 21.0716 0.1727 1.0816
637.5 7.5 42.0640 0.0885 1.8263 20.7564 0.1312 1.4905 20.1280 0.1762 1.1393
652.5 7.5 40.7309 0.0886 2.1704 20.5143 0.1290 1.9824 19.4668 0.1759 1.1829
667.5 7.5 40.9156 0.0882 2.2840 20.8075 0.1277 1.9250 19.3720 0.1429 1.3257
682.5 7.5 41.7462 0.0861 2.5600 21.9292 0.1165 1.6859 19.1801 0.1451 1.4200
697.5 7.5 44.5032 0.0930 2.8038 23.3858 0.1166 2.1677 19.7810 0.1233 1.3115
712.5 7.5 46.2446 0.0928 2.1833 25.3646 0.1123 2.1332 20.7109 0.1277 1.4069
727.5 7.5 49.2927 0.1054 1.9457 27.7852 0.1289 1.8766 21.2898 0.1633 1.1747
742.5 7.5 50.0326 0.1029 2.0996 28.5008 0.1176 2.2965 21.0758 0.1691 1.3427
757.5 7.5 50.5257 0.1056 1.5575 28.7167 0.1193 2.1708 21.5094 0.1426 1.0440
772.5 7.5 49.7686 0.1116 1.7934 28.5517 0.1215 1.8661 20.6917 0.1753 1.0902
787.5 7.5 47.9989 0.1051 1.9535 28.0102 0.1079 1.5287 20.0546 0.1539 1.1170
802.5 7.5 46.1664 0.1021 1.8671 27.0441 0.0930 1.3560 19.6558 0.1662 1.0217
817.5 7.5 43.5807 0.0982 2.2191 25.6020 0.0903 1.6109 17.8258 0.1475 1.0961
832.5 7.5 40.9937 0.1050 1.6590 24.2185 0.0994 1.9028 17.0885 0.1445 0.8954
847.5 7.5 39.2798 0.1134 1.0626 22.8550 0.1054 1.5336 16.2882 0.1561 0.9704
862.5 7.5 35.4708 0.1100 1.5499 21.1256 0.0978 1.6877 14.3419 0.1340 0.9695
877.5 7.5 35.3979 0.1153 1.2166 21.0101 0.0989 1.4756 13.5538 0.1446 0.9898
892.5 7.5 33.6009 0.1176 1.7889 19.8691 0.0982 1.5844 13.0486 0.1533 0.8733
907.5 7.5 31.8969 0.0987 0.6462 18.6480 0.0706 1.5922 11.8509 0.1236 0.8141
922.5 7.5 30.4881 0.1003 1.2837 18.3543 0.0762 1.5838 12.0215 0.1243 0.7100
937.5 7.5 30.7138 0.1039 1.6718 18.3188 0.0784 1.7406 11.5567 0.1185 0.8558
952.5 7.5 31.0502 0.1084 1.3554 18.4502 0.0803 1.5440 11.5594 0.1181 0.8307
967.5 7.5 31.2597 0.1066 1.2414 19.0074 0.0786 1.7785 11.6432 0.1495 0.6002
982.5 7.5 30.9780 0.1225 1.1195 19.2788 0.0938 1.5723 11.1575 0.1322 0.6098
997.5 7.5 30.5875 0.1205 1.2582 19.3027 0.0909 1.3990 10.8716 0.1319 0.7100

1012.5 7.5 30.6042 0.1251 1.2228 19.4418 0.0891 1.4108 10.7230 0.1319 0.6314
1027.5 7.5 30.2750 0.1220 1.5263 19.5567 0.0898 1.4402 9.5870 0.1467 0.5705
1042.5 7.5 29.8014 0.1232 1.1713 19.1565 0.0908 1.4230 9.5663 0.1250 0.5118
1057.5 7.5 28.8407 0.1234 1.4105 18.6975 0.0897 1.0013 9.0210 0.1320 0.6377
1072.5 7.5 27.8772 0.1260 1.1752 17.9237 0.0890 0.9662 9.0377 0.1375 0.4126
1087.5 7.5 26.8676 0.1167 1.0596 16.7612 0.0810 1.0334 8.9364 0.1324 0.5057
1102.5 7.5 25.5539 0.1315 1.4094 15.7624 0.0887 1.0799 9.1110 0.1548 0.3480
1117.5 7.5 23.8700 0.1378 0.9276 14.3718 0.0886 0.9608 8.0732 0.1385 0.3358
1132.5 7.5 22.6581 0.1226 1.2867 13.7668 0.0865 0.9715 8.1306 0.1256 0.3241
1147.5 7.5 21.6536 0.1268 0.8890 12.8947 0.0776 0.8985 7.4833 0.1222 0.4306
1162.5 7.5 20.8054 0.1138 1.3061 12.0378 0.0718 0.9934 7.0714 0.1163 0.3538
1177.5 7.5 20.7850 0.1278 1.4974 11.2969 0.0784 1.0051 7.9544 0.1292 0.4635
1192.5 7.5 18.7893 0.1343 1.1034 10.6224 0.0800 1.0117 6.8972 0.1483 0.3942
1207.5 7.5 18.9149 0.1257 1.1435 10.1665 0.0802 0.9336 6.9822 0.1408 0.5479
1222.5 7.5 19.2385 0.1241 0.8650 9.9899 0.0712 0.8959 7.2885 0.1142 0.3370
1237.5 7.5 18.6865 0.1275 0.7303 9.5639 0.0785 0.8818 6.9749 0.1206 0.5499
1252.5 7.5 18.2515 0.1353 1.1865 9.4893 0.0796 1.0767 6.4040 0.1222 0.5513
1267.5 7.5 18.1192 0.1391 1.5347 9.3353 0.0770 1.0848 6.6893 0.1286 0.6252
1282.5 7.5 18.6368 0.1327 1.0330 9.3917 0.0837 1.2784 7.4967 0.1195 0.3690
1297.5 7.5 18.9507 0.1530 0.9479 9.2867 0.0891 1.0354 6.8857 0.1376 0.2939
1312.5 7.5 18.6707 0.1488 1.4639 9.1186 0.0761 1.1981 6.5026 0.1361 0.3254
1327.5 7.5 19.6574 0.2123 1.4402 9.2346 0.1103 1.0494 6.6939 0.1648 0.4132
1342.5 7.5 18.7888 0.2114 0.0000 9.3172 0.1217 0.0000 6.3391 0.1712 0.0000
1357.5 7.5 19.1582 0.1662 7.5000 9.5651 0.0954 0.0000 6.9168 0.1448 0.0000
1372.5 7.5 19.1715 0.1760 7.5000 9.4915 0.1018 0.0000 6.8044 0.1524 0.0000
1387.5 7.5 18.9929 0.1704 7.5000 9.2391 0.0941 0.0000 6.9537 0.1518 0.0000



E.1. Unpolarized Results for Single π0 from the A2 Data 509

E.1.2 Total Cross Sections as a Function of W

W ∆W σqfp ∆stat ∆sys σqfn ∆stat ∆sys σn ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb] [µb] [µb] [µb]

1300.0 6.0 65.6836 0.4335 1.1239 66.0411 0.4488 1.0688 86.0307 0.8114 0.9441
1312.0 6.0 58.8285 0.3868 1.0991 59.9008 0.4210 1.2026 80.4752 0.7255 0.9893
1324.0 6.0 51.0458 0.3264 1.4539 55.3337 0.3253 1.4964 72.5061 0.5638 0.9699
1336.0 6.0 43.1044 0.2680 1.5961 46.3585 0.3090 1.5753 60.6112 0.5400 1.0601
1348.0 6.0 37.2543 0.2340 1.6280 40.5256 0.2617 1.7738 52.5279 0.4716 1.1796
1360.0 6.0 33.3189 0.2003 1.7859 36.2577 0.2461 1.7137 48.2736 0.4215 1.4443
1372.0 6.0 29.1071 0.1800 1.4892 32.6308 0.2058 1.0918 42.3233 0.3634 1.0995
1384.0 6.0 26.6761 0.1590 1.4461 29.2484 0.1870 0.9536 39.5022 0.3294 1.1927
1396.0 6.0 24.1009 0.1494 1.3563 26.0318 0.1694 1.0751 35.3526 0.2920 1.0410
1408.0 6.0 22.1031 0.1392 1.1361 23.9460 0.1322 0.9694 32.7853 0.2400 0.9324
1420.0 6.0 20.8300 0.1237 1.0482 21.9547 0.1515 0.7937 30.7336 0.2675 0.8427
1432.0 6.0 20.2764 0.1153 1.1058 20.6002 0.1137 0.8894 29.6440 0.1981 0.7866
1444.0 6.0 20.4852 0.1122 0.9493 19.6654 0.1103 0.5676 28.7212 0.1936 0.7576
1456.0 6.0 21.7272 0.1026 1.1082 19.7050 0.1170 0.8379 28.5527 0.2058 0.8803
1468.0 6.0 23.9073 0.1075 1.3887 20.1816 0.1184 0.7860 28.8691 0.2140 0.9829
1480.0 6.0 26.3454 0.1119 1.3853 20.5345 0.1204 1.0045 29.7176 0.2212 1.1078
1492.0 6.0 28.5708 0.1116 1.2717 21.9158 0.1615 0.8240 30.9619 0.2939 0.9911
1504.0 6.0 29.4865 0.1103 1.1578 23.1305 0.1503 0.7162 31.9483 0.2730 0.7770
1516.0 6.0 29.2223 0.0982 1.4124 21.5433 0.1353 0.8771 30.4430 0.2404 0.9282
1528.0 6.0 27.9083 0.0976 1.2559 20.3773 0.1282 0.7247 28.5869 0.2254 0.8226
1540.0 6.0 25.9466 0.0972 1.0254 19.0984 0.1334 0.5611 26.2697 0.2361 0.6330
1552.0 6.0 23.6707 0.0897 0.9794 16.2680 0.1441 0.5011 23.1829 0.2455 0.6164
1564.0 6.0 21.5870 0.0774 0.8325 15.4164 0.1309 0.5077 21.8279 0.2127 0.5455
1576.0 6.0 20.1267 0.0760 0.7234 14.0455 0.1164 0.4709 19.4774 0.1832 0.4812
1588.0 6.0 18.6175 0.0769 0.6399 12.5563 0.1093 0.4345 17.4116 0.1743 0.4705
1600.0 6.0 18.0527 0.0758 0.6915 12.0649 0.1118 0.5234 16.3544 0.1792 0.5424
1612.0 6.0 17.5953 0.0728 0.4797 10.8496 0.1069 0.3067 15.1799 0.1694 0.2944
1624.0 6.0 17.8201 0.0728 0.4358 10.2951 0.1083 0.3042 14.7292 0.1703 0.2461
1636.0 6.0 19.0213 0.0811 0.4129 9.7982 0.1054 0.4385 14.1916 0.1650 0.2790
1648.0 6.0 20.0556 0.0815 0.5400 9.6860 0.1092 0.4116 13.8881 0.1688 0.3813
1660.0 6.0 19.6685 0.0822 0.5657 10.2290 0.1126 0.4185 14.1379 0.1713 0.2906
1672.0 6.0 19.5742 0.0802 0.4522 9.2952 0.1267 0.4449 12.8591 0.1886 0.1855
1684.0 6.0 18.8967 0.0810 0.7015 8.8448 0.1124 0.6356 12.1912 0.1649 0.5732
1696.0 6.0 17.0947 0.0740 0.4371 8.1392 0.1095 0.6454 11.2313 0.1597 0.6526
1708.0 6.0 15.3166 0.0733 0.4726 7.8988 0.1066 0.3949 10.7970 0.1548 0.3059
1720.0 6.0 13.7059 0.0696 0.6438 7.1252 0.1094 0.3670 9.5882 0.1540 0.2746
1732.0 6.0 12.2132 0.0656 0.8907 6.5597 0.0937 0.7495 8.6607 0.1340 0.4644
1744.0 6.0 10.8517 0.0647 0.0000 6.5601 0.0991 0.0000 8.3826 0.1399 0.0000
1756.0 6.0 10.2629 0.0610 0.0000 6.1900 0.0939 0.0000 7.8991 0.1329 0.0000
1768.0 6.0 10.0301 0.0631 0.0000 6.0540 0.1062 0.0000 7.7638 0.1486 0.0000
1780.0 6.0 9.9356 0.0651 0.0000 6.5035 0.0899 0.0000 8.2585 0.1262 0.0000
1792.0 6.0 9.8428 0.0664 0.0000 6.7485 0.0944 0.0000 8.3870 0.1321 0.0000
1804.0 6.0 10.0245 0.0734 0.0000 6.5555 0.0980 0.0000 7.8083 0.1371 0.0000
1816.0 6.0 10.8570 0.0742 0.0000 6.8929 0.1157 0.0000 8.4004 0.1545 0.0000
1828.0 6.0 10.7634 0.0765 0.0000 7.3317 0.1287 −0.4125 8.7291 0.1696 0.0000
1840.0 6.0 11.1283 0.0887 0.0000 7.4652 0.1250 −95.7505 8.9681 0.1660 0.0000
1852.0 6.0 11.1685 0.1023 2.9484 7.5229 0.1372 −111.8617 8.7481 0.1786 0.0000
1864.0 6.0 10.9509 0.1168 0.0000 7.1568 0.1506 −23.4946 8.5427 0.1944 0.0000
1876.0 6.0 10.7847 0.1246 0.0000 8.8685 0.1954 0.7346 10.0051 0.2488 0.0000

E.1.3 Angular Distributions γd→ π0p(n) as a Function of W

W=(1300.0±6.0)MeV W=(1312.0±6.0)MeV W=(1324.0±6.0)MeV W=(1336.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.0115 0.0015 0.0168 0.0136 0.0023 0.0198 0.0191 0.0023 0.0250 0.0281 0.0022 0.0360
−0.85 0.1603 0.0043 0.1891 0.1863 0.0044 0.2201 0.2007 0.0049 0.2318 0.2039 0.0048 0.2313
−0.75 1.4151 0.0176 1.7115 1.5123 0.0178 1.7673 1.3789 0.0155 1.5255 1.2205 0.0133 1.3389
−0.65 4.8700 0.0275 3.7854 4.2229 0.0231 4.1693 3.4714 0.0211 3.4030 2.8567 0.0179 2.5577
−0.55 5.7702 0.0218 1.5159 4.9414 0.0192 2.6007 4.1721 0.0175 2.3134 3.5396 0.0154 1.2632
−0.45 6.0660 0.0208 0.7014 5.4241 0.0193 0.8323 4.7067 0.0178 0.6488 3.9842 0.0160 0.2894
−0.35 6.5739 0.0220 0.9345 5.9332 0.0205 0.4569 5.1279 0.0187 0.1353 4.3007 0.0167 0.2022
−0.25 7.0884 0.0224 1.0928 6.3694 0.0204 0.5582 5.4328 0.0189 0.2761 4.6431 0.0172 0.2133
−0.15 7.4105 0.0222 0.9780 6.5628 0.0206 0.5096 5.7287 0.0192 0.2723 4.9219 0.0173 0.1875
−0.05 7.3959 0.0226 0.6833 6.8191 0.0214 0.5617 5.8762 0.0197 0.1827 4.9776 0.0175 0.1504

0.05 7.3521 0.0229 0.6462 6.6699 0.0212 0.4175 5.7626 0.0194 0.1746 4.9436 0.0174 0.1670
0.15 7.1673 0.0226 0.5525 6.4256 0.0201 0.3194 5.6353 0.0189 0.2324 4.8122 0.0172 0.2161
0.25 6.7717 0.0225 0.4229 6.1081 0.0202 0.3381 5.3951 0.0188 0.3081 4.5506 0.0171 0.2579
0.35 6.2071 0.0227 0.4113 5.6219 0.0206 0.3911 4.9246 0.0189 0.3809 4.2056 0.0168 0.3120
0.45 5.5177 0.0250 0.5264 5.0398 0.0224 0.4921 4.4130 0.0199 0.4593 3.7218 0.0171 0.3661
0.55 4.8550 0.0324 0.7706 4.4185 0.0281 0.6388 3.8986 0.0240 0.5406 3.2524 0.0196 0.4221
0.65 3.8349 0.0493 0.6850 3.7110 0.0429 0.5363 3.2950 0.0358 0.5020 2.6998 0.0280 0.3502
0.75 3.8171 0.0995 0.3847 3.5878 0.0937 0.2512 3.0378 0.0770 0.3525 2.4314 0.0602 0.1690
0.85 4.6607 0.3161 1.5000 4.4988 0.2761 1.3847 3.9396 0.2301 0.7932 3.2411 0.1885 0.9545
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W=(1348.0±6.0)MeV W=(1360.0±6.0)MeV W=(1372.0±6.0)MeV W=(1384.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.0267 0.0030 0.0345 0.0330 0.0036 0.0396 0.0435 0.0033 0.0508 0.0579 0.0038 0.0635
−0.85 0.2349 0.0046 0.2603 0.2480 0.0048 0.2616 0.2785 0.0049 0.3078 0.3043 0.0052 0.3230
−0.75 1.1382 0.0119 1.1878 1.0557 0.0113 1.0663 0.9754 0.0108 0.9673 0.9458 0.0101 0.8640
−0.65 2.5719 0.0168 2.0231 2.3108 0.0168 1.5984 1.9842 0.0153 1.1535 1.8345 0.0148 0.8156
−0.55 3.0542 0.0147 0.9322 2.7567 0.0138 0.4496 2.4616 0.0133 0.3567 2.2278 0.0128 0.1327
−0.45 3.4571 0.0145 0.1981 3.0828 0.0140 0.1057 2.7300 0.0135 0.1527 2.4989 0.0132 0.1199
−0.35 3.7573 0.0159 0.1320 3.3823 0.0151 0.1818 3.0158 0.0143 0.1526 2.7499 0.0139 0.1132
−0.25 4.1061 0.0158 0.1366 3.6632 0.0153 0.1386 3.2572 0.0145 0.1119 2.9529 0.0139 0.0953
−0.15 4.3205 0.0159 0.1349 3.8502 0.0154 0.1153 3.4234 0.0145 0.0974 3.1029 0.0140 0.0894
−0.05 4.3763 0.0162 0.1249 3.9114 0.0157 0.1131 3.4765 0.0150 0.1048 3.1447 0.0148 0.0891

0.05 4.3412 0.0163 0.1370 3.8294 0.0158 0.1136 3.4339 0.0150 0.1094 3.0830 0.0143 0.0887
0.15 4.1959 0.0163 0.1615 3.6511 0.0153 0.1327 3.2997 0.0145 0.1105 2.9556 0.0137 0.0830
0.25 3.9146 0.0157 0.1920 3.4449 0.0150 0.1617 3.0418 0.0140 0.1230 2.7111 0.0135 0.0983
0.35 3.5833 0.0157 0.2368 3.1704 0.0145 0.1940 2.7240 0.0139 0.1504 2.4432 0.0131 0.1291
0.45 3.1925 0.0152 0.2866 2.7226 0.0144 0.2255 2.3855 0.0134 0.1898 2.1012 0.0127 0.1595
0.55 2.7652 0.0173 0.3356 2.3223 0.0154 0.2655 2.0384 0.0142 0.2254 1.7453 0.0131 0.1894
0.65 2.2995 0.0239 0.3085 1.9816 0.0202 0.2656 1.6746 0.0173 0.2070 1.4279 0.0154 0.1769
0.75 2.0934 0.0486 0.2061 1.8175 0.0440 0.1807 1.4816 0.0367 0.1506 1.3186 0.0290 0.1191
0.85 2.6573 0.1764 0.6806 2.3685 0.1326 0.6109 1.9456 0.1239 0.6251 1.7262 0.1151 0.4511

W=(1396.0±6.0)MeV W=(1408.0±6.0)MeV W=(1420.0±6.0)MeV W=(1432.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.0781 0.0046 0.0855 0.0991 0.0049 0.1088 0.1435 0.0056 0.1488 0.1791 0.0067 0.1863
−0.85 0.3318 0.0051 0.3249 0.3635 0.0058 0.3372 0.3965 0.0063 0.3943 0.4458 0.0066 0.2966
−0.75 0.9022 0.0098 0.6872 0.8764 0.0100 0.4210 0.8755 0.0099 0.6100 0.8889 0.0106 0.3724
−0.65 1.6947 0.0144 0.6445 1.5579 0.0146 0.2122 1.4866 0.0144 0.3785 1.4033 0.0140 0.2483
−0.55 2.0513 0.0124 0.2104 1.9138 0.0124 0.1251 1.8096 0.0121 0.0933 1.7383 0.0126 0.0773
−0.45 2.3445 0.0128 0.1137 2.1822 0.0125 0.1317 2.0521 0.0123 0.0891 1.9841 0.0125 0.0566
−0.35 2.5154 0.0137 0.1188 2.3723 0.0133 0.1020 2.2399 0.0133 0.0814 2.1974 0.0134 0.0759
−0.25 2.6995 0.0136 0.0922 2.4971 0.0131 0.0954 2.3793 0.0133 0.0766 2.3252 0.0130 0.0782
−0.15 2.8163 0.0138 0.0791 2.6337 0.0134 0.0791 2.5132 0.0130 0.0700 2.4224 0.0136 0.0660
−0.05 2.8791 0.0140 0.0769 2.6662 0.0140 0.0672 2.5324 0.0138 0.0583 2.4839 0.0138 0.0578

0.05 2.8526 0.0140 0.0677 2.6491 0.0139 0.0600 2.4756 0.0137 0.0433 2.4409 0.0137 0.0471
0.15 2.6886 0.0136 0.0579 2.5021 0.0133 0.0533 2.3347 0.0136 0.0381 2.3257 0.0132 0.0355
0.25 2.4633 0.0132 0.0727 2.2976 0.0127 0.0571 2.1797 0.0129 0.0480 2.1271 0.0129 0.0406
0.35 2.1841 0.0127 0.1050 1.9981 0.0122 0.0789 1.8619 0.0123 0.0647 1.8239 0.0124 0.0628
0.45 1.8580 0.0122 0.1339 1.6830 0.0118 0.1077 1.5513 0.0115 0.0899 1.5225 0.0116 0.0882
0.55 1.5181 0.0118 0.1570 1.3706 0.0111 0.1354 1.2483 0.0111 0.1169 1.2275 0.0111 0.1099
0.65 1.2519 0.0132 0.1575 1.0996 0.0124 0.1241 0.9728 0.0113 0.1024 0.9400 0.0118 0.1007
0.75 1.0838 0.0273 0.1133 0.9314 0.0244 0.0680 0.8340 0.0198 0.0598 0.7675 0.0182 0.0645
0.85 1.5221 0.1048 0.3538 1.1886 0.0974 0.3200 1.1344 0.0843 0.3240 1.0466 0.0732 0.2275

W=(1444.0±6.0)MeV W=(1456.0±6.0)MeV W=(1468.0±6.0)MeV W=(1480.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.2364 0.0083 0.2471 0.2837 0.0093 0.2931 0.3997 0.0090 0.3743 0.5232 0.0107 0.4670
−0.85 0.5068 0.0074 0.3531 0.5828 0.0081 0.4027 0.6854 0.0089 0.4713 0.8178 0.0097 0.3563
−0.75 0.9194 0.0104 0.4204 0.9993 0.0109 0.3780 1.1104 0.0115 0.3432 1.2674 0.0129 0.1544
−0.65 1.4096 0.0150 0.2831 1.4539 0.0149 0.2075 1.5164 0.0152 0.1383 1.6873 0.0171 0.0911
−0.55 1.7222 0.0123 0.0699 1.8019 0.0128 0.0938 1.9122 0.0132 0.1172 2.0987 0.0147 0.1247
−0.45 2.0218 0.0130 0.0637 2.1447 0.0134 0.0986 2.3538 0.0142 0.1085 2.5023 0.0151 0.1247
−0.35 2.2048 0.0139 0.0767 2.3340 0.0145 0.0869 2.4928 0.0154 0.0946 2.6694 0.0160 0.1076
−0.25 2.3739 0.0137 0.0794 2.4660 0.0145 0.0659 2.6280 0.0151 0.0711 2.8570 0.0157 0.0858
−0.15 2.4684 0.0141 0.0696 2.5898 0.0146 0.0569 2.8281 0.0153 0.0596 3.0869 0.0161 0.0616
−0.05 2.5367 0.0145 0.0588 2.6332 0.0154 0.0485 2.9017 0.0160 0.0551 3.1543 0.0166 0.0452

0.05 2.4753 0.0147 0.0427 2.6266 0.0150 0.0333 2.8704 0.0156 0.0450 3.1434 0.0169 0.0396
0.15 2.3479 0.0138 0.0314 2.5240 0.0145 0.0258 2.7598 0.0154 0.0319 3.0305 0.0163 0.0371
0.25 2.1804 0.0135 0.0308 2.3158 0.0141 0.0234 2.6328 0.0149 0.0257 2.9205 0.0160 0.0306
0.35 1.9152 0.0131 0.0432 2.1113 0.0138 0.0384 2.3762 0.0144 0.0232 2.6941 0.0157 0.0259
0.45 1.5862 0.0122 0.0700 1.7419 0.0128 0.0660 1.9998 0.0135 0.0417 2.3266 0.0148 0.0426
0.55 1.2609 0.0113 0.1004 1.4043 0.0121 0.0989 1.6114 0.0130 0.0871 1.9225 0.0143 0.0818
0.65 0.9951 0.0114 0.1044 1.0629 0.0121 0.0811 1.2623 0.0130 0.1012 1.4819 0.0142 0.1008
0.75 0.7767 0.0176 0.0728 0.8717 0.0175 0.0410 0.9761 0.0173 0.0788 1.1465 0.0186 0.1065
0.85 0.9910 0.0671 0.2387 0.9552 0.0523 0.2872 0.9531 0.0563 0.2618 1.0418 0.0558 0.2282

W=(1492.0±6.0)MeV W=(1504.0±6.0)MeV W=(1516.0±6.0)MeV W=(1528.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.6689 0.0125 0.3758 0.8297 0.0143 0.6059 0.9771 0.0152 0.8655 1.1199 0.0169 0.6750
−0.85 1.0193 0.0111 0.3120 1.2186 0.0117 0.3320 1.3287 0.0127 0.2481 1.4975 0.0129 0.2535
−0.75 1.4334 0.0134 0.2226 1.5949 0.0138 0.1177 1.6999 0.0142 0.0571 1.8116 0.0146 0.1329
−0.65 1.8806 0.0185 0.1770 2.0101 0.0193 0.1304 2.1130 0.0204 0.1419 2.1593 0.0221 0.1541
−0.55 2.2761 0.0153 0.1468 2.4525 0.0160 0.1405 2.4952 0.0172 0.1445 2.4763 0.0169 0.1530
−0.45 2.6894 0.0154 0.1074 2.7842 0.0162 0.1000 2.7456 0.0159 0.0942 2.7123 0.0157 0.0876
−0.35 2.8624 0.0170 0.0871 2.9141 0.0174 0.0706 2.8711 0.0167 0.0562 2.7434 0.0175 0.0493
−0.25 3.0245 0.0165 0.0704 3.0815 0.0169 0.0612 3.0208 0.0169 0.0445 2.8864 0.0168 0.0427
−0.15 3.2584 0.0172 0.0609 3.3400 0.0174 0.0538 3.2266 0.0172 0.0412 3.0724 0.0168 0.0385
−0.05 3.3886 0.0177 0.0511 3.4356 0.0179 0.0535 3.3195 0.0174 0.0438 3.1397 0.0175 0.0437

0.05 3.3824 0.0172 0.0459 3.4290 0.0177 0.0502 3.3921 0.0180 0.0477 3.1431 0.0178 0.0520
0.15 3.3029 0.0171 0.0416 3.4108 0.0177 0.0475 3.3052 0.0175 0.0450 3.1219 0.0170 0.0494
0.25 3.1907 0.0172 0.0362 3.3346 0.0170 0.0538 3.2464 0.0172 0.0433 3.0030 0.0169 0.0392
0.35 3.0251 0.0163 0.0296 3.0697 0.0170 0.0440 3.0061 0.0171 0.0391 2.7839 0.0163 0.0309
0.45 2.6111 0.0164 0.0356 2.7309 0.0170 0.0276 2.7257 0.0167 0.0370 2.5136 0.0165 0.0283
0.55 2.2156 0.0155 0.0758 2.3107 0.0167 0.0324 2.2676 0.0163 0.0423 2.1295 0.0159 0.0333
0.65 1.7180 0.0157 0.1042 1.8321 0.0156 0.0751 1.8265 0.0164 0.0707 1.6828 0.0151 0.0487
0.75 1.2951 0.0199 0.1191 1.3761 0.0193 0.1221 1.3338 0.0178 0.1233 1.2428 0.0179 0.0805
0.85 0.9852 0.0520 0.2353 0.9759 0.0500 0.2597 1.0349 0.0403 0.2385 0.8915 0.0400 0.2117



E.1. Unpolarized Results for Single π0 from the A2 Data 511

W=(1540.0±6.0)MeV W=(1552.0±6.0)MeV W=(1564.0±6.0)MeV W=(1576.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.2260 0.0166 0.8251 1.2773 0.0181 0.8404 1.3909 0.0183 0.8214 1.4411 0.0194 0.6241
−0.85 1.5846 0.0136 0.2845 1.6137 0.0139 0.3033 1.7052 0.0148 0.2897 1.7522 0.0148 0.1845
−0.75 1.8305 0.0152 0.0991 1.8630 0.0154 0.0953 1.8870 0.0165 0.0933 1.9432 0.0168 0.0964
−0.65 2.1499 0.0208 0.1734 2.1274 0.0220 0.1633 2.1309 0.0222 0.1688 2.1015 0.0225 0.1469
−0.55 2.4377 0.0175 0.1681 2.3498 0.0172 0.1480 2.2662 0.0177 0.1580 2.1763 0.0177 0.1288
−0.45 2.5528 0.0156 0.0901 2.3921 0.0165 0.0748 2.2873 0.0156 0.0762 2.1959 0.0160 0.0670
−0.35 2.5756 0.0167 0.0479 2.3872 0.0166 0.0351 2.2380 0.0165 0.0300 2.1024 0.0164 0.0321
−0.25 2.7027 0.0165 0.0353 2.4502 0.0168 0.0257 2.2560 0.0164 0.0250 2.0613 0.0158 0.0265
−0.15 2.8340 0.0167 0.0358 2.5706 0.0164 0.0311 2.3094 0.0158 0.0329 2.0298 0.0148 0.0295
−0.05 2.8350 0.0170 0.0389 2.5482 0.0165 0.0345 2.2849 0.0162 0.0330 2.0409 0.0154 0.0286

0.05 2.8624 0.0171 0.0405 2.5354 0.0165 0.0345 2.2575 0.0162 0.0271 2.0229 0.0150 0.0243
0.15 2.8137 0.0166 0.0405 2.5140 0.0162 0.0339 2.1787 0.0152 0.0245 1.8899 0.0147 0.0234
0.25 2.7002 0.0164 0.0468 2.3611 0.0151 0.0289 2.0064 0.0149 0.0277 1.7571 0.0144 0.0254
0.35 2.4858 0.0163 0.0429 2.1405 0.0154 0.0221 1.8498 0.0150 0.0270 1.5702 0.0142 0.0228
0.45 2.2674 0.0159 0.0282 1.9653 0.0148 0.0165 1.6311 0.0140 0.0190 1.3985 0.0136 0.0158
0.55 1.8768 0.0152 0.0194 1.5819 0.0148 0.0184 1.3922 0.0137 0.0168 1.1726 0.0133 0.0119
0.65 1.4650 0.0140 0.0302 1.2761 0.0137 0.0332 1.1130 0.0134 0.0223 1.0065 0.0131 0.0276
0.75 1.0530 0.0172 0.0698 0.9218 0.0170 0.0484 0.8693 0.0160 0.0450 0.7995 0.0144 0.0588
0.85 0.7195 0.0405 0.1588 0.6664 0.0353 0.1834 0.6228 0.0274 0.1036 0.6200 0.0268 0.1707

W=(1588.0±6.0)MeV W=(1600.0±6.0)MeV W=(1612.0±6.0)MeV W=(1624.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.3976 0.0197 0.3444 1.4148 0.0201 0.5734 1.4165 0.0203 0.9827 1.4313 0.0189 0.6150
−0.85 1.7764 0.0151 0.1771 1.8021 0.0156 0.1721 1.8336 0.0151 0.2391 1.8787 0.0156 0.2057
−0.75 1.9928 0.0162 0.1218 2.0337 0.0170 0.1247 2.0733 0.0168 0.1158 2.0900 0.0168 0.1265
−0.65 2.1013 0.0221 0.1717 2.0931 0.0215 0.1794 2.1550 0.0226 0.1686 2.2871 0.0244 0.1816
−0.55 2.1112 0.0180 0.1363 2.0781 0.0172 0.1386 2.0871 0.0176 0.1301 2.1467 0.0186 0.1269
−0.45 2.1175 0.0157 0.0694 2.0957 0.0154 0.0715 2.0675 0.0153 0.0638 2.0734 0.0156 0.0604
−0.35 1.9777 0.0160 0.0346 1.9031 0.0154 0.0304 1.8589 0.0152 0.0294 1.8635 0.0149 0.0274
−0.25 1.8863 0.0153 0.0274 1.7519 0.0147 0.0232 1.6966 0.0148 0.0184 1.6518 0.0146 0.0187
−0.15 1.8701 0.0146 0.0271 1.7819 0.0139 0.0265 1.6482 0.0135 0.0178 1.5926 0.0135 0.0180
−0.05 1.8468 0.0146 0.0250 1.6726 0.0138 0.0266 1.5577 0.0133 0.0219 1.5036 0.0132 0.0181

0.05 1.7712 0.0147 0.0209 1.5959 0.0141 0.0252 1.4463 0.0137 0.0210 1.4266 0.0129 0.0199
0.15 1.6490 0.0144 0.0130 1.4766 0.0135 0.0207 1.3686 0.0128 0.0214 1.3120 0.0122 0.0239
0.25 1.5225 0.0137 0.0105 1.3659 0.0125 0.0162 1.2430 0.0124 0.0269 1.2089 0.0119 0.0256
0.35 1.3470 0.0136 0.0145 1.2590 0.0124 0.0166 1.1957 0.0123 0.0299 1.1921 0.0123 0.0205
0.45 1.2189 0.0132 0.0138 1.1560 0.0124 0.0163 1.1150 0.0116 0.0209 1.1502 0.0125 0.0111
0.55 1.0919 0.0133 0.0145 1.0600 0.0129 0.0135 1.0864 0.0123 0.0133 1.1933 0.0133 0.0128
0.65 0.9171 0.0135 0.0147 0.9396 0.0126 0.0303 1.0237 0.0137 0.0275 1.1752 0.0137 0.0389
0.75 0.7776 0.0152 0.0426 0.8527 0.0150 0.0709 0.9791 0.0145 0.0826 1.1365 0.0165 0.1063
0.85 0.6445 0.0277 0.2532 0.6980 0.0279 0.1986 0.7681 0.0260 0.2437 0.9216 0.0259 0.2543

W=(1636.0±6.0)MeV W=(1648.0±6.0)MeV W=(1660.0±6.0)MeV W=(1672.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.4702 0.0193 0.3508 1.4271 0.0205 0.1421 1.4322 0.0207 0.3223 1.4717 0.0206 0.3433
−0.85 1.9348 0.0158 0.1560 1.9509 0.0156 0.1344 1.9379 0.0154 0.1438 1.8842 0.0162 0.1587
−0.75 2.1814 0.0163 0.1209 2.2174 0.0174 0.1489 2.1577 0.0175 0.1263 2.1200 0.0167 0.1574
−0.65 2.3661 0.0241 0.1934 2.3696 0.0228 0.1957 2.2870 0.0222 0.1890 2.1619 0.0216 0.1976
−0.55 2.2266 0.0182 0.1570 2.2318 0.0193 0.1536 2.2814 0.0197 0.1608 2.2078 0.0205 0.1656
−0.45 2.0862 0.0155 0.0698 2.1128 0.0158 0.0773 2.0683 0.0165 0.0767 1.9569 0.0159 0.0819
−0.35 1.8090 0.0155 0.0222 1.8115 0.0160 0.0321 1.7433 0.0158 0.0304 1.6331 0.0152 0.0331
−0.25 1.6559 0.0144 0.0168 1.6330 0.0142 0.0220 1.5563 0.0142 0.0174 1.4399 0.0147 0.0181
−0.15 1.5679 0.0132 0.0227 1.5016 0.0132 0.0241 1.4483 0.0131 0.0176 1.3382 0.0127 0.0192
−0.05 1.4660 0.0128 0.0245 1.4054 0.0133 0.0207 1.3613 0.0131 0.0215 1.2966 0.0129 0.0198

0.05 1.3731 0.0127 0.0228 1.3272 0.0129 0.0150 1.2895 0.0127 0.0229 1.2366 0.0128 0.0178
0.15 1.3094 0.0125 0.0245 1.3195 0.0127 0.0201 1.2855 0.0133 0.0230 1.2927 0.0126 0.0207
0.25 1.2819 0.0119 0.0311 1.2942 0.0122 0.0347 1.3447 0.0123 0.0291 1.3655 0.0131 0.0256
0.35 1.2670 0.0123 0.0330 1.3551 0.0128 0.0447 1.4589 0.0127 0.0349 1.5025 0.0136 0.0299
0.45 1.2924 0.0128 0.0230 1.4648 0.0134 0.0402 1.5635 0.0139 0.0286 1.6827 0.0150 0.0330
0.55 1.3578 0.0138 0.0165 1.5498 0.0146 0.0208 1.7340 0.0152 0.0137 1.8215 0.0162 0.0226
0.65 1.4049 0.0151 0.0318 1.6123 0.0161 0.0173 1.7924 0.0165 0.0303 1.9189 0.0180 0.0187
0.75 1.3378 0.0182 0.0890 1.5435 0.0190 0.0899 1.6880 0.0197 0.1310 1.7795 0.0212 0.0955
0.85 1.0489 0.0310 0.3444 1.2340 0.0306 0.3568 1.3175 0.0306 0.3258 1.2864 0.0290 0.3164

W=(1684.0±6.0)MeV W=(1696.0±6.0)MeV W=(1708.0±6.0)MeV W=(1720.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.3703 0.0199 0.2215 1.2871 0.0199 0.1211 1.2297 0.0179 0.1420 1.1192 0.0176 0.1432
−0.85 1.7585 0.0154 0.1093 1.6018 0.0149 0.0851 1.4136 0.0139 0.0813 1.2472 0.0133 0.0723
−0.75 1.9313 0.0162 0.1075 1.6939 0.0158 0.0983 1.4720 0.0147 0.1059 1.2771 0.0141 0.0705
−0.65 2.0306 0.0216 0.1497 1.7966 0.0209 0.1352 1.5715 0.0210 0.1269 1.3327 0.0191 0.0939
−0.55 2.0263 0.0197 0.1374 1.8761 0.0209 0.1201 1.6307 0.0187 0.1131 1.4270 0.0185 0.0893
−0.45 1.8048 0.0157 0.0626 1.6038 0.0150 0.0535 1.3855 0.0144 0.0504 1.1987 0.0133 0.0425
−0.35 1.5048 0.0144 0.0192 1.2935 0.0146 0.0187 1.1398 0.0135 0.0190 0.9707 0.0127 0.0161
−0.25 1.3483 0.0139 0.0135 1.1243 0.0139 0.0106 1.0213 0.0124 0.0123 0.8661 0.0118 0.0094
−0.15 1.2115 0.0132 0.0166 1.0844 0.0120 0.0128 0.9654 0.0118 0.0120 0.8343 0.0110 0.0107
−0.05 1.1509 0.0123 0.0171 1.0552 0.0113 0.0201 0.9270 0.0115 0.0145 0.8336 0.0108 0.0119

0.05 1.1752 0.0129 0.0173 1.0684 0.0123 0.0232 0.9669 0.0123 0.0178 0.8668 0.0121 0.0126
0.15 1.2472 0.0130 0.0206 1.1649 0.0123 0.0247 1.0602 0.0125 0.0176 0.9947 0.0117 0.0160
0.25 1.3455 0.0131 0.0274 1.2728 0.0134 0.0313 1.2094 0.0129 0.0174 1.1139 0.0119 0.0206
0.35 1.4899 0.0138 0.0337 1.4489 0.0137 0.0380 1.3642 0.0135 0.0267 1.2216 0.0128 0.0249
0.45 1.6680 0.0149 0.0307 1.6138 0.0146 0.0340 1.4995 0.0143 0.0380 1.3461 0.0140 0.0280
0.55 1.8429 0.0166 0.0148 1.7729 0.0171 0.0193 1.6533 0.0156 0.0317 1.4758 0.0156 0.0196
0.65 1.8883 0.0176 0.0145 1.8249 0.0175 0.0184 1.6094 0.0177 0.0253 1.4262 0.0160 0.0107
0.75 1.7630 0.0201 0.0825 1.6046 0.0205 0.0875 1.4626 0.0200 0.0914 1.2908 0.0190 0.0554
0.85 1.1913 0.0299 0.3357 1.1277 0.0255 0.2733 0.9320 0.0260 0.2229 0.8744 0.0248 0.2456
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W=(1732.0±6.0)MeV W=(1744.0±6.0)MeV W=(1756.0±6.0)MeV W=(1768.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.0303 0.0178 0.1839 0.9976 0.0156 0.2254 0.9332 0.0175 0.2486 0.9306 0.0172 0.2391
−0.85 1.0800 0.0130 0.0707 1.0279 0.0120 0.0751 0.9759 0.0123 0.0672 0.9589 0.0121 0.0732
−0.75 1.1388 0.0137 0.0447 1.0068 0.0134 0.0326 0.9491 0.0127 0.0311 0.9008 0.0123 0.0219
−0.65 1.1692 0.0168 0.0643 1.0118 0.0161 0.0454 0.9391 0.0155 0.0533 0.8456 0.0147 0.0290
−0.55 1.2131 0.0178 0.0675 1.0164 0.0163 0.0502 0.9293 0.0172 0.0503 0.8404 0.0160 0.0291
−0.45 1.0237 0.0133 0.0289 0.9021 0.0117 0.0219 0.7810 0.0110 0.0198 0.6971 0.0113 0.0126
−0.35 0.8535 0.0117 0.0093 0.7069 0.0116 0.0082 0.6459 0.0108 0.0083 0.6058 0.0107 0.0073
−0.25 0.7525 0.0112 0.0084 0.6723 0.0111 0.0115 0.5905 0.0102 0.0072 0.5891 0.0108 0.0081
−0.15 0.7195 0.0107 0.0116 0.6765 0.0105 0.0179 0.6148 0.0106 0.0091 0.5559 0.0101 0.0103
−0.05 0.7220 0.0100 0.0150 0.6852 0.0099 0.0189 0.6432 0.0100 0.0102 0.6137 0.0100 0.0112

0.05 0.8067 0.0112 0.0156 0.7374 0.0115 0.0171 0.6883 0.0113 0.0114 0.6801 0.0112 0.0105
0.15 0.8868 0.0115 0.0148 0.8210 0.0110 0.0196 0.7786 0.0113 0.0121 0.7277 0.0116 0.0094
0.25 1.0118 0.0117 0.0194 0.9207 0.0117 0.0213 0.8363 0.0112 0.0112 0.7738 0.0108 0.0105
0.35 1.0731 0.0131 0.0257 0.9776 0.0124 0.0244 0.8875 0.0116 0.0157 0.8137 0.0120 0.0192
0.45 1.2076 0.0134 0.0307 1.0617 0.0129 0.0277 0.9429 0.0133 0.0224 0.8442 0.0123 0.0308
0.55 1.2986 0.0149 0.0192 1.1147 0.0151 0.0198 0.9958 0.0140 0.0221 0.8757 0.0134 0.0276
0.65 1.2401 0.0162 0.0101 1.1042 0.0156 0.0221 0.9593 0.0158 0.0084 0.9054 0.0145 0.0106
0.75 1.1197 0.0185 0.0532 1.0050 0.0169 0.0753 0.9514 0.0162 0.0294 0.9266 0.0165 0.0284
0.85 0.7858 0.0227 0.1900 0.7333 0.0233 0.1628 0.7192 0.0211 0.2149 0.7490 0.0227 0.2555

W=(1780.0±6.0)MeV W=(1792.0±6.0)MeV W=(1804.0±6.0)MeV W=(1816.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.9912 0.0169 0.2191 1.0187 0.0172 0.2033 1.0406 0.0200 0.1896 1.0686 0.0199 0.1465
−0.85 0.9647 0.0126 0.0857 0.9636 0.0127 0.0613 1.0180 0.0128 0.0562 1.0389 0.0136 0.0673
−0.75 0.8826 0.0122 0.0364 0.8965 0.0129 0.0315 0.9046 0.0126 0.0331 0.9275 0.0135 0.0548
−0.65 0.8598 0.0159 0.0326 0.8386 0.0151 0.0338 0.8572 0.0158 0.0358 0.8547 0.0163 0.0436
−0.55 0.7623 0.0163 0.0277 0.7267 0.0169 0.0244 0.6657 0.0152 0.0305 0.6782 0.0180 0.0239
−0.45 0.6656 0.0120 0.0136 0.6344 0.0108 0.0148 0.6037 0.0117 0.0194 0.5752 0.0116 0.0107
−0.35 0.5800 0.0112 0.0054 0.5421 0.0106 0.0107 0.5670 0.0121 0.0132 0.5655 0.0128 0.0054
−0.25 0.5444 0.0106 0.0083 0.5494 0.0111 0.0134 0.5360 0.0121 0.0118 0.5182 0.0127 0.0065
−0.15 0.5607 0.0101 0.0176 0.5502 0.0104 0.0151 0.5481 0.0115 0.0145 0.5533 0.0105 0.0105
−0.05 0.6048 0.0101 0.0235 0.6202 0.0100 0.0165 0.6209 0.0109 0.0180 0.6319 0.0118 0.0134

0.05 0.6722 0.0110 0.0224 0.6661 0.0113 0.0152 0.6659 0.0126 0.0167 0.6954 0.0134 0.0121
0.15 0.7102 0.0112 0.0182 0.7147 0.0119 0.0117 0.6943 0.0123 0.0139 0.6857 0.0127 0.0105
0.25 0.7422 0.0114 0.0152 0.7084 0.0120 0.0118 0.6683 0.0125 0.0123 0.6760 0.0130 0.0160
0.35 0.7478 0.0119 0.0179 0.7058 0.0115 0.0203 0.6679 0.0119 0.0186 0.6400 0.0118 0.0290
0.45 0.7576 0.0129 0.0270 0.7268 0.0129 0.0259 0.6649 0.0127 0.0309 0.6281 0.0159 0.0356
0.55 0.8089 0.0144 0.0294 0.7446 0.0136 0.0197 0.6928 0.0138 0.0319 0.6375 0.0141 0.0294
0.65 0.8139 0.0144 0.0108 0.7922 0.0145 0.0126 0.7703 0.0157 0.0234 0.7659 0.0152 0.0113
0.75 0.8951 0.0172 0.0189 0.9053 0.0191 0.0501 0.9259 0.0214 0.0532 1.0007 0.0209 0.0387
0.85 0.7812 0.0235 0.2911 0.8372 0.0243 0.2756 0.9016 0.0276 0.3043 0.9683 0.0276 0.3379

W=(1828.0±6.0)MeV W=(1840.0±6.0)MeV W=(1852.0±6.0)MeV W=(1864.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.1146 0.0197 0.1156 1.1503 0.0219 0.0628 1.1563 0.0223 0.0982 1.1448 0.0237 0.3335
−0.85 1.0808 0.0149 0.0545 1.1320 0.0149 0.0567 1.0815 0.0166 0.0513 1.0764 0.0160 0.0771
−0.75 0.9511 0.0139 0.0357 0.9699 0.0159 0.0527 0.9530 0.0159 0.0255 0.8943 0.0160 0.0254
−0.65 0.8500 0.0196 0.0395 0.9056 0.0205 0.0453 0.8461 0.0200 0.0220 0.8490 0.0239 0.0397
−0.55 0.6631 0.0174 0.0387 0.6075 0.0166 0.0235 0.5478 0.0157 0.0152 0.4978 0.0165 0.0231
−0.45 0.5504 0.0123 0.0282 0.5668 0.0125 0.0206 0.5558 0.0134 0.0114 0.5246 0.0152 0.0146
−0.35 0.5550 0.0136 0.0203 0.5461 0.0145 0.0178 0.5237 0.0148 0.0083 0.5204 0.0167 0.0130
−0.25 0.5121 0.0133 0.0123 0.5420 0.0149 0.0139 0.5521 0.0156 0.0101 0.5352 0.0173 0.0141
−0.15 0.5981 0.0111 0.0111 0.6049 0.0133 0.0171 0.6279 0.0142 0.0153 0.6023 0.0162 0.0135
−0.05 0.6731 0.0131 0.0121 0.6857 0.0132 0.0206 0.7172 0.0170 0.0167 0.7599 0.0171 0.0134

0.05 0.7189 0.0152 0.0189 0.7139 0.0168 0.0165 0.6917 0.0194 0.0136 0.7246 0.0200 0.0101
0.15 0.7089 0.0145 0.0237 0.7084 0.0160 0.0112 0.7150 0.0165 0.0145 0.6998 0.0187 0.0083
0.25 0.6603 0.0135 0.0215 0.6439 0.0152 0.0153 0.6565 0.0157 0.0218 0.6710 0.0209 0.0214
0.35 0.6120 0.0139 0.0248 0.5593 0.0148 0.0296 0.5837 0.0163 0.0369 0.5871 0.0209 0.0564
0.45 0.5887 0.0147 0.0333 0.5488 0.0178 0.0403 0.4889 0.0191 0.0475 0.4801 0.0199 0.0815
0.55 0.6157 0.0147 0.0381 0.5495 0.0184 0.0377 0.5638 0.0189 0.0502 0.5349 0.0199 0.0764
0.65 0.7975 0.0184 0.0354 0.7752 0.0224 0.0308 0.7999 0.0213 0.0296 0.7635 0.0258 0.0433
0.75 1.0549 0.0241 0.0552 1.1126 0.0242 0.0507 1.1700 0.0306 0.0519 1.2526 0.0310 0.0730
0.85 1.1056 0.0277 0.3790 1.0809 0.0338 0.3180 1.1192 0.0409 0.3801 1.1754 0.0468 0.3308

W=(1876.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.95 1.0626 0.0241 0.5874
−0.85 1.0403 0.0188 0.1342
−0.75 0.8699 0.0187 0.0290
−0.65 0.8242 0.0238 0.0461
−0.55 0.4383 0.0151 0.0234
−0.45 0.4682 0.0146 0.0169
−0.35 0.4882 0.0169 0.0171
−0.25 0.5374 0.0192 0.0196
−0.15 0.6204 0.0174 0.0204
−0.05 0.6946 0.0249 0.0215

0.05 0.6896 0.0223 0.0243
0.15 0.6490 0.0230 0.0291
0.25 0.6062 0.0238 0.0371
0.35 0.5755 0.0231 0.0568
0.45 0.4039 0.0218 0.0501
0.55 0.5309 0.0244 0.0426
0.65 0.6988 0.0249 0.0172
0.75 1.1899 0.0439 0.0323
0.85 1.1621 0.0488 0.3070



E.1. Unpolarized Results for Single π0 from the A2 Data 513

E.1.4 Angular Distributions γd→ π0n(p) as a Function of W

W=(1300.0±6.0)MeV W=(1312.0±6.0)MeV W=(1324.0±6.0)MeV W=(1336.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.0178 0.0028 0.0274 0.0190 0.0034 0.0327 0.0354 0.0043 0.0418 0.0557 0.0049 0.0602
−0.85 0.1768 0.0104 0.2139 0.2250 0.0103 0.2749 0.2865 0.0096 0.3112 0.3120 0.0093 0.3686
−0.75 1.5756 0.0282 1.7443 1.7064 0.0253 2.0109 1.4413 0.0225 1.3474 1.3724 0.0202 1.5624
−0.65 4.3294 0.0324 3.2575 3.8384 0.0285 3.6818 3.2261 0.0242 2.6114 2.7720 0.0212 2.5004
−0.55 5.5281 0.0293 2.1123 4.7986 0.0257 2.2390 4.0616 0.0231 1.7085 3.5902 0.0204 1.4797
−0.45 6.0790 0.0306 1.0549 5.5151 0.0274 0.9125 4.7855 0.0251 0.6930 4.1308 0.0229 0.4054
−0.35 6.7904 0.0337 0.7319 6.2834 0.0315 0.7389 5.4664 0.0287 0.3636 4.7197 0.0262 0.2723
−0.25 7.4356 0.0365 0.7549 6.8268 0.0339 0.6206 6.0583 0.0314 0.3549 5.2081 0.0279 0.4269
−0.15 8.0064 0.0393 0.7717 7.2657 0.0361 0.7769 6.5195 0.0334 0.5239 5.5833 0.0296 0.4344
−0.05 8.1965 0.0417 0.9135 7.6344 0.0393 0.8960 6.8570 0.0364 0.5345 5.9161 0.0322 0.3610

0.05 8.3856 0.0461 1.0784 7.8270 0.0415 0.8220 6.9004 0.0380 0.4379 5.9680 0.0339 0.3005
0.15 8.6032 0.0492 1.0829 7.8156 0.0440 0.6878 6.9385 0.0413 0.3886 5.9470 0.0357 0.2847
0.25 8.2583 0.0517 0.8624 7.6691 0.0479 0.4951 6.7624 0.0430 0.4056 5.7047 0.0380 0.3274
0.35 7.6934 0.0556 0.6385 7.0339 0.0491 0.4944 6.4337 0.0442 0.5058 5.4898 0.0401 0.3875
0.45 6.9674 0.0580 0.6899 6.3334 0.0536 0.6360 5.6548 0.0479 0.5934 4.7993 0.0428 0.4466
0.55 5.4598 0.0586 0.8295 4.9326 0.0529 0.7320 4.6570 0.0498 0.6342 4.0358 0.0411 0.5151
0.65 4.0058 0.0628 0.7654 3.6975 0.0525 0.5711 3.4249 0.0520 0.5019 2.9577 0.0467 0.4126
0.75 2.8354 0.0873 0.7617 2.6371 0.0809 0.2730 2.5764 0.0688 0.2862 2.0162 0.0670 0.1704
0.85 2.1878 0.2815 1.0000 1.8112 0.2609 0.6500 2.4892 0.1767 0.9246 1.6830 0.1706 0.5065

W=(1348.0±6.0)MeV W=(1360.0±6.0)MeV W=(1372.0±6.0)MeV W=(1384.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.0766 0.0052 0.0918 0.0928 0.0060 0.1056 0.1126 0.0081 0.1309 0.1702 0.0086 0.1788
−0.85 0.3728 0.0097 0.4049 0.4124 0.0106 0.4672 0.4773 0.0108 0.4826 0.5200 0.0114 0.5624
−0.75 1.3433 0.0176 1.3778 1.3321 0.0173 1.4404 1.2282 0.0174 0.9049 1.2567 0.0161 1.1920
−0.65 2.5662 0.0202 1.7939 2.3759 0.0196 1.8122 2.1565 0.0191 0.8973 2.0270 0.0182 0.9851
−0.55 3.1958 0.0190 0.8349 2.9222 0.0180 0.7126 2.5648 0.0172 0.3430 2.3435 0.0170 0.2016
−0.45 3.6656 0.0212 0.2391 3.3069 0.0198 0.1096 3.0461 0.0195 0.1605 2.7561 0.0184 0.0993
−0.35 4.2108 0.0248 0.3195 3.7715 0.0227 0.2680 3.3875 0.0219 0.1781 3.0809 0.0208 0.1570
−0.25 4.6122 0.0257 0.4265 4.1445 0.0246 0.3240 3.7352 0.0234 0.1975 3.3697 0.0226 0.1621
−0.15 4.9374 0.0275 0.3822 4.3269 0.0262 0.2618 3.9553 0.0239 0.1622 3.5114 0.0226 0.1441
−0.05 5.0600 0.0288 0.2303 4.5072 0.0275 0.1856 3.9843 0.0265 0.1207 3.5946 0.0248 0.1170

0.05 5.2017 0.0312 0.1755 4.6553 0.0289 0.1491 4.0700 0.0276 0.1175 3.6763 0.0260 0.0955
0.15 5.0923 0.0332 0.1872 4.6019 0.0302 0.1708 4.0949 0.0284 0.1292 3.6381 0.0277 0.0908
0.25 4.9818 0.0347 0.2384 4.4263 0.0314 0.2111 3.9053 0.0290 0.1559 3.4268 0.0274 0.1204
0.35 4.7390 0.0351 0.3070 4.2202 0.0340 0.2572 3.7255 0.0300 0.2048 3.2069 0.0285 0.1685
0.45 4.2530 0.0360 0.3726 3.7182 0.0336 0.3027 3.2549 0.0312 0.2575 2.8801 0.0283 0.2188
0.55 3.5216 0.0377 0.4218 3.0685 0.0333 0.3491 2.6200 0.0316 0.2906 2.2752 0.0284 0.2472
0.65 2.5421 0.0397 0.3510 2.2514 0.0356 0.2993 1.9975 0.0349 0.2451 1.7279 0.0313 0.2148
0.75 1.8891 0.0568 0.1936 1.4967 0.0507 0.1454 1.3936 0.0446 0.1349 1.2255 0.0414 0.1154
0.85 1.3104 0.1393 0.3450 1.1298 0.1343 0.2778 1.0050 0.1031 0.2396 0.8859 0.0907 0.1847

W=(1396.0±6.0)MeV W=(1408.0±6.0)MeV W=(1420.0±6.0)MeV W=(1432.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.1992 0.0099 0.2114 0.2050 0.0109 0.2300 0.2305 0.0128 0.2447 0.3218 0.0131 0.3345
−0.85 0.5552 0.0120 0.6071 0.6003 0.0116 0.6019 0.6206 0.0131 0.5903 0.6936 0.0132 0.7030
−0.75 1.2020 0.0165 1.1136 1.2088 0.0165 0.9635 1.1749 0.0165 0.6646 1.2196 0.0162 0.8309
−0.65 1.8169 0.0177 0.7651 1.7476 0.0181 0.6356 1.6164 0.0175 0.3587 1.5378 0.0180 0.3116
−0.55 2.1860 0.0161 0.1654 2.0175 0.0163 0.1841 1.9001 0.0161 0.1137 1.7675 0.0157 0.0688
−0.45 2.5417 0.0179 0.1161 2.2948 0.0177 0.1231 2.1650 0.0171 0.0640 2.0428 0.0170 0.0762
−0.35 2.8083 0.0199 0.1497 2.6028 0.0200 0.1401 2.4337 0.0195 0.0713 2.2764 0.0189 0.0619
−0.25 3.0352 0.0218 0.1402 2.7945 0.0209 0.1203 2.5608 0.0205 0.0699 2.3818 0.0199 0.0628
−0.15 3.1653 0.0230 0.1086 2.9441 0.0222 0.0852 2.6782 0.0207 0.0644 2.4841 0.0207 0.0552
−0.05 3.2920 0.0240 0.0915 2.9495 0.0230 0.0668 2.6848 0.0219 0.0525 2.5259 0.0221 0.0435

0.05 3.2942 0.0251 0.0754 2.9966 0.0238 0.0573 2.6646 0.0226 0.0385 2.5429 0.0236 0.0346
0.15 3.1967 0.0258 0.0637 2.9086 0.0245 0.0558 2.6317 0.0239 0.0353 2.4401 0.0235 0.0298
0.25 3.0444 0.0263 0.0865 2.7416 0.0254 0.0656 2.4802 0.0244 0.0489 2.3031 0.0227 0.0403
0.35 2.8383 0.0267 0.1349 2.5193 0.0251 0.0978 2.2326 0.0243 0.0750 2.0620 0.0230 0.0684
0.45 2.4918 0.0263 0.1792 2.2174 0.0250 0.1406 1.9432 0.0241 0.1114 1.7684 0.0237 0.1010
0.55 2.0259 0.0258 0.2106 1.8006 0.0249 0.1779 1.6009 0.0241 0.1509 1.3844 0.0231 0.1239
0.65 1.5475 0.0285 0.1949 1.3731 0.0265 0.1554 1.1904 0.0238 0.1251 1.1105 0.0218 0.1193
0.75 1.0962 0.0341 0.1118 0.8790 0.0356 0.0650 0.8280 0.0314 0.0628 0.7713 0.0271 0.0685
0.85 0.6166 0.0820 0.2012 0.8106 0.0545 0.2305 0.6259 0.0704 0.2026 0.5684 0.0450 0.1365

W=(1444.0±6.0)MeV W=(1456.0±6.0)MeV W=(1468.0±6.0)MeV W=(1480.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.3961 0.0152 0.2040 0.4814 0.0154 0.3647 0.5987 0.0184 0.6117 0.7071 0.0200 0.7148
−0.85 0.7670 0.0137 0.6430 0.8344 0.0143 0.6164 0.9213 0.0146 0.6625 1.0210 0.0177 0.5470
−0.75 1.2446 0.0171 0.5976 1.2470 0.0181 0.5363 1.3071 0.0183 0.4317 1.4137 0.0193 0.3026
−0.65 1.5297 0.0185 0.2113 1.4834 0.0185 0.2248 1.5067 0.0191 0.1563 1.5775 0.0194 0.1357
−0.55 1.7119 0.0156 0.1053 1.6803 0.0157 0.0840 1.6906 0.0161 0.0961 1.7257 0.0167 0.0953
−0.45 1.9777 0.0165 0.0619 1.9633 0.0163 0.0576 1.8915 0.0178 0.0618 1.9168 0.0175 0.0661
−0.35 2.1418 0.0188 0.0518 2.0859 0.0193 0.0576 2.0789 0.0195 0.0443 2.0631 0.0195 0.0507
−0.25 2.2934 0.0208 0.0544 2.2367 0.0207 0.0493 2.2090 0.0207 0.0304 2.1736 0.0209 0.0327
−0.15 2.3846 0.0206 0.0521 2.3649 0.0202 0.0436 2.3193 0.0208 0.0274 2.3017 0.0211 0.0218
−0.05 2.3849 0.0219 0.0410 2.3438 0.0221 0.0339 2.3230 0.0222 0.0230 2.3121 0.0227 0.0162

0.05 2.3511 0.0230 0.0312 2.2948 0.0221 0.0206 2.2440 0.0227 0.0160 2.3350 0.0231 0.0121
0.15 2.2910 0.0229 0.0243 2.2443 0.0229 0.0116 2.2900 0.0226 0.0085 2.3325 0.0235 0.0074
0.25 2.1440 0.0233 0.0243 2.1307 0.0232 0.0157 2.1393 0.0234 0.0048 2.1831 0.0228 0.0057
0.35 1.9795 0.0224 0.0407 1.9467 0.0225 0.0321 1.9416 0.0221 0.0085 2.0147 0.0240 0.0094
0.45 1.6783 0.0228 0.0728 1.6755 0.0233 0.0565 1.7017 0.0231 0.0321 1.8164 0.0230 0.0287
0.55 1.3703 0.0230 0.1097 1.3919 0.0230 0.0955 1.4228 0.0226 0.0760 1.5543 0.0235 0.0651
0.65 1.0586 0.0215 0.1116 1.0283 0.0224 0.0941 1.1026 0.0234 0.0886 1.2763 0.0212 0.0883
0.75 0.7455 0.0231 0.0678 0.7815 0.0287 0.0653 0.8469 0.0258 0.0690 0.9933 0.0328 0.0875
0.85 0.5283 0.0433 0.1310 0.5935 0.0468 0.1426 0.6464 0.0476 0.1799 0.7530 0.0472 0.1669



514 Appendix E. Data Tables

W=(1492.0±6.0)MeV W=(1504.0±6.0)MeV W=(1516.0±6.0)MeV W=(1528.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.8430 0.0226 0.8603 0.9704 0.0263 0.9756 1.0083 0.0271 0.2527 0.9965 0.0268 0.2242
−0.85 1.1985 0.0189 0.5902 1.2577 0.0191 0.4481 1.2301 0.0212 0.1205 1.1563 0.0195 0.0930
−0.75 1.5291 0.0209 0.2466 1.5772 0.0211 0.1867 1.5401 0.0191 0.1015 1.4521 0.0203 0.0870
−0.65 1.6506 0.0204 0.1247 1.6935 0.0214 0.1199 1.5848 0.0208 0.0977 1.5395 0.0216 0.1024
−0.55 1.8071 0.0178 0.0932 1.7655 0.0182 0.0971 1.6715 0.0167 0.0815 1.5871 0.0162 0.0831
−0.45 1.9602 0.0182 0.0457 1.9058 0.0183 0.0641 1.7865 0.0171 0.0536 1.6572 0.0171 0.0526
−0.35 2.1174 0.0198 0.0307 2.0362 0.0205 0.0325 1.9120 0.0200 0.0279 1.8012 0.0199 0.0241
−0.25 2.2107 0.0210 0.0215 2.1806 0.0212 0.0208 2.0883 0.0204 0.0115 1.9372 0.0207 0.0139
−0.15 2.3208 0.0216 0.0181 2.3099 0.0219 0.0203 2.1901 0.0214 0.0104 2.0265 0.0205 0.0147
−0.05 2.4016 0.0235 0.0189 2.3505 0.0229 0.0207 2.2276 0.0230 0.0128 2.1191 0.0217 0.0174

0.05 2.3846 0.0236 0.0168 2.3739 0.0236 0.0163 2.3361 0.0231 0.0159 2.1604 0.0223 0.0240
0.15 2.3546 0.0226 0.0135 2.4297 0.0229 0.0119 2.2843 0.0230 0.0190 2.1567 0.0231 0.0259
0.25 2.2745 0.0232 0.0122 2.3814 0.0229 0.0127 2.2118 0.0235 0.0224 2.0657 0.0227 0.0240
0.35 2.1303 0.0244 0.0117 2.2047 0.0248 0.0139 2.1262 0.0232 0.0227 2.0111 0.0231 0.0197
0.45 1.9532 0.0239 0.0221 1.9572 0.0242 0.0224 1.9871 0.0233 0.0209 1.8057 0.0230 0.0173
0.55 1.7248 0.0230 0.0583 1.7831 0.0246 0.0465 1.7162 0.0255 0.0300 1.6951 0.0235 0.0256
0.65 1.4206 0.0243 0.0889 1.5257 0.0264 0.0828 1.4916 0.0277 0.0587 1.4668 0.0248 0.0471
0.75 1.2174 0.0281 0.1085 1.3120 0.0305 0.1494 1.2196 0.0337 0.1098 1.2445 0.0308 0.0829
0.85 0.8364 0.0789 0.2556 0.9267 0.0664 0.2399 1.0404 0.0555 0.2310 1.0359 0.0517 0.2145

W=(1540.0±6.0)MeV W=(1552.0±6.0)MeV W=(1564.0±6.0)MeV W=(1576.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.9830 0.0275 0.8010 0.9278 0.0285 0.6113 0.9221 0.0287 0.8583 0.8520 0.0293 0.4599
−0.85 1.0832 0.0195 0.1682 1.0176 0.0187 0.1708 0.8821 0.0192 0.1441 0.7935 0.0166 0.1054
−0.75 1.3659 0.0210 0.0828 1.2263 0.0193 0.0539 1.0502 0.0187 0.0536 0.9460 0.0179 0.0514
−0.65 1.4316 0.0213 0.0969 1.3178 0.0212 0.0819 1.2301 0.0188 0.0811 1.1058 0.0180 0.0762
−0.55 1.5128 0.0171 0.0766 1.3806 0.0163 0.0741 1.2479 0.0155 0.0704 1.1374 0.0153 0.0572
−0.45 1.5677 0.0163 0.0408 1.4354 0.0165 0.0377 1.3264 0.0156 0.0390 1.1916 0.0153 0.0291
−0.35 1.6777 0.0185 0.0140 1.5641 0.0187 0.0149 1.4050 0.0179 0.0141 1.2963 0.0180 0.0111
−0.25 1.8261 0.0199 0.0095 1.6515 0.0198 0.0116 1.5148 0.0197 0.0092 1.4057 0.0188 0.0103
−0.15 1.8547 0.0208 0.0116 1.7251 0.0201 0.0157 1.5855 0.0199 0.0148 1.4748 0.0191 0.0148
−0.05 1.9770 0.0207 0.0149 1.7965 0.0209 0.0160 1.6389 0.0205 0.0176 1.4920 0.0197 0.0151

0.05 1.9461 0.0211 0.0164 1.8021 0.0212 0.0174 1.6193 0.0202 0.0146 1.4513 0.0200 0.0131
0.15 1.9432 0.0226 0.0211 1.7864 0.0207 0.0195 1.6080 0.0197 0.0147 1.3992 0.0196 0.0144
0.25 1.8862 0.0219 0.0304 1.6719 0.0207 0.0174 1.4943 0.0214 0.0197 1.2878 0.0193 0.0173
0.35 1.7943 0.0226 0.0290 1.5564 0.0214 0.0136 1.3976 0.0202 0.0199 1.2216 0.0197 0.0177
0.45 1.6826 0.0222 0.0169 1.5255 0.0204 0.0096 1.3120 0.0192 0.0136 1.1308 0.0187 0.0141
0.55 1.5370 0.0218 0.0139 1.4279 0.0209 0.0151 1.2300 0.0222 0.0147 1.1059 0.0191 0.0114
0.65 1.3475 0.0253 0.0280 1.2273 0.0223 0.0296 1.1362 0.0208 0.0234 1.1240 0.0215 0.0302
0.75 1.2330 0.0286 0.0718 1.0887 0.0305 0.0812 1.0706 0.0284 0.0494 1.0681 0.0255 0.0790
0.85 0.9880 0.0561 0.2197 0.8995 0.0646 0.2460 0.9847 0.0562 0.2622 0.8922 0.0475 0.2377

W=(1588.0±6.0)MeV W=(1600.0±6.0)MeV W=(1612.0±6.0)MeV W=(1624.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.7473 0.0247 0.1849 0.6326 0.0287 0.1859 0.6276 0.0241 0.3817 0.5911 0.0238 0.4034
−0.85 0.6885 0.0172 0.0555 0.6099 0.0175 0.1037 0.5655 0.0170 0.0628 0.5366 0.0163 0.0799
−0.75 0.8464 0.0177 0.0476 0.7841 0.0170 0.0613 0.7085 0.0166 0.0443 0.6566 0.0171 0.0388
−0.65 0.9676 0.0181 0.0684 0.9324 0.0180 0.0690 0.8788 0.0182 0.0553 0.8981 0.0178 0.0627
−0.55 1.0414 0.0144 0.0602 0.9883 0.0144 0.0592 0.9456 0.0145 0.0469 0.9042 0.0141 0.0449
−0.45 1.1123 0.0156 0.0353 1.0673 0.0148 0.0334 0.9988 0.0136 0.0225 0.9874 0.0136 0.0259
−0.35 1.2331 0.0171 0.0177 1.2043 0.0166 0.0159 1.0856 0.0159 0.0081 1.0546 0.0149 0.0113
−0.25 1.2775 0.0187 0.0140 1.2369 0.0174 0.0117 1.1111 0.0162 0.0079 1.0596 0.0162 0.0065
−0.15 1.3515 0.0187 0.0157 1.2719 0.0177 0.0154 1.1486 0.0174 0.0137 1.0856 0.0159 0.0079
−0.05 1.3827 0.0181 0.0135 1.2232 0.0174 0.0170 1.1351 0.0160 0.0164 0.9910 0.0164 0.0094

0.05 1.3220 0.0183 0.0102 1.1785 0.0174 0.0175 0.9979 0.0183 0.0142 0.8947 0.0176 0.0112
0.15 1.1614 0.0192 0.0075 1.0617 0.0174 0.0153 0.9213 0.0164 0.0110 0.8009 0.0157 0.0146
0.25 1.1528 0.0176 0.0071 0.9764 0.0171 0.0118 0.8785 0.0149 0.0109 0.7431 0.0138 0.0162
0.35 1.0630 0.0180 0.0105 0.9236 0.0164 0.0123 0.8163 0.0162 0.0118 0.7329 0.0149 0.0134
0.45 1.0273 0.0182 0.0113 0.9124 0.0177 0.0128 0.8732 0.0163 0.0113 0.8033 0.0163 0.0078
0.55 1.0503 0.0180 0.0148 0.9813 0.0179 0.0125 0.9374 0.0185 0.0134 0.9601 0.0161 0.0102
0.65 1.0655 0.0222 0.0191 1.0626 0.0206 0.0329 1.0447 0.0211 0.0411 1.1142 0.0222 0.0369
0.75 1.0377 0.0257 0.0533 1.0453 0.0271 0.0970 1.0859 0.0259 0.1106 1.2011 0.0269 0.1117
0.85 0.9513 0.0446 0.3680 0.9279 0.0462 0.2053 0.9729 0.0449 0.2595 1.0534 0.0466 0.2911

W=(1636.0±6.0)MeV W=(1648.0±6.0)MeV W=(1660.0±6.0)MeV W=(1672.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.6075 0.0237 0.4145 0.6002 0.0236 0.3204 0.6664 0.0303 0.2699 0.6871 0.0270 0.1861
−0.85 0.5326 0.0162 0.0700 0.5014 0.0176 0.0645 0.5217 0.0178 0.0610 0.5382 0.0187 0.0532
−0.75 0.6288 0.0173 0.0426 0.6548 0.0151 0.0387 0.6849 0.0180 0.0416 0.7271 0.0188 0.0531
−0.65 0.8510 0.0191 0.0606 0.8213 0.0178 0.0598 0.8488 0.0191 0.0603 0.8376 0.0203 0.0681
−0.55 0.9164 0.0133 0.0517 0.8983 0.0132 0.0521 0.8746 0.0141 0.0492 0.8056 0.0137 0.0516
−0.45 0.9482 0.0138 0.0250 0.9144 0.0130 0.0251 0.9011 0.0129 0.0285 0.8288 0.0132 0.0268
−0.35 0.9862 0.0163 0.0093 0.9479 0.0153 0.0119 0.9010 0.0145 0.0144 0.8560 0.0139 0.0138
−0.25 1.0244 0.0161 0.0056 0.9472 0.0164 0.0094 0.8816 0.0154 0.0080 0.8035 0.0158 0.0098
−0.15 0.9969 0.0161 0.0100 0.8919 0.0154 0.0113 0.7993 0.0150 0.0074 0.7786 0.0139 0.0092
−0.05 0.9287 0.0148 0.0135 0.8397 0.0146 0.0103 0.7516 0.0148 0.0110 0.6740 0.0138 0.0093

0.05 0.8210 0.0146 0.0134 0.7498 0.0137 0.0078 0.6471 0.0147 0.0111 0.5709 0.0139 0.0085
0.15 0.7209 0.0138 0.0141 0.6484 0.0141 0.0104 0.5869 0.0133 0.0106 0.4934 0.0135 0.0096
0.25 0.6741 0.0142 0.0165 0.5786 0.0140 0.0163 0.5612 0.0135 0.0125 0.5305 0.0122 0.0141
0.35 0.6717 0.0148 0.0184 0.6766 0.0141 0.0230 0.6810 0.0122 0.0172 0.6408 0.0133 0.0180
0.45 0.8296 0.0150 0.0149 0.8400 0.0161 0.0228 0.8621 0.0158 0.0165 0.8747 0.0154 0.0164
0.55 1.0003 0.0185 0.0118 1.0605 0.0172 0.0147 1.0992 0.0203 0.0093 1.1019 0.0200 0.0087
0.65 1.2038 0.0218 0.0257 1.3153 0.0224 0.0145 1.3591 0.0227 0.0233 1.3537 0.0231 0.0151
0.75 1.2773 0.0282 0.0848 1.3483 0.0318 0.0857 1.5089 0.0312 0.1204 1.4894 0.0318 0.0978
0.85 1.1001 0.0446 0.3794 1.1354 0.0468 0.2744 1.3121 0.0482 0.3338 1.3188 0.0588 0.2929
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W=(1684.0±6.0)MeV W=(1696.0±6.0)MeV W=(1708.0±6.0)MeV W=(1720.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.7728 0.0321 0.1749 0.8113 0.0324 0.0784 0.8823 0.0330 0.1236 0.8953 0.0308 0.2170
−0.85 0.5793 0.0166 0.0574 0.6628 0.0193 0.0448 0.6606 0.0195 0.0520 0.7032 0.0204 0.0628
−0.75 0.6855 0.0166 0.0392 0.6933 0.0181 0.0436 0.7050 0.0200 0.0511 0.7390 0.0203 0.0390
−0.65 0.7999 0.0188 0.0510 0.7484 0.0196 0.0493 0.7811 0.0174 0.0579 0.7380 0.0196 0.0478
−0.55 0.7938 0.0143 0.0432 0.7440 0.0141 0.0402 0.6713 0.0146 0.0379 0.6525 0.0144 0.0349
−0.45 0.7780 0.0133 0.0226 0.6916 0.0127 0.0196 0.6403 0.0128 0.0196 0.5734 0.0114 0.0175
−0.35 0.7493 0.0133 0.0087 0.6744 0.0144 0.0070 0.6106 0.0124 0.0083 0.5130 0.0119 0.0073
−0.25 0.7070 0.0148 0.0075 0.6503 0.0132 0.0034 0.5278 0.0142 0.0051 0.4634 0.0132 0.0040
−0.15 0.6627 0.0140 0.0091 0.5934 0.0131 0.0066 0.5199 0.0129 0.0063 0.4650 0.0121 0.0057
−0.05 0.5635 0.0133 0.0088 0.4997 0.0126 0.0104 0.4447 0.0120 0.0076 0.4020 0.0117 0.0065

0.05 0.4852 0.0125 0.0084 0.4645 0.0117 0.0106 0.3691 0.0130 0.0078 0.3604 0.0116 0.0060
0.15 0.4719 0.0124 0.0096 0.3994 0.0130 0.0087 0.3879 0.0118 0.0075 0.3811 0.0116 0.0064
0.25 0.4918 0.0129 0.0115 0.4752 0.0131 0.0129 0.4559 0.0112 0.0077 0.4687 0.0105 0.0090
0.35 0.6353 0.0143 0.0160 0.6469 0.0142 0.0181 0.5792 0.0146 0.0117 0.5601 0.0139 0.0118
0.45 0.9016 0.0154 0.0177 0.8268 0.0163 0.0181 0.7897 0.0159 0.0208 0.7817 0.0146 0.0173
0.55 1.1411 0.0198 0.0101 1.1237 0.0187 0.0130 1.0364 0.0189 0.0203 0.9548 0.0180 0.0138
0.65 1.3624 0.0243 0.0110 1.2965 0.0238 0.0140 1.1965 0.0233 0.0180 1.1018 0.0229 0.0118
0.75 1.4852 0.0291 0.0763 1.3949 0.0327 0.0752 1.2275 0.0313 0.0802 1.1111 0.0273 0.0491
0.85 1.2902 0.0483 0.3556 1.1262 0.0456 0.2698 1.0758 0.0445 0.2449 0.8415 0.0484 0.2383

W=(1732.0±6.0)MeV W=(1744.0±6.0)MeV W=(1756.0±6.0)MeV W=(1768.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.9024 0.0298 0.3111 0.8727 0.0320 0.2367 0.9258 0.0372 0.1886 0.9621 0.0332 0.2709
−0.85 0.7037 0.0192 0.0715 0.7691 0.0212 0.0629 0.8041 0.0216 0.0539 0.8583 0.0220 0.0683
−0.75 0.6998 0.0203 0.0281 0.7159 0.0195 0.0263 0.7124 0.0195 0.0241 0.7244 0.0194 0.0197
−0.65 0.6814 0.0195 0.0359 0.6669 0.0201 0.0292 0.6398 0.0199 0.0355 0.6373 0.0205 0.0212
−0.55 0.5843 0.0141 0.0282 0.5262 0.0132 0.0221 0.5008 0.0130 0.0250 0.4855 0.0132 0.0163
−0.45 0.4886 0.0114 0.0121 0.4708 0.0107 0.0105 0.4386 0.0098 0.0104 0.4054 0.0097 0.0068
−0.35 0.4628 0.0114 0.0041 0.4193 0.0106 0.0039 0.3690 0.0107 0.0043 0.3523 0.0095 0.0025
−0.25 0.4695 0.0115 0.0039 0.3906 0.0113 0.0060 0.3860 0.0109 0.0043 0.3404 0.0115 0.0043
−0.15 0.4054 0.0114 0.0065 0.3868 0.0115 0.0100 0.3786 0.0112 0.0051 0.3573 0.0110 0.0066
−0.05 0.3552 0.0111 0.0080 0.3516 0.0098 0.0098 0.3431 0.0099 0.0051 0.3407 0.0097 0.0058

0.05 0.3214 0.0110 0.0068 0.3302 0.0114 0.0085 0.3458 0.0101 0.0057 0.3164 0.0114 0.0047
0.15 0.3468 0.0099 0.0067 0.3496 0.0111 0.0090 0.3226 0.0106 0.0051 0.3332 0.0110 0.0045
0.25 0.4086 0.0113 0.0091 0.4024 0.0119 0.0103 0.3988 0.0111 0.0055 0.3656 0.0113 0.0054
0.35 0.5463 0.0128 0.0141 0.4904 0.0124 0.0139 0.4310 0.0136 0.0082 0.4325 0.0122 0.0108
0.45 0.7002 0.0151 0.0179 0.6171 0.0148 0.0173 0.5847 0.0140 0.0148 0.5252 0.0139 0.0197
0.55 0.8865 0.0180 0.0134 0.7906 0.0172 0.0153 0.7505 0.0167 0.0169 0.6568 0.0169 0.0213
0.65 0.9610 0.0200 0.0070 0.8942 0.0211 0.0205 0.8388 0.0214 0.0102 0.7701 0.0199 0.0120
0.75 1.0184 0.0283 0.0587 0.9138 0.0237 0.0659 0.8669 0.0253 0.0274 0.8122 0.0291 0.0353
0.85 0.8332 0.0382 0.1981 0.7508 0.0422 0.1851 0.7910 0.0377 0.2324 0.7943 0.0460 0.2435

W=(1780.0±6.0)MeV W=(1792.0±6.0)MeV W=(1804.0±6.0)MeV W=(1816.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.9103 0.0285 0.3346 1.0429 0.0328 0.1505 1.0727 0.0311 0.2263 1.0827 0.0358 0.2154
−0.85 0.9276 0.0251 0.1030 0.9530 0.0232 0.0666 1.0640 0.0275 0.0588 1.1189 0.0274 0.0882
−0.75 0.7567 0.0207 0.0314 0.7983 0.0203 0.0315 0.8137 0.0217 0.0298 0.8651 0.0205 0.0490
−0.65 0.6523 0.0180 0.0270 0.6641 0.0170 0.0262 0.6765 0.0184 0.0309 0.7128 0.0204 0.0360
−0.55 0.4658 0.0127 0.0184 0.4717 0.0141 0.0151 0.4573 0.0144 0.0213 0.4725 0.0132 0.0189
−0.45 0.3798 0.0100 0.0085 0.3867 0.0101 0.0092 0.3660 0.0097 0.0128 0.3607 0.0105 0.0075
−0.35 0.3341 0.0098 0.0033 0.3458 0.0105 0.0067 0.3396 0.0101 0.0068 0.3368 0.0112 0.0044
−0.25 0.3410 0.0108 0.0057 0.3165 0.0122 0.0070 0.3423 0.0117 0.0063 0.3509 0.0120 0.0044
−0.15 0.3672 0.0101 0.0116 0.3380 0.0123 0.0086 0.3690 0.0108 0.0090 0.3544 0.0113 0.0061
−0.05 0.3280 0.0102 0.0132 0.3620 0.0109 0.0092 0.3290 0.0129 0.0095 0.3700 0.0134 0.0075

0.05 0.3179 0.0108 0.0114 0.3209 0.0111 0.0073 0.3242 0.0112 0.0083 0.3455 0.0128 0.0060
0.15 0.3159 0.0106 0.0090 0.2989 0.0119 0.0057 0.3100 0.0123 0.0068 0.3207 0.0111 0.0050
0.25 0.3556 0.0114 0.0076 0.3487 0.0111 0.0066 0.3036 0.0116 0.0064 0.3072 0.0121 0.0078
0.35 0.4068 0.0128 0.0103 0.3573 0.0132 0.0111 0.3668 0.0138 0.0107 0.3336 0.0137 0.0163
0.45 0.4858 0.0138 0.0175 0.4305 0.0151 0.0169 0.4226 0.0137 0.0200 0.4069 0.0133 0.0243
0.55 0.5876 0.0155 0.0223 0.5833 0.0161 0.0164 0.5773 0.0165 0.0270 0.5504 0.0160 0.0254
0.65 0.7224 0.0214 0.0100 0.7173 0.0210 0.0117 0.7420 0.0215 0.0263 0.7083 0.0235 0.0117
0.75 0.8463 0.0268 0.0394 0.9028 0.0279 0.0511 0.8522 0.0337 0.0454 0.9172 0.0272 0.0487
0.85 0.7463 0.0366 0.2542 0.7858 0.0382 0.2341 0.8483 0.0398 0.2402 0.8819 0.0520 0.2748

W=(1828.0±6.0)MeV W=(1840.0±6.0)MeV W=(1852.0±6.0)MeV W=(1864.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.1051 0.0321 0.1887 1.0887 0.0365 0.1429 1.1067 0.0417 0.3307 1.0730 0.0366 0.4356
−0.85 1.1681 0.0313 0.0911 1.1931 0.0309 0.0605 1.2422 0.0319 0.0640 1.1579 0.0353 0.1009
−0.75 0.9315 0.0226 0.0322 0.9250 0.0255 0.0195 0.9215 0.0269 0.0175 0.9387 0.0285 0.0178
−0.65 0.7655 0.0200 0.0350 0.7517 0.0209 0.0224 0.7230 0.0263 0.0250 0.7965 0.0282 0.0280
−0.55 0.4567 0.0160 0.0249 0.4497 0.0136 0.0184 0.4393 0.0171 0.0125 0.4418 0.0178 0.0136
−0.45 0.3687 0.0110 0.0185 0.3820 0.0098 0.0188 0.3492 0.0107 0.0074 0.3279 0.0100 0.0092
−0.35 0.3314 0.0119 0.0120 0.3248 0.0133 0.0156 0.3222 0.0146 0.0053 0.2971 0.0159 0.0097
−0.25 0.3475 0.0143 0.0079 0.3498 0.0145 0.0142 0.3562 0.0168 0.0067 0.3447 0.0206 0.0118
−0.15 0.3890 0.0132 0.0061 0.3997 0.0163 0.0181 0.4471 0.0154 0.0107 0.4056 0.0190 0.0114
−0.05 0.3927 0.0124 0.0066 0.3878 0.0159 0.0173 0.4067 0.0178 0.0089 0.4315 0.0204 0.0111

0.05 0.3546 0.0145 0.0098 0.3661 0.0172 0.0170 0.3789 0.0161 0.0068 0.3478 0.0216 0.0091
0.15 0.3256 0.0118 0.0112 0.2979 0.0150 0.0148 0.3252 0.0143 0.0073 0.3026 0.0179 0.0072
0.25 0.3049 0.0132 0.0108 0.3117 0.0144 0.0190 0.3088 0.0162 0.0108 0.2756 0.0207 0.0093
0.35 0.3464 0.0130 0.0153 0.3366 0.0157 0.0222 0.3020 0.0198 0.0195 0.2605 0.0188 0.0200
0.45 0.3624 0.0165 0.0213 0.3364 0.0165 0.0195 0.3391 0.0208 0.0301 0.3196 0.0162 0.0353
0.55 0.4851 0.0207 0.0291 0.5469 0.0211 0.0217 0.4762 0.0223 0.0388 0.4679 0.0237 0.0480
0.65 0.7779 0.0220 0.0348 0.7756 0.0239 0.0186 0.7608 0.0347 0.0261 0.7898 0.0286 0.0433
0.75 0.9929 0.0374 0.0539 1.0394 0.0365 0.0546 1.0618 0.0363 0.0463 1.1408 0.0462 0.0413
0.85 0.9622 0.0576 0.2855 1.0986 0.0537 0.3188 1.1699 0.0593 0.3795 1.2218 0.0651 0.4170
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W=(1876.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.95 1.0863 0.0456 0.6293
−0.85 1.1747 0.0359 0.1123
−0.75 0.8884 0.0303 0.0428
−0.65 0.7365 0.0273 0.0425
−0.55 0.3871 0.0144 0.0182
−0.45 0.2958 0.0106 0.0097
−0.35 0.3213 0.0138 0.0101
−0.25 0.3636 0.0201 0.0125
−0.15 0.4230 0.0220 0.0137
−0.05 0.4208 0.0240 0.0135

0.05 0.3242 0.0221 0.0117
0.15 0.3233 0.0167 0.0147
0.25 0.2690 0.0251 0.0167
0.35 0.3061 0.0185 0.0301
0.45 0.3085 0.0185 0.0359
0.55 0.4133 0.0216 0.0303
0.65 0.7144 0.0299 0.0197
0.75 1.3037 0.0475 0.0527
0.85 1.1079 0.0954 0.2598

E.1.5 Angular Distributions γn→ π0n as a Function of W

W=(1300.0±6.0)MeV W=(1312.0±6.0)MeV W=(1324.0±6.0)MeV W=(1336.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.1525 0.0237 0.0796 0.1521 0.0271 0.0641 0.2759 0.0337 0.0789 0.4188 0.0367 0.1059
−0.85 0.7410 0.0435 0.4207 0.9100 0.0415 0.4625 1.1550 0.0387 0.4674 1.2172 0.0362 0.3386
−0.75 3.2799 0.0587 1.7688 3.6005 0.0533 1.7252 3.1222 0.0486 1.2181 2.8941 0.0426 0.6719
−0.65 5.3899 0.0404 1.9667 5.1134 0.0380 1.5739 4.4843 0.0336 1.0871 3.7843 0.0290 0.4909
−0.55 5.7438 0.0305 0.9365 5.4258 0.0290 0.6987 4.7498 0.0270 0.4512 4.1473 0.0236 0.1931
−0.45 6.5434 0.0329 0.4025 6.3656 0.0317 0.2786 5.6290 0.0295 0.1683 4.8007 0.0266 0.0985
−0.35 7.8325 0.0389 0.2933 7.6487 0.0383 0.1761 6.7365 0.0354 0.1178 5.7339 0.0318 0.1425
−0.25 8.8534 0.0435 0.3052 8.5116 0.0423 0.1958 7.6507 0.0396 0.1609 6.4659 0.0346 0.1823
−0.15 9.4705 0.0464 0.2346 8.9894 0.0447 0.2096 8.1917 0.0420 0.2131 6.8779 0.0365 0.1815
−0.05 9.5061 0.0484 0.1974 9.2764 0.0478 0.2362 8.4620 0.0450 0.2492 7.1376 0.0388 0.1944

0.05 9.7010 0.0533 0.3725 9.4890 0.0503 0.3318 8.4487 0.0465 0.2894 7.1235 0.0405 0.2363
0.15 10.2905 0.0588 0.5659 9.7617 0.0549 0.4521 8.6588 0.0515 0.3719 7.2169 0.0434 0.2905
0.25 10.5483 0.0661 0.5958 10.1595 0.0635 0.5603 8.8489 0.0562 0.4981 7.2474 0.0483 0.3585
0.35 10.6102 0.0767 0.6876 9.9846 0.0697 0.6728 8.9574 0.0616 0.6697 7.4208 0.0542 0.4932
0.45 10.2486 0.0853 0.9236 9.5208 0.0806 0.8461 8.3376 0.0706 0.8096 6.8873 0.0615 0.6263
0.55 8.3764 0.0898 1.0407 7.6698 0.0823 0.9412 7.1452 0.0764 0.8933 6.0635 0.0617 0.7411
0.65 6.3879 0.1001 0.8110 5.8793 0.0834 0.7331 5.4019 0.0820 0.6919 4.6208 0.0729 0.5675
0.75 5.0023 0.1541 0.4123 4.4778 0.1374 0.2948 4.2895 0.1146 0.4002 3.3851 0.1125 0.2308
0.85 5.0177 0.6456 0.9972 3.7812 0.5446 0.6781 4.8612 0.3450 1.1047 3.3815 0.3429 0.5962

W=(1348.0±6.0)MeV W=(1360.0±6.0)MeV W=(1372.0±6.0)MeV W=(1384.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.5517 0.0374 0.1486 0.6433 0.0415 0.1512 0.7468 0.0535 0.1855 1.0244 0.0516 0.2223
−0.85 1.3647 0.0354 0.3109 1.4810 0.0380 0.2510 1.6423 0.0370 0.2316 1.6690 0.0366 0.1910
−0.75 2.6260 0.0344 0.4509 2.6175 0.0340 0.3175 2.3354 0.0331 0.1941 2.3277 0.0299 0.1517
−0.65 3.2875 0.0259 0.3187 3.1261 0.0257 0.2271 2.7927 0.0248 0.1482 2.6747 0.0241 0.1202
−0.55 3.5595 0.0212 0.1367 3.3710 0.0208 0.1155 2.9447 0.0197 0.0954 2.8005 0.0203 0.0895
−0.45 4.1713 0.0242 0.0948 3.9022 0.0234 0.1031 3.5778 0.0229 0.1051 3.3757 0.0226 0.1004
−0.35 5.0094 0.0295 0.1420 4.6621 0.0281 0.1512 4.1470 0.0269 0.1329 3.9262 0.0265 0.1304
−0.25 5.5658 0.0310 0.1719 5.2170 0.0309 0.1765 4.6288 0.0290 0.1408 4.3488 0.0292 0.1407
−0.15 5.8631 0.0326 0.1667 5.3786 0.0326 0.1610 4.8154 0.0291 0.1330 4.4611 0.0287 0.1236
−0.05 5.8586 0.0334 0.1633 5.4665 0.0333 0.1472 4.7150 0.0313 0.1256 4.4433 0.0307 0.1071

0.05 5.9689 0.0357 0.1845 5.5778 0.0346 0.1595 4.7467 0.0322 0.1319 4.4679 0.0316 0.1037
0.15 5.9799 0.0390 0.2211 5.6144 0.0369 0.2039 4.8548 0.0336 0.1566 4.4692 0.0340 0.1181
0.25 6.1641 0.0430 0.2941 5.6757 0.0403 0.2695 4.8575 0.0360 0.1982 4.3906 0.0352 0.1593
0.35 6.2479 0.0463 0.4058 5.7858 0.0466 0.3534 4.9428 0.0399 0.2752 4.3734 0.0388 0.2329
0.45 5.9223 0.0502 0.5207 5.4320 0.0491 0.4428 4.5917 0.0441 0.3647 4.1922 0.0412 0.3202
0.55 5.0934 0.0545 0.6089 4.6931 0.0510 0.5339 3.8709 0.0467 0.4293 3.4960 0.0437 0.3800
0.65 3.8277 0.0598 0.5223 3.5509 0.0561 0.4723 3.0687 0.0536 0.3770 2.7717 0.0503 0.3472
0.75 3.1580 0.0950 0.3015 2.4801 0.0841 0.2410 2.3042 0.0737 0.2070 2.0787 0.0702 0.1825
0.85 2.8367 0.3015 0.2440 2.1568 0.2564 0.1997 1.9987 0.2051 0.2556 1.7019 0.1742 0.1565



E.1. Unpolarized Results for Single π0 from the A2 Data 517

W=(1396.0±6.0)MeV W=(1408.0±6.0)MeV W=(1420.0±6.0)MeV W=(1432.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.1284 0.0564 0.1286 1.0340 0.0551 0.1714 1.0356 0.0576 0.1125 1.2785 0.0522 0.1197
−0.85 1.7068 0.0368 0.1330 1.6979 0.0328 0.1314 1.6425 0.0346 0.0882 1.7125 0.0325 0.0913
−0.75 2.1889 0.0300 0.1204 2.1206 0.0290 0.0902 2.0423 0.0287 0.0750 2.0946 0.0278 0.0690
−0.65 2.4185 0.0236 0.0938 2.3291 0.0241 0.0837 2.2233 0.0241 0.0868 2.1689 0.0254 0.0653
−0.55 2.6696 0.0197 0.0756 2.4964 0.0202 0.0728 2.4535 0.0208 0.0861 2.3583 0.0209 0.0684
−0.45 3.1912 0.0225 0.0898 2.9058 0.0224 0.0834 2.8502 0.0225 0.0856 2.7606 0.0229 0.0738
−0.35 3.6703 0.0261 0.1176 3.4096 0.0262 0.1111 3.3015 0.0265 0.0972 3.1475 0.0261 0.0858
−0.25 4.0191 0.0289 0.1220 3.6992 0.0276 0.1161 3.5093 0.0281 0.0980 3.3161 0.0278 0.0886
−0.15 4.1259 0.0299 0.1059 3.8382 0.0289 0.1027 3.6218 0.0280 0.0871 3.4131 0.0285 0.0789
−0.05 4.1669 0.0303 0.0969 3.7389 0.0292 0.0856 3.5361 0.0288 0.0705 3.3837 0.0296 0.0647

0.05 4.0817 0.0311 0.0861 3.7158 0.0295 0.0758 3.4308 0.0291 0.0563 3.3285 0.0309 0.0536
0.15 3.9818 0.0322 0.0827 3.6102 0.0304 0.0727 3.3823 0.0307 0.0542 3.1782 0.0306 0.0478
0.25 3.9407 0.0340 0.1155 3.5125 0.0325 0.0876 3.2830 0.0323 0.0710 3.0743 0.0303 0.0598
0.35 3.9146 0.0368 0.1883 3.4197 0.0341 0.1354 3.1366 0.0342 0.1087 2.9095 0.0324 0.0991
0.45 3.6902 0.0390 0.2662 3.2305 0.0364 0.2062 2.9504 0.0366 0.1709 2.6954 0.0361 0.1556
0.55 3.1925 0.0406 0.3312 2.8144 0.0390 0.2783 2.6306 0.0396 0.2480 2.2913 0.0383 0.2061
0.65 2.5514 0.0471 0.3222 2.2879 0.0442 0.2595 2.0865 0.0417 0.2195 1.9702 0.0386 0.2126
0.75 1.8757 0.0584 0.1901 1.5637 0.0633 0.1108 1.5094 0.0572 0.0962 1.4224 0.0499 0.1117
0.85 1.1248 0.1496 0.1077 1.5849 0.1065 0.2408 1.1529 0.1296 0.1907 1.0382 0.0822 0.0985

W=(1444.0±6.0)MeV W=(1456.0±6.0)MeV W=(1468.0±6.0)MeV W=(1480.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.3751 0.0529 0.1310 1.5311 0.0489 0.1823 1.6920 0.0520 0.2145 1.8655 0.0527 0.2172
−0.85 1.7579 0.0314 0.0800 1.8204 0.0312 0.1048 1.8886 0.0299 0.0998 1.9920 0.0346 0.0930
−0.75 2.0985 0.0289 0.0665 2.0560 0.0299 0.0749 2.1104 0.0295 0.0695 2.2141 0.0302 0.0627
−0.65 2.1828 0.0265 0.0730 2.0921 0.0261 0.0803 2.1162 0.0269 0.0862 2.1753 0.0267 0.0800
−0.55 2.3182 0.0211 0.0673 2.2510 0.0211 0.0786 2.2485 0.0214 0.0796 2.2606 0.0219 0.0785
−0.45 2.6926 0.0225 0.0643 2.6454 0.0219 0.0672 2.5057 0.0235 0.0521 2.4954 0.0228 0.0571
−0.35 2.9669 0.0261 0.0686 2.8709 0.0266 0.0606 2.7933 0.0263 0.0398 2.7154 0.0257 0.0429
−0.25 3.1984 0.0290 0.0797 3.1203 0.0289 0.0661 3.0034 0.0282 0.0418 2.8906 0.0278 0.0399
−0.15 3.2953 0.0285 0.0770 3.2920 0.0281 0.0660 3.1557 0.0282 0.0448 3.0669 0.0282 0.0377
−0.05 3.2308 0.0296 0.0602 3.2132 0.0303 0.0537 3.1281 0.0299 0.0419 3.0597 0.0300 0.0337

0.05 3.1236 0.0306 0.0471 3.0856 0.0297 0.0384 2.9761 0.0301 0.0346 3.0560 0.0302 0.0311
0.15 3.0265 0.0302 0.0415 2.9860 0.0305 0.0301 3.0078 0.0296 0.0289 3.0306 0.0306 0.0288
0.25 2.8874 0.0314 0.0426 2.8676 0.0312 0.0324 2.8321 0.0309 0.0257 2.8535 0.0299 0.0264
0.35 2.7971 0.0316 0.0628 2.7307 0.0315 0.0508 2.6616 0.0303 0.0254 2.7069 0.0322 0.0264
0.45 2.5473 0.0347 0.1121 2.5201 0.0351 0.0876 2.4873 0.0337 0.0511 2.5739 0.0326 0.0464
0.55 2.2567 0.0379 0.1815 2.2821 0.0377 0.1582 2.2677 0.0361 0.1228 2.3792 0.0360 0.1024
0.65 1.8781 0.0382 0.1980 1.8314 0.0398 0.1665 1.9296 0.0409 0.1568 2.1445 0.0356 0.1495
0.75 1.3869 0.0429 0.1189 1.4689 0.0540 0.0894 1.6046 0.0490 0.1246 1.8393 0.0607 0.1555
0.85 0.9809 0.0803 0.1053 1.1049 0.0871 0.1749 1.2728 0.0937 0.1860 1.5212 0.0953 0.2034

W=(1492.0±6.0)MeV W=(1504.0±6.0)MeV W=(1516.0±6.0)MeV W=(1528.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 2.0708 0.0554 0.2502 2.2503 0.0611 0.2458 2.2627 0.0608 0.1437 2.0514 0.0552 0.2286
−0.85 2.2189 0.0350 0.1244 2.2525 0.0342 0.1091 2.1875 0.0377 0.0635 1.9384 0.0327 0.0944
−0.75 2.3106 0.0316 0.0932 2.3447 0.0313 0.0935 2.3012 0.0285 0.0724 2.0944 0.0292 0.0863
−0.65 2.2175 0.0274 0.1051 2.2577 0.0285 0.1209 2.1273 0.0279 0.0978 2.0265 0.0284 0.1082
−0.55 2.3126 0.0228 0.0921 2.2490 0.0232 0.1103 2.1386 0.0214 0.0913 2.0058 0.0205 0.0921
−0.45 2.4904 0.0231 0.0567 2.4130 0.0232 0.0690 2.2679 0.0217 0.0596 2.0811 0.0215 0.0561
−0.35 2.7156 0.0254 0.0363 2.6060 0.0263 0.0344 2.4546 0.0256 0.0321 2.2862 0.0252 0.0315
−0.25 2.8642 0.0272 0.0332 2.8252 0.0275 0.0299 2.7197 0.0266 0.0262 2.4943 0.0266 0.0262
−0.15 3.0172 0.0281 0.0349 3.0103 0.0285 0.0347 2.8754 0.0281 0.0283 2.6349 0.0266 0.0282
−0.05 3.1081 0.0304 0.0360 3.0558 0.0298 0.0356 2.9202 0.0302 0.0306 2.7600 0.0283 0.0336

0.05 3.0566 0.0303 0.0338 3.0608 0.0304 0.0322 3.0332 0.0299 0.0347 2.7980 0.0289 0.0415
0.15 2.9926 0.0288 0.0314 3.1067 0.0292 0.0310 2.9310 0.0295 0.0372 2.7684 0.0296 0.0433
0.25 2.8930 0.0295 0.0305 3.0444 0.0292 0.0317 2.8232 0.0300 0.0393 2.6379 0.0289 0.0390
0.35 2.7604 0.0316 0.0285 2.8666 0.0323 0.0311 2.7462 0.0300 0.0387 2.5878 0.0297 0.0340
0.45 2.6445 0.0323 0.0373 2.6534 0.0328 0.0382 2.6653 0.0312 0.0370 2.3936 0.0305 0.0297
0.55 2.5130 0.0335 0.0871 2.5935 0.0358 0.0697 2.4626 0.0366 0.0481 2.3821 0.0331 0.0410
0.65 2.2931 0.0392 0.1411 2.4462 0.0424 0.1331 2.3494 0.0437 0.0935 2.2525 0.0381 0.0682
0.75 2.2323 0.0515 0.1867 2.3670 0.0550 0.2573 2.1394 0.0591 0.1570 2.1423 0.0530 0.1292
0.85 1.7752 0.1675 0.2152 1.9024 0.1364 0.3060 2.0299 0.1082 0.2128 2.0313 0.1014 0.2405

W=(1540.0±6.0)MeV W=(1552.0±6.0)MeV W=(1564.0±6.0)MeV W=(1576.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.8701 0.0523 0.1876 1.7483 0.0536 0.1423 1.6377 0.0510 0.1433 1.4635 0.0504 0.1079
−0.85 1.7352 0.0312 0.0828 1.6239 0.0299 0.0590 1.3785 0.0299 0.0582 1.2157 0.0255 0.0435
−0.75 1.9174 0.0295 0.0853 1.7216 0.0271 0.0712 1.4756 0.0263 0.0651 1.3133 0.0249 0.0551
−0.65 1.8449 0.0275 0.1070 1.7033 0.0274 0.1014 1.6053 0.0245 0.1015 1.4328 0.0234 0.0846
−0.55 1.8699 0.0211 0.0922 1.7154 0.0203 0.0861 1.5668 0.0195 0.0879 1.4228 0.0191 0.0700
−0.45 1.9205 0.0200 0.0517 1.7706 0.0204 0.0483 1.6501 0.0194 0.0481 1.4814 0.0190 0.0383
−0.35 2.0757 0.0229 0.0251 1.9500 0.0233 0.0255 1.7645 0.0225 0.0212 1.6305 0.0227 0.0207
−0.25 2.2953 0.0250 0.0224 2.0915 0.0251 0.0213 1.9340 0.0251 0.0197 1.8004 0.0241 0.0206
−0.15 2.3607 0.0265 0.0246 2.2101 0.0257 0.0249 2.0541 0.0258 0.0253 1.9176 0.0249 0.0261
−0.05 2.5275 0.0264 0.0292 2.3082 0.0269 0.0278 2.1386 0.0268 0.0288 1.9529 0.0258 0.0268

0.05 2.4763 0.0269 0.0310 2.3008 0.0271 0.0298 2.1097 0.0263 0.0264 1.8938 0.0262 0.0238
0.15 2.4458 0.0284 0.0346 2.2537 0.0261 0.0326 2.0775 0.0255 0.0263 1.8072 0.0253 0.0250
0.25 2.3496 0.0273 0.0430 2.0872 0.0259 0.0294 1.9128 0.0274 0.0297 1.6453 0.0247 0.0268
0.35 2.2362 0.0281 0.0410 1.9453 0.0268 0.0242 1.7862 0.0259 0.0290 1.5568 0.0251 0.0260
0.45 2.1480 0.0284 0.0287 1.9534 0.0261 0.0210 1.7038 0.0249 0.0228 1.4641 0.0242 0.0200
0.55 2.0817 0.0296 0.0258 1.9340 0.0284 0.0264 1.6656 0.0301 0.0239 1.4920 0.0258 0.0188
0.65 2.0180 0.0378 0.0445 1.8197 0.0331 0.0467 1.6506 0.0302 0.0363 1.6205 0.0310 0.0448
0.75 2.1239 0.0492 0.1032 1.8187 0.0509 0.0863 1.7080 0.0454 0.0770 1.6728 0.0399 0.1205
0.85 2.0169 0.1146 0.1937 1.7210 0.1236 0.2219 1.7443 0.0996 0.1877 1.5161 0.0808 0.1542



518 Appendix E. Data Tables

W=(1588.0±6.0)MeV W=(1600.0±6.0)MeV W=(1612.0±6.0)MeV W=(1624.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.2635 0.0418 0.0920 1.0168 0.0462 0.0730 0.9625 0.0370 0.0825 0.8797 0.0354 0.0752
−0.85 1.0167 0.0253 0.0417 0.8812 0.0252 0.0397 0.7907 0.0238 0.0343 0.7350 0.0223 0.0342
−0.75 1.1268 0.0236 0.0580 1.0317 0.0224 0.0594 0.9090 0.0213 0.0408 0.8305 0.0217 0.0471
−0.65 1.2053 0.0226 0.0832 1.1464 0.0221 0.0835 1.0562 0.0219 0.0624 1.0665 0.0211 0.0732
−0.55 1.2573 0.0174 0.0713 1.1714 0.0171 0.0674 1.0953 0.0167 0.0531 1.0330 0.0161 0.0510
−0.45 1.3376 0.0188 0.0421 1.2549 0.0174 0.0392 1.1465 0.0156 0.0284 1.1132 0.0153 0.0293
−0.35 1.5014 0.0208 0.0251 1.4333 0.0197 0.0230 1.2614 0.0184 0.0150 1.1977 0.0169 0.0172
−0.25 1.5846 0.0232 0.0222 1.5038 0.0211 0.0198 1.3217 0.0193 0.0151 1.2275 0.0187 0.0141
−0.15 1.7043 0.0236 0.0247 1.5793 0.0219 0.0238 1.4012 0.0212 0.0206 1.2881 0.0189 0.0156
−0.05 1.7606 0.0230 0.0233 1.5399 0.0218 0.0252 1.4120 0.0200 0.0237 1.2010 0.0198 0.0159

0.05 1.6851 0.0233 0.0193 1.4886 0.0220 0.0248 1.2534 0.0230 0.0207 1.0998 0.0216 0.0170
0.15 1.4708 0.0244 0.0145 1.3314 0.0218 0.0210 1.1557 0.0205 0.0167 0.9902 0.0194 0.0199
0.25 1.4458 0.0221 0.0147 1.2076 0.0212 0.0176 1.0917 0.0185 0.0164 0.9181 0.0170 0.0213
0.35 1.3254 0.0225 0.0174 1.1282 0.0200 0.0180 1.0035 0.0199 0.0174 0.9040 0.0184 0.0176
0.45 1.2911 0.0229 0.0176 1.1158 0.0216 0.0185 1.0724 0.0201 0.0173 0.9975 0.0203 0.0131
0.55 1.3635 0.0234 0.0216 1.2357 0.0226 0.0192 1.1792 0.0232 0.0200 1.2253 0.0205 0.0169
0.65 1.4771 0.0308 0.0267 1.4356 0.0279 0.0461 1.4007 0.0282 0.0565 1.5113 0.0301 0.0516
0.75 1.5943 0.0395 0.0775 1.5880 0.0412 0.1315 1.6311 0.0389 0.1589 1.8082 0.0405 0.1626
0.85 1.6749 0.0785 0.5584 1.6542 0.0823 0.2176 1.7203 0.0794 0.2967 1.8415 0.0815 0.3265

W=(1636.0±6.0)MeV W=(1648.0±6.0)MeV W=(1660.0±6.0)MeV W=(1672.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 0.8839 0.0345 0.0670 0.8904 0.0350 0.0782 0.9818 0.0446 0.1036 0.9880 0.0388 0.1059
−0.85 0.7156 0.0217 0.0280 0.6769 0.0238 0.0363 0.7052 0.0241 0.0356 0.7108 0.0247 0.0474
−0.75 0.7840 0.0216 0.0391 0.8127 0.0187 0.0466 0.8538 0.0224 0.0458 0.8949 0.0232 0.0616
−0.65 1.0017 0.0225 0.0687 0.9573 0.0207 0.0671 0.9931 0.0224 0.0682 0.9791 0.0238 0.0775
−0.55 1.0421 0.0151 0.0583 1.0098 0.0148 0.0569 0.9837 0.0159 0.0543 0.9132 0.0155 0.0559
−0.45 1.0663 0.0155 0.0306 1.0166 0.0144 0.0316 0.9983 0.0143 0.0330 0.9281 0.0148 0.0317
−0.35 1.1167 0.0185 0.0135 1.0622 0.0171 0.0170 1.0024 0.0162 0.0179 0.9598 0.0155 0.0179
−0.25 1.1801 0.0185 0.0127 1.0812 0.0187 0.0144 0.9960 0.0174 0.0125 0.9093 0.0179 0.0134
−0.15 1.1719 0.0190 0.0171 1.0394 0.0179 0.0161 0.9200 0.0173 0.0118 0.8912 0.0159 0.0132
−0.05 1.1107 0.0176 0.0193 0.9954 0.0173 0.0152 0.8787 0.0174 0.0148 0.7785 0.0160 0.0126

0.05 0.9923 0.0177 0.0180 0.8978 0.0164 0.0121 0.7634 0.0174 0.0148 0.6620 0.0161 0.0117
0.15 0.8744 0.0167 0.0182 0.7783 0.0169 0.0138 0.6935 0.0158 0.0140 0.5713 0.0157 0.0118
0.25 0.8167 0.0172 0.0214 0.6928 0.0167 0.0197 0.6608 0.0160 0.0156 0.6113 0.0141 0.0166
0.35 0.8138 0.0179 0.0226 0.8093 0.0169 0.0277 0.7999 0.0144 0.0208 0.7359 0.0152 0.0211
0.45 1.0154 0.0184 0.0204 1.0138 0.0194 0.0292 1.0206 0.0187 0.0214 1.0111 0.0178 0.0206
0.55 1.2641 0.0234 0.0188 1.3196 0.0214 0.0215 1.3401 0.0247 0.0164 1.3098 0.0238 0.0154
0.65 1.6232 0.0294 0.0375 1.7428 0.0296 0.0240 1.7636 0.0294 0.0335 1.7119 0.0292 0.0252
0.75 1.9132 0.0423 0.1287 1.9775 0.0466 0.1127 2.1689 0.0449 0.1660 2.0940 0.0447 0.1155
0.85 1.9060 0.0772 0.4524 1.9157 0.0790 0.3145 2.1735 0.0799 0.2976 2.1620 0.0964 0.3074

W=(1684.0±6.0)MeV W=(1696.0±6.0)MeV W=(1708.0±6.0)MeV W=(1720.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.1383 0.0474 0.1246 1.1854 0.0473 0.0860 1.2359 0.0462 0.0454 1.2571 0.0432 0.1234
−0.85 0.7674 0.0220 0.0443 0.8676 0.0253 0.0369 0.8573 0.0252 0.0432 0.9049 0.0263 0.0482
−0.75 0.8386 0.0203 0.0429 0.8389 0.0219 0.0418 0.8540 0.0242 0.0555 0.8844 0.0243 0.0454
−0.65 0.9275 0.0218 0.0577 0.8616 0.0225 0.0549 0.8975 0.0200 0.0640 0.8386 0.0223 0.0532
−0.55 0.8929 0.0161 0.0478 0.8347 0.0158 0.0440 0.7465 0.0163 0.0420 0.7197 0.0159 0.0386
−0.45 0.8646 0.0148 0.0262 0.7696 0.0142 0.0230 0.7023 0.0140 0.0226 0.6261 0.0124 0.0201
−0.35 0.8332 0.0148 0.0114 0.7525 0.0161 0.0108 0.6703 0.0136 0.0112 0.5621 0.0131 0.0094
−0.25 0.7922 0.0165 0.0094 0.7312 0.0149 0.0076 0.5848 0.0157 0.0072 0.5130 0.0147 0.0063
−0.15 0.7495 0.0158 0.0116 0.6724 0.0148 0.0090 0.5824 0.0144 0.0080 0.5204 0.0135 0.0076
−0.05 0.6421 0.0151 0.0108 0.5687 0.0143 0.0118 0.5018 0.0135 0.0088 0.4528 0.0132 0.0076

0.05 0.5548 0.0143 0.0095 0.5281 0.0132 0.0125 0.4166 0.0147 0.0085 0.4058 0.0131 0.0070
0.15 0.5389 0.0142 0.0106 0.4511 0.0147 0.0106 0.4347 0.0132 0.0085 0.4258 0.0129 0.0082
0.25 0.5590 0.0146 0.0130 0.5313 0.0147 0.0144 0.5041 0.0124 0.0091 0.5172 0.0116 0.0110
0.35 0.7196 0.0162 0.0183 0.7167 0.0157 0.0208 0.6321 0.0160 0.0140 0.6112 0.0152 0.0142
0.45 1.0262 0.0176 0.0216 0.9165 0.0181 0.0220 0.8599 0.0173 0.0235 0.8526 0.0159 0.0200
0.55 1.3312 0.0231 0.0166 1.2737 0.0212 0.0198 1.1546 0.0211 0.0248 1.0658 0.0201 0.0172
0.65 1.6840 0.0300 0.0180 1.5587 0.0286 0.0218 1.4211 0.0277 0.0260 1.3060 0.0271 0.0153
0.75 2.0362 0.0399 0.0939 1.8698 0.0439 0.0966 1.6395 0.0418 0.0922 1.4653 0.0360 0.0486
0.85 2.0687 0.0774 0.3626 1.7817 0.0721 0.2146 1.7084 0.0707 0.2126 1.2961 0.0746 0.2506

W=(1732.0±6.0)MeV W=(1744.0±6.0)MeV W=(1756.0±6.0)MeV W=(1768.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.2537 0.0414 0.1895 1.1397 0.0418 0.1576 1.2319 0.0495 0.1924 1.2399 0.0428 0.2062
−0.85 0.8891 0.0243 0.0545 0.9329 0.0257 0.0537 0.9521 0.0255 0.0527 1.0035 0.0257 0.0637
−0.75 0.8157 0.0237 0.0302 0.8203 0.0223 0.0252 0.7850 0.0215 0.0262 0.7981 0.0214 0.0207
−0.65 0.7500 0.0215 0.0372 0.7334 0.0221 0.0304 0.6785 0.0211 0.0369 0.6784 0.0218 0.0228
−0.55 0.6237 0.0151 0.0287 0.5637 0.0142 0.0235 0.5229 0.0136 0.0262 0.5071 0.0137 0.0171
−0.45 0.5179 0.0121 0.0135 0.4979 0.0113 0.0111 0.4572 0.0102 0.0113 0.4199 0.0101 0.0075
−0.35 0.4953 0.0122 0.0060 0.4425 0.0112 0.0053 0.3872 0.0112 0.0051 0.3645 0.0098 0.0041
−0.25 0.5113 0.0126 0.0056 0.4146 0.0120 0.0069 0.4090 0.0116 0.0055 0.3540 0.0119 0.0051
−0.15 0.4491 0.0126 0.0078 0.4145 0.0123 0.0112 0.4054 0.0120 0.0065 0.3753 0.0116 0.0075
−0.05 0.3980 0.0124 0.0090 0.3807 0.0106 0.0110 0.3707 0.0107 0.0065 0.3622 0.0103 0.0073

0.05 0.3607 0.0124 0.0077 0.3600 0.0124 0.0092 0.3756 0.0110 0.0069 0.3405 0.0123 0.0060
0.15 0.3860 0.0110 0.0074 0.3818 0.0121 0.0096 0.3506 0.0115 0.0061 0.3618 0.0120 0.0058
0.25 0.4479 0.0124 0.0098 0.4379 0.0129 0.0114 0.4320 0.0120 0.0074 0.3985 0.0123 0.0067
0.35 0.5897 0.0138 0.0158 0.5303 0.0134 0.0147 0.4647 0.0147 0.0099 0.4711 0.0133 0.0123
0.45 0.7527 0.0162 0.0208 0.6666 0.0160 0.0190 0.6312 0.0151 0.0170 0.5716 0.0152 0.0217
0.55 0.9744 0.0197 0.0173 0.8693 0.0189 0.0184 0.8261 0.0184 0.0201 0.7230 0.0186 0.0245
0.65 1.1268 0.0234 0.0131 1.0407 0.0246 0.0229 0.9770 0.0250 0.0125 0.8866 0.0229 0.0135
0.75 1.3432 0.0373 0.0606 1.1960 0.0310 0.0832 1.1321 0.0330 0.0230 1.0393 0.0373 0.0188
0.85 1.3038 0.0598 0.1741 1.1895 0.0669 0.1724 1.2448 0.0593 0.2876 1.2289 0.0712 0.3464



E.1. Unpolarized Results for Single π0 from the A2 Data 519

W=(1780.0±6.0)MeV W=(1792.0±6.0)MeV W=(1804.0±6.0)MeV W=(1816.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.1153 0.0349 0.1181 1.2754 0.0401 0.1151 1.2929 0.0375 0.0138 1.3291 0.0440 0.0309
−0.85 1.0661 0.0288 0.0720 1.0943 0.0266 0.0569 1.1943 0.0309 0.0417 1.2632 0.0309 0.0653
−0.75 0.8258 0.0226 0.0341 0.8694 0.0221 0.0324 0.8671 0.0232 0.0325 0.9233 0.0218 0.0522
−0.65 0.6855 0.0189 0.0270 0.6955 0.0179 0.0269 0.6965 0.0190 0.0289 0.7366 0.0211 0.0368
−0.55 0.4783 0.0131 0.0185 0.4823 0.0144 0.0170 0.4621 0.0146 0.0209 0.4818 0.0134 0.0189
−0.45 0.3864 0.0102 0.0089 0.3918 0.0103 0.0099 0.3679 0.0097 0.0123 0.3680 0.0107 0.0081
−0.35 0.3406 0.0099 0.0041 0.3512 0.0107 0.0074 0.3431 0.0102 0.0075 0.3467 0.0115 0.0044
−0.25 0.3512 0.0111 0.0058 0.3248 0.0125 0.0077 0.3501 0.0120 0.0076 0.3658 0.0126 0.0052
−0.15 0.3837 0.0106 0.0123 0.3517 0.0128 0.0095 0.3834 0.0112 0.0104 0.3743 0.0120 0.0077
−0.05 0.3479 0.0108 0.0139 0.3816 0.0115 0.0106 0.3472 0.0136 0.0103 0.3949 0.0143 0.0090

0.05 0.3411 0.0115 0.0118 0.3415 0.0118 0.0084 0.3462 0.0120 0.0091 0.3708 0.0137 0.0071
0.15 0.3415 0.0115 0.0094 0.3195 0.0128 0.0060 0.3333 0.0132 0.0073 0.3443 0.0119 0.0060
0.25 0.3856 0.0123 0.0093 0.3729 0.0119 0.0073 0.3267 0.0125 0.0067 0.3286 0.0130 0.0087
0.35 0.4419 0.0139 0.0119 0.3821 0.0141 0.0119 0.3941 0.0148 0.0116 0.3554 0.0146 0.0166
0.45 0.5316 0.0151 0.0198 0.4637 0.0163 0.0178 0.4550 0.0147 0.0217 0.4345 0.0142 0.0257
0.55 0.6590 0.0174 0.0254 0.6453 0.0178 0.0190 0.6333 0.0181 0.0299 0.5997 0.0175 0.0278
0.65 0.8577 0.0254 0.0118 0.8439 0.0247 0.0134 0.8588 0.0248 0.0259 0.8130 0.0270 0.0137
0.75 1.1176 0.0354 0.0194 1.1866 0.0366 0.0554 1.0993 0.0434 0.0520 1.1626 0.0345 0.0325
0.85 1.1635 0.0571 0.3538 1.2223 0.0594 0.3037 1.3064 0.0613 0.2968 1.3070 0.0771 0.3708

W=(1828.0±6.0)MeV W=(1840.0±6.0)MeV W=(1852.0±6.0)MeV W=(1864.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.95 1.3522 0.0393 0.0781 1.3057 0.0438 0.1509 1.3384 0.0505 0.0802 1.3215 0.0451 0.1272
−0.85 1.3062 0.0350 0.0492 1.2853 0.0333 0.0440 1.3941 0.0358 0.0303 1.3404 0.0409 0.0396
−0.75 1.0010 0.0243 0.0341 0.9577 0.0264 0.0141 1.0017 0.0292 0.0173 1.0629 0.0323 0.0175
−0.65 0.8114 0.0212 0.0375 0.7727 0.0214 0.0209 0.7762 0.0282 0.0209 0.8961 0.0317 0.0256
−0.55 0.4820 0.0169 0.0272 0.4635 0.0140 0.0187 0.4685 0.0182 0.0134 0.4948 0.0199 0.0146
−0.45 0.3882 0.0116 0.0201 0.3945 0.0101 0.0197 0.3701 0.0113 0.0083 0.3642 0.0111 0.0100
−0.35 0.3479 0.0125 0.0130 0.3355 0.0137 0.0164 0.3392 0.0154 0.0060 0.3257 0.0174 0.0105
−0.25 0.3640 0.0149 0.0092 0.3614 0.0150 0.0157 0.3728 0.0176 0.0078 0.3719 0.0223 0.0128
−0.15 0.4071 0.0138 0.0083 0.4144 0.0169 0.0179 0.4663 0.0161 0.0121 0.4307 0.0202 0.0133
−0.05 0.4120 0.0130 0.0081 0.4050 0.0166 0.0175 0.4238 0.0185 0.0104 0.4514 0.0213 0.0116

0.05 0.3738 0.0152 0.0102 0.3863 0.0182 0.0168 0.3949 0.0167 0.0080 0.3588 0.0223 0.0072
0.15 0.3451 0.0125 0.0118 0.3176 0.0160 0.0160 0.3381 0.0149 0.0069 0.3079 0.0182 0.0061
0.25 0.3244 0.0141 0.0113 0.3341 0.0154 0.0203 0.3187 0.0167 0.0102 0.2760 0.0207 0.0088
0.35 0.3689 0.0138 0.0158 0.3600 0.0168 0.0232 0.3073 0.0201 0.0195 0.2562 0.0185 0.0180
0.45 0.3859 0.0176 0.0221 0.3569 0.0175 0.0204 0.3396 0.0208 0.0317 0.3094 0.0157 0.0335
0.55 0.5208 0.0222 0.0315 0.5776 0.0223 0.0241 0.4747 0.0222 0.0387 0.4521 0.0229 0.0469
0.65 0.8633 0.0244 0.0387 0.8395 0.0259 0.0206 0.7852 0.0358 0.0289 0.7917 0.0287 0.0417
0.75 1.2004 0.0452 0.0619 1.2352 0.0434 0.0536 1.2272 0.0419 0.0463 1.2748 0.0516 0.0409
0.85 1.3731 0.0823 0.3310 1.5974 0.0781 0.3661 1.6886 0.0856 0.4010 1.6812 0.0896 0.4807

W=(1876.0±6.0)MeV

cos(θ∗
π0 ) dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.95 1.3586 0.0570 0.1062
−0.85 1.3364 0.0409 0.0428
−0.75 0.9773 0.0333 0.0333
−0.65 0.8086 0.0299 0.0438
−0.55 0.4285 0.0159 0.0209
−0.45 0.3294 0.0118 0.0112
−0.35 0.3575 0.0153 0.0117
−0.25 0.4010 0.0222 0.0136
−0.15 0.4590 0.0239 0.0149
−0.05 0.4468 0.0255 0.0139

0.05 0.3353 0.0228 0.0117
0.15 0.3248 0.0168 0.0147
0.25 0.2623 0.0244 0.0162
0.35 0.2904 0.0175 0.0284
0.45 0.2877 0.0172 0.0336
0.55 0.3885 0.0203 0.0283
0.65 0.7104 0.0298 0.0141
0.75 1.4757 0.0538 0.0415
0.85 1.5597 0.1343 0.2716
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E.2 Polarized Results for Single π0 from the A2 Data

E.2.1 Observables for γd→ π0p(n) as a Function of Eγ

Eγ ∆Eγ E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

433.0 11.0 −0.4540 0.0085 0.0617 50.1601 0.7332 8.6198 133.9163 0.7344 16.6603
455.0 11.0 −0.4352 0.0079 0.0608 32.7078 0.4320 5.6317 83.2171 0.4327 10.3250
477.0 11.0 −0.4113 0.0083 0.0467 30.0904 0.3994 3.4543 71.9513 0.4001 7.9316
499.0 11.0 −0.3615 0.0077 0.0423 27.5582 0.3129 3.2116 58.5253 0.3135 6.4537
521.0 11.0 −0.3020 0.0096 0.0342 25.6740 0.3335 2.8577 47.6964 0.3340 5.2703
543.0 11.0 −0.2601 0.0088 0.0292 23.1349 0.2600 2.5581 39.2849 0.2604 4.3385
565.0 11.0 −0.1824 0.0092 0.0230 22.1685 0.2387 2.4929 31.9213 0.2390 3.5154
587.0 11.0 −0.0882 0.0108 0.0122 22.0326 0.2510 2.4413 26.2242 0.2512 2.8918
609.0 11.0 −0.0304 0.0105 0.0084 21.3763 0.2222 2.3657 22.6581 0.2223 2.5149
631.0 11.0 0.0152 0.0116 0.0070 21.1495 0.2329 2.3433 20.4732 0.2329 2.2648
653.0 11.0 0.1309 0.0090 0.0170 23.5405 0.1810 2.6172 18.0630 0.1809 2.0217
675.0 11.0 0.1277 0.0086 0.0170 25.0612 0.1838 2.8161 19.3667 0.1837 2.2055
697.0 11.0 0.2125 0.0079 0.0244 29.5255 0.1864 3.2600 19.1546 0.1861 2.1181
719.0 11.0 0.2009 0.0078 0.0228 31.8152 0.2007 3.5295 21.1200 0.2004 2.3278
741.0 11.0 0.1856 0.0074 0.0212 33.9484 0.2053 3.7652 23.2608 0.2050 2.5640
763.0 11.0 0.1545 0.0067 0.0176 34.1366 0.1915 3.7891 24.9447 0.1912 2.7557
785.0 11.0 0.1074 0.0076 0.0122 31.5739 0.2110 3.5115 25.4137 0.2107 2.8173
807.0 11.0 0.0907 0.0072 0.0108 29.4908 0.1904 3.2682 24.5438 0.1902 2.7046
829.0 11.0 0.0682 0.0072 0.0091 26.5310 0.1756 2.9249 23.1084 0.1755 2.5456
851.0 11.0 0.0467 0.0083 0.0075 23.7573 0.1831 2.6173 21.5992 0.1830 2.3805
873.0 11.0 0.0391 0.0086 0.0061 21.8587 0.1768 2.4087 20.1847 0.1768 2.2220
895.0 11.0 −0.0211 0.0094 0.0052 18.7478 0.1770 2.0750 19.5268 0.1770 2.1715
917.0 11.0 −0.0635 0.0085 0.0090 17.2534 0.1539 1.9075 19.5515 0.1540 2.1699
939.0 11.0 −0.1062 0.0097 0.0118 15.9950 0.1701 1.7617 19.7855 0.1703 2.1769
961.0 11.0 −0.1485 0.0099 0.0165 15.5505 0.1773 1.7167 20.9537 0.1776 2.3145
983.0 11.0 −0.2179 0.0083 0.0243 14.5894 0.1510 1.6145 22.7070 0.1515 2.5013

1005.0 11.0 −0.2434 0.0080 0.0274 14.0262 0.1457 1.5736 23.0497 0.1463 2.5515
1027.0 11.0 −0.2101 0.0081 0.0240 14.7646 0.1488 1.6644 22.6194 0.1493 2.5141
1049.0 11.0 −0.2609 0.0086 0.0305 13.2107 0.1504 1.5484 22.5646 0.1510 2.5588
1071.0 11.0 −0.2059 0.0091 0.0239 13.4460 0.1520 1.5297 20.4147 0.1525 2.2756
1093.0 11.0 −0.1614 0.0093 0.0199 12.7714 0.1398 1.5389 17.6941 0.1402 2.0453
1115.0 11.0 −0.1206 0.0142 0.0161 11.8783 0.1892 1.4926 15.1391 0.1897 1.8136
1137.0 11.0 −0.0470 0.0131 0.0061 11.8262 0.1612 1.3123 12.9829 0.1615 1.4339
1159.0 11.0 −0.0609 0.0119 0.0073 10.8592 0.1363 1.2091 12.2534 0.1365 1.3735
1181.0 11.0 −0.0377 0.0128 0.0060 9.9703 0.1315 1.0975 10.7365 0.1317 1.1839
1203.0 11.0 −0.0505 0.0148 0.0068 8.9135 0.1382 1.0278 9.8571 0.1384 1.1189
1225.0 11.0 −0.0644 0.0149 0.0082 8.4485 0.1330 0.9335 9.6010 0.1333 1.0582
1247.0 11.0 −0.0566 0.0172 0.0062 8.0724 0.1485 0.8883 9.0409 0.1487 0.9947
1269.0 11.0 −0.1272 0.0172 0.0165 7.1721 0.1400 0.8270 9.2493 0.1404 1.0360
1291.0 11.0 −0.0895 0.0212 0.0107 7.2739 0.1692 0.8507 8.7086 0.1697 1.0049
1313.0 11.0 −0.1907 0.0181 0.0221 6.5581 0.1449 0.7364 9.6438 0.1456 1.0708
1335.0 11.0 −0.0765 0.0222 0.0096 7.4624 0.1793 0.8351 8.6921 0.1797 0.9686

E.2.2 Observables for γd→ π0p(n) as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1321.0 9.0 −0.4103 0.0077 0.0508 31.1067 0.3833 4.1714 74.2960 0.3840 8.4541
1339.0 9.0 −0.3693 0.0079 0.0425 26.6833 0.3162 3.1057 57.8031 0.3167 6.3952
1357.0 9.0 −0.2977 0.0084 0.0343 24.7678 0.2803 2.7779 45.5695 0.2807 5.0181
1375.0 9.0 −0.2416 0.0084 0.0275 22.8700 0.2408 2.6718 37.2768 0.2412 4.2661
1393.0 9.0 −0.1317 0.0090 0.0160 22.1131 0.2199 2.4589 28.7368 0.2201 3.1922
1411.0 9.0 −0.0512 0.0099 0.0093 21.2755 0.2132 2.3627 23.5101 0.2133 2.5864
1429.0 9.0 0.0503 0.0095 0.0099 22.2916 0.1944 2.4815 20.1166 0.1943 2.2464
1447.0 9.0 0.1267 0.0086 0.0160 24.2956 0.1799 2.6868 18.7926 0.1798 2.0783
1465.0 9.0 0.1744 0.0076 0.0204 28.0310 0.1749 3.1000 19.6573 0.1746 2.1634
1483.0 9.0 0.2027 0.0069 0.0230 33.0812 0.1830 3.6812 21.8741 0.1827 2.4141
1501.0 9.0 0.1942 0.0063 0.0219 36.8663 0.1883 4.1975 24.7981 0.1880 2.8087
1519.0 9.0 0.1264 0.0062 0.0148 34.4665 0.1830 3.8019 26.6813 0.1827 2.9368
1537.0 9.0 0.1078 0.0064 0.0136 31.1299 0.1734 3.4562 25.0448 0.1732 2.8141
1555.0 9.0 0.0780 0.0069 0.0104 26.3118 0.1631 2.9328 22.4856 0.1629 2.5316
1573.0 9.0 0.0250 0.0075 0.0063 21.9423 0.1571 2.4338 20.8406 0.1570 2.3262
1591.0 9.0 −0.0060 0.0081 0.0035 18.8990 0.1506 2.0818 19.1056 0.1506 2.1035
1609.0 9.0 −0.1031 0.0083 0.0124 15.7785 0.1432 1.7526 19.3812 0.1434 2.1354
1627.0 9.0 −0.2106 0.0080 0.0243 14.1441 0.1394 1.5908 21.6649 0.1398 2.3946
1645.0 9.0 −0.2321 0.0074 0.0261 14.3789 0.1351 1.6216 23.0783 0.1356 2.5646
1663.0 9.0 −0.2288 0.0070 0.0255 14.7391 0.1309 1.6337 23.4807 0.1314 2.5898
1681.0 9.0 −0.1959 0.0072 0.0218 14.8652 0.1290 1.6679 22.0590 0.1295 2.4731
1699.0 9.0 −0.1806 0.0080 0.0203 13.4559 0.1283 1.5295 19.3368 0.1288 2.1978
1717.0 9.0 −0.0920 0.0092 0.0108 12.7477 0.1258 1.5122 15.3127 0.1261 1.7923
1735.0 9.0 −0.0903 0.0108 0.0105 10.3600 0.1212 1.1632 12.3968 0.1215 1.3971
1753.0 9.0 −0.0635 0.0123 0.0077 8.7901 0.1141 0.9788 9.9778 0.1143 1.1056
1771.0 9.0 −0.0733 0.0136 0.0112 7.7299 0.1125 0.9249 8.9414 0.1128 1.0393
1789.0 9.0 −0.1054 0.0149 0.0140 7.1323 0.1179 0.9091 8.8200 0.1183 1.0871
1807.0 9.0 −0.1366 0.0161 0.0176 7.0048 0.1294 0.8436 9.2196 0.1298 1.0696
1825.0 9.0 −0.2547 0.0177 0.0302 6.1907 0.1444 0.7117 10.4105 0.1451 1.1593
1843.0 9.0 −0.1909 0.0188 0.0210 6.9658 0.1589 0.7686 10.2434 0.1596 1.1300
1861.0 9.0 −0.1749 0.0207 0.0214 7.1191 0.1739 0.8606 10.1239 0.1746 1.1722
1879.0 9.0 −0.2299 0.0242 0.0352 6.4196 0.1908 1.1418 10.1297 0.1918 1.6089
1897.0 9.0 −0.2020 0.0316 0.0377 6.4830 0.2382 1.3953 9.6119 0.2394 1.8357
1915.0 9.0 −0.3550 0.0469 0.0776 5.7605 0.3738 1.6944 11.6306 0.3763 2.4888
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Angular Distributions

W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 −0.3608 0.1686 0.2751 0.1826 0.1378 0.1152 0.3985 0.1206 0.2029 0.1969 0.1029 0.1030
−0.70 −0.1693 0.0341 0.0221 −0.2865 0.0364 0.0263 −0.1149 0.0376 0.0263 0.1878 0.0367 0.0292
−0.50 −0.4987 0.0191 0.0126 −0.2923 0.0197 0.0098 −0.2375 0.0213 0.0114 −0.0727 0.0215 0.0032
−0.30 −0.4416 0.0169 0.0138 −0.3392 0.0176 0.0133 −0.3085 0.0194 0.0142 −0.2263 0.0196 0.0068
−0.10 −0.4431 0.0155 0.0228 −0.4644 0.0164 0.0200 −0.3563 0.0175 0.0135 −0.3057 0.0181 0.0074

0.10 −0.4257 0.0166 0.0323 −0.5187 0.0172 0.0267 −0.3935 0.0183 0.0190 −0.4798 0.0191 0.0092
0.30 −0.3114 0.0233 0.0430 −0.3620 0.0215 0.0335 −0.3679 0.0216 0.0386 −0.2979 0.0213 0.0115
0.50 −0.2666 0.0768 0.0867 −0.0080 0.0557 0.0160 −0.2707 0.0446 0.0647 −0.2064 0.0376 0.0180
0.70 1.2518 4.7324 1.0331 4.9750 5.8393 3.2433 2.8009 1.6436 1.4126 0.5673 0.3108 0.2015
0.90 −7.418140.4657 5.2720 −0.3439 1.8704 0.8317 4.481117.2332 2.5834 −5.492930.8331 3.7792

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.5673 0.0927 0.1848 0.4561 0.0911 0.1138 0.5680 0.0784 0.1316 0.8865 0.0720 0.1069
−0.70 0.2838 0.0394 0.0182 0.2840 0.0420 0.0177 0.6279 0.0419 0.0296 0.5509 0.0387 0.0156
−0.50 0.0063 0.0229 0.0024 0.2123 0.0258 0.0042 0.2886 0.0246 0.0129 0.3236 0.0229 0.0071
−0.30 −0.1706 0.0210 0.0043 −0.0306 0.0226 0.0093 0.0191 0.0223 0.0096 0.1257 0.0209 0.0133
−0.10 −0.1850 0.0197 0.0012 −0.1838 0.0216 0.0103 −0.0567 0.0209 0.0106 0.0595 0.0189 0.0111

0.10 −0.2541 0.0203 0.0081 −0.2225 0.0225 0.0124 −0.0700 0.0218 0.0097 −0.0762 0.0202 0.0137
0.30 −0.2610 0.0232 0.0146 −0.1975 0.0252 0.0152 −0.1698 0.0248 0.0172 0.0677 0.0217 0.0057
0.50 −0.1205 0.0364 0.0124 0.0017 0.0394 0.0126 −0.1324 0.0352 0.0201 −0.0805 0.0304 0.0191
0.70 0.1923 0.1736 0.0295 0.5929 0.2555 0.1666 0.6771 0.1502 0.0860 0.1303 0.0985 0.0324
0.90 −0.4127 1.1301 0.1656 2.1050 2.3373 0.1519 6.0742 7.0737 1.1590 −2.1262 1.0818 0.3967

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.9864 0.0589 0.0959 0.8326 0.0489 0.0480 0.6714 0.0384 0.0027 0.5944 0.0334 0.0117
−0.70 0.5725 0.0341 0.0086 0.6183 0.0321 0.0121 0.4542 0.0273 0.0179 0.2223 0.0245 0.0131
−0.50 0.2867 0.0202 0.0094 0.3769 0.0191 0.0073 0.3062 0.0172 0.0095 0.2324 0.0167 0.0042
−0.30 0.2297 0.0188 0.0036 0.1782 0.0172 0.0098 0.1630 0.0163 0.0057 0.0708 0.0161 0.0062
−0.10 0.0799 0.0168 0.0114 0.1189 0.0157 0.0091 0.1409 0.0147 0.0054 0.0779 0.0145 0.0082

0.10 0.0635 0.0177 0.0051 0.0852 0.0160 0.0053 0.0687 0.0148 0.0057 0.0546 0.0149 0.0055
0.30 0.0207 0.0192 0.0106 0.1120 0.0173 0.0049 0.1629 0.0159 0.0077 0.0614 0.0160 0.0023
0.50 0.1064 0.0261 0.0136 0.0471 0.0215 0.0070 0.1609 0.0196 0.0105 0.1230 0.0190 0.0055
0.70 −0.0049 0.0726 0.0006 0.3782 0.0567 0.0352 0.2058 0.0417 0.0048 0.1820 0.0400 0.0108
0.90 −2.8440 1.0178 0.7524 12.649871.4942 10.3370 0.9510 3.8292 0.8950 1.6331 0.7833 0.0945

W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.3258 0.0295 0.0066 0.2884 0.0282 0.0059 0.1993 0.0259 0.0019 0.1854 0.0254 0.0039
−0.70 0.1910 0.0235 0.0044 −0.0355 0.0234 0.0030 −0.1554 0.0231 0.0090 −0.2172 0.0226 0.0124
−0.50 0.0964 0.0167 0.0025 0.0353 0.0175 0.0036 −0.1007 0.0180 0.0018 −0.1967 0.0189 0.0072
−0.30 0.1126 0.0167 0.0061 0.0015 0.0180 0.0027 −0.0542 0.0192 0.0043 −0.1445 0.0210 0.0042
−0.10 0.0065 0.0154 0.0097 −0.0019 0.0167 0.0068 −0.1035 0.0190 0.0018 −0.1161 0.0205 0.0041

0.10 0.0798 0.0154 0.0074 0.0535 0.0176 0.0070 0.0033 0.0203 0.0074 0.0019 0.0224 0.0050
0.30 0.0996 0.0167 0.0093 0.0915 0.0188 0.0111 0.1502 0.0226 0.0063 0.2167 0.0263 0.0072
0.50 0.1477 0.0206 0.0066 0.2749 0.0231 0.0148 0.4540 0.0279 0.0064 0.4340 0.0341 0.0176
0.70 0.2870 0.0420 0.0189 0.4785 0.0440 0.0213 0.4817 0.0525 0.0263 0.7373 0.0600 0.0721
0.90 −0.5862 0.6657 0.0844 16.6420167.7133 15.4052 −0.9994 0.6705 0.4069 4.5804 6.5334 2.4917

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 −0.1612 0.0251 0.0121 −0.1909 0.0236 0.0072 −0.2131 0.0224 0.0120 −0.3349 0.0225 0.0238
−0.70 −0.3206 0.0228 0.0216 −0.4807 0.0212 0.0254 −0.4991 0.0197 0.0360 −0.5133 0.0195 0.0350
−0.50 −0.2998 0.0189 0.0060 −0.5003 0.0193 0.0149 −0.5740 0.0185 0.0145 −0.4979 0.0180 0.0069
−0.30 −0.3718 0.0224 0.0059 −0.3339 0.0217 0.0022 −0.4681 0.0212 0.0073 −0.4363 0.0212 0.0113
−0.10 −0.0822 0.0216 0.0017 −0.2471 0.0221 0.0055 −0.1748 0.0211 0.0037 −0.1878 0.0211 0.0053

0.10 −0.0500 0.0252 0.0013 −0.0632 0.0245 0.0131 −0.0266 0.0243 0.0039 0.0715 0.0230 0.0056
0.30 0.2506 0.0277 0.0103 0.1293 0.0276 0.0116 0.1614 0.0237 0.0076 0.1087 0.0209 0.0065
0.50 0.4425 0.0341 0.0277 0.2219 0.0293 0.0092 0.1865 0.0246 0.0098 −0.0307 0.0209 0.0017
0.70 0.2592 0.0466 0.0234 0.1313 0.0344 0.0069 −0.1603 0.0286 0.0103 −0.1093 0.0253 0.0088
0.90 0.4627 2.0253 0.4544 1.8235 1.5900 2.1159 −0.8026 1.1685 0.6677 0.1678 0.1996 0.0480

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 −0.1338 0.0222 0.0023 −0.2283 0.0256 0.0129 −0.1888 0.0295 0.0091 −0.0893 0.0318 0.0080
−0.70 −0.4736 0.0194 0.0140 −0.5886 0.0231 0.0191 −0.4173 0.0252 0.0064 −0.4445 0.0299 0.0155
−0.50 −0.5622 0.0193 0.0116 −0.6207 0.0225 0.0146 −0.6414 0.0263 0.0276 −0.5218 0.0322 0.0250
−0.30 −0.4607 0.0230 0.0189 −0.4259 0.0259 0.0363 −0.1707 0.0312 0.0207 −0.2423 0.0368 0.0171
−0.10 −0.1563 0.0221 0.0154 0.0027 0.0263 0.0042 −0.0367 0.0302 0.0058 −0.0940 0.0362 0.0053

0.10 0.1150 0.0239 0.0121 0.1981 0.0268 0.0143 0.2777 0.0303 0.0261 0.0762 0.0349 0.0099
0.30 0.0900 0.0216 0.0087 0.1752 0.0227 0.0140 0.2290 0.0258 0.0103 0.2351 0.0297 0.0099
0.50 0.0941 0.0204 0.0066 0.0841 0.0214 0.0036 0.1195 0.0242 0.0104 0.1104 0.0286 0.0218
0.70 −0.1665 0.0245 0.0035 −0.1969 0.0270 0.0086 0.0120 0.0308 0.0009 0.1360 0.0372 0.0091
0.90 0.1166 0.1609 0.0213 −0.2581 0.1300 0.0125 0.4977 0.1318 0.0332 −0.0769 1.5015 0.2713
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W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 −0.0555 0.0341 0.0053 0.0713 0.0347 0.0061 0.1270 0.0364 0.0151 0.0604 0.0366 0.0070
−0.70 −0.4045 0.0353 0.0414 −0.3258 0.0371 0.0359 −0.4638 0.0381 0.0583 −0.2405 0.0370 0.0247
−0.50 −0.4793 0.0372 0.0078 −0.5401 0.0444 0.0133 −0.5144 0.0480 0.0102 −0.3279 0.0520 0.0149
−0.30 −0.3401 0.0439 0.0111 −0.2654 0.0473 0.0095 −0.2333 0.0523 0.0212 −0.4111 0.0634 0.0196
−0.10 0.0627 0.0410 0.0032 −0.0773 0.0414 0.0052 −0.1163 0.0465 0.0049 −0.3331 0.0488 0.0116

0.10 0.3218 0.0383 0.0098 0.1667 0.0407 0.0029 0.0929 0.0450 0.0042 −0.0194 0.0491 0.0031
0.30 0.1264 0.0331 0.0101 0.1648 0.0376 0.0084 0.1727 0.0436 0.0071 0.0112 0.0493 0.0143
0.50 0.1846 0.0333 0.0088 0.1047 0.0430 0.0113 0.0883 0.0474 0.0088 0.0576 0.0529 0.0021
0.70 0.0170 0.0428 0.0066 0.0107 0.0491 0.0160 0.0398 0.0515 0.0033 0.0289 0.0615 0.0031
0.90 −1.1688 0.1811 0.0621 −0.3032 0.1748 0.1062 −0.6581 0.2474 0.2375 0.1121 0.1451 0.0222

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.0417 0.0357 0.0070 0.0545 0.0360 0.0065 0.2510 0.0402 0.0264 −0.0769 0.0461 0.0070
−0.70 −0.4962 0.0397 0.0221 −0.5220 0.0452 0.0556 −0.3953 0.0495 0.0436 −0.5551 0.0597 0.0238
−0.50 −0.7198 0.0662 0.0183 −0.2643 0.0671 0.0170 −0.1740 0.0690 0.0059 −0.3765 0.0739 0.0604
−0.30 −0.5936 0.0713 0.0126 −0.2914 0.0732 0.0230 −0.0702 0.0740 0.0173 0.0697 0.0954 0.0134
−0.10 −0.2259 0.0556 0.0048 −0.1822 0.0573 0.0156 −0.5558 0.0662 0.0023 −0.4151 0.0776 0.0369

0.10 −0.3843 0.0578 0.0238 −0.3995 0.0583 0.0467 −0.3611 0.0681 0.0423 −0.4235 0.0813 0.0852
0.30 −0.0363 0.0575 0.0095 −0.0443 0.0640 0.0102 0.0067 0.0796 0.0170 −0.2052 0.0955 0.0544
0.50 0.0078 0.0604 0.0029 −0.1410 0.0774 0.0153 −0.3865 0.0869 0.0950 0.3311 0.1022 0.1086
0.70 −0.0575 0.0623 0.0130 0.0988 0.0610 0.0126 −0.0164 0.0709 0.0214 −0.1333 0.0795 0.0295
0.90 0.3104 0.1253 0.0339 −0.2019 0.1579 0.0582 −0.2629 0.1230 0.0391 −0.1803 0.1487 0.0167

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.0246 0.0602 0.0019 −0.2656 0.0969 0.0265
−0.70 −0.3783 0.0748 0.0057 −0.7985 0.1619 0.0593
−0.50 −0.2539 0.0927 0.0213 −0.7367 0.1743 0.0143
−0.30 −0.0033 0.1153 0.0105 −0.6088 0.1565 0.1084
−0.10 −0.4700 0.0992 0.1150 −0.4005 0.1548 0.1208

0.10 −0.3087 0.1073 0.0777 −0.3491 0.1421 0.1443
0.30 −0.1992 0.1342 0.0656 0.1383 0.1891 0.0691
0.50 0.0759 0.1397 0.0321 0.2155 0.1889 0.1168
0.70 −0.2591 0.1043 0.0525 −0.2581 0.1295 0.0619
0.90 −0.6745 0.2430 0.1128 −1.2747 0.3693 0.1259

W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3273 0.0384 0.2716 0.4408 0.0341 0.2326 0.4947 0.0327 0.2106 0.4451 0.0296 0.1752
−0.70 2.1404 0.0807 0.3340 1.3598 0.0640 0.1768 1.4335 0.0570 0.1483 1.6503 0.0476 0.1943
−0.50 2.0348 0.0718 0.0730 2.2812 0.0601 0.0438 2.0510 0.0545 0.0446 2.1237 0.0469 0.1014
−0.30 2.9051 0.0821 0.1176 2.7668 0.0695 0.0720 2.4052 0.0639 0.0671 2.3260 0.0559 0.0897
−0.10 3.1008 0.0813 0.2528 2.4528 0.0702 0.1490 2.4899 0.0640 0.0763 2.3049 0.0568 0.0599

0.10 3.0431 0.0836 0.3999 2.1141 0.0704 0.1913 2.2365 0.0635 0.1125 1.6497 0.0567 0.0407
0.30 3.0569 0.0994 0.6453 2.3479 0.0757 0.3511 1.9600 0.0635 0.2476 1.8484 0.0536 0.0870
0.50 2.3861 0.2305 0.9917 2.6744 0.1439 0.6699 1.6734 0.0968 0.3537 1.5452 0.0704 0.1221
0.70 3.4245 2.3556 3.2837 7.7529 1.6219 6.4123 4.4404 0.6738 2.5613 1.8140 0.3125 0.5210
0.90 −14.9642 10.1657 7.0368 1.2516 4.6978 2.8075 9.3205 9.3664 7.0310 −4.5689 6.7278 4.5232

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5717 0.0290 0.1634 0.5406 0.0305 0.1097 0.6573 0.0301 0.1015 0.8734 0.0297 0.0917
−0.70 1.5114 0.0439 0.0954 1.3469 0.0418 0.0801 1.6186 0.0384 0.0749 1.5219 0.0355 0.0218
−0.50 1.9879 0.0435 0.0335 2.0636 0.0423 0.0602 2.1073 0.0385 0.0508 2.1473 0.0355 0.0218
−0.30 2.1334 0.0516 0.0641 2.2362 0.0501 0.0444 2.2152 0.0466 0.0337 2.4388 0.0437 0.0392
−0.10 2.2842 0.0530 0.0076 2.0419 0.0518 0.0438 2.2383 0.0478 0.0376 2.5797 0.0446 0.0348

0.10 2.0147 0.0526 0.0681 1.8535 0.0516 0.0879 2.1023 0.0477 0.0505 2.1115 0.0448 0.0696
0.30 1.6231 0.0490 0.1060 1.5650 0.0474 0.1124 1.5121 0.0437 0.0922 2.0755 0.0409 0.0586
0.50 1.4101 0.0566 0.1064 1.3313 0.0510 0.1523 1.1060 0.0434 0.0764 1.2277 0.0394 0.0870
0.70 1.3544 0.1887 0.1824 1.2271 0.1714 0.4416 1.3376 0.1071 0.1274 0.9565 0.0806 0.1158
0.90 1.1152 1.8125 0.3923 3.7384 1.7177 0.1846 6.6800 1.7490 0.9409 −1.2515 0.9125 0.3689

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1310 0.0295 0.1042 1.3033 0.0313 0.0731 1.5843 0.0337 0.0190 1.7716 0.0347 0.0152
−0.70 1.6626 0.0336 0.0133 1.9051 0.0351 0.0497 2.0160 0.0361 0.0884 1.8406 0.0358 0.0549
−0.50 2.2655 0.0342 0.0531 2.6633 0.0353 0.0713 2.8458 0.0361 0.1125 2.7096 0.0357 0.0598
−0.30 2.8642 0.0422 0.0196 3.0773 0.0435 0.0370 3.2432 0.0443 0.0816 2.9445 0.0429 0.0338
−0.10 2.8695 0.0433 0.0396 3.3069 0.0450 0.0389 3.6701 0.0462 0.0832 3.3800 0.0443 0.0299

0.10 2.7319 0.0440 0.0273 3.2438 0.0464 0.0585 3.5080 0.0474 0.0431 3.3434 0.0459 0.0443
0.30 2.2412 0.0410 0.1250 2.9095 0.0442 0.1334 3.4607 0.0461 0.1926 3.0562 0.0451 0.1142
0.50 1.7271 0.0397 0.1589 2.1051 0.0423 0.1106 2.7027 0.0446 0.1204 2.6439 0.0436 0.0466
0.70 0.9753 0.0696 0.1088 1.7218 0.0675 0.1792 1.9049 0.0639 0.0567 1.8062 0.0594 0.0852
0.90 −1.8514 0.7117 0.6473 5.5852 3.4178 4.3089 1.3356 2.1166 1.5449 2.3889 0.5035 0.2945



E.2. Polarized Results for Single π0 from the A2 Data 523

W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.6491 0.0353 0.0316 1.6884 0.0358 0.0394 1.7182 0.0361 0.0105 1.7398 0.0364 0.0404
−0.70 1.8532 0.0357 0.0478 1.4841 0.0353 0.0462 1.3341 0.0357 0.0521 1.2769 0.0360 0.0748
−0.50 2.3310 0.0347 0.0416 2.0071 0.0332 0.0251 1.6668 0.0326 0.0050 1.4122 0.0324 0.0333
−0.30 2.8224 0.0412 0.0433 2.2350 0.0391 0.0405 1.9002 0.0377 0.0401 1.5208 0.0365 0.0193
−0.10 2.7876 0.0416 0.0272 2.3754 0.0388 0.0347 1.7918 0.0370 0.0228 1.5494 0.0351 0.0198

0.10 3.1371 0.0432 0.1468 2.5005 0.0406 0.0507 1.9485 0.0385 0.0369 1.6404 0.0357 0.0672
0.30 2.8375 0.0418 0.0399 2.3087 0.0386 0.0562 1.9114 0.0367 0.0127 1.6181 0.0342 0.0255
0.50 2.3484 0.0411 0.0198 2.1531 0.0378 0.0521 1.9389 0.0356 0.0117 1.4917 0.0341 0.0744
0.70 1.6780 0.0529 0.0794 1.6381 0.0463 0.0251 1.2749 0.0430 0.0556 1.3440 0.0419 0.0991
0.90 0.2750 0.3972 0.0575 3.9975 8.4067 5.2678 0.0564 0.2930 0.2373 2.0057 0.6148 1.2067

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2221 0.0358 0.0753 1.2408 0.0355 0.0485 1.2433 0.0347 0.0786 1.0199 0.0337 0.1058
−0.70 1.0866 0.0355 0.1049 0.8964 0.0349 0.0888 0.9028 0.0339 0.1303 0.8502 0.0325 0.1183
−0.50 1.2084 0.0316 0.0288 0.8640 0.0318 0.0537 0.7666 0.0315 0.0453 0.8959 0.0307 0.0237
−0.30 1.0250 0.0349 0.0155 1.0818 0.0340 0.0088 0.8573 0.0325 0.0213 0.8652 0.0310 0.0379
−0.10 1.4230 0.0327 0.0324 1.1033 0.0314 0.0111 1.1823 0.0295 0.0306 1.0961 0.0278 0.0379

0.10 1.2868 0.0334 0.0177 1.2409 0.0316 0.0318 1.2245 0.0301 0.0076 1.3655 0.0287 0.0443
0.30 1.4625 0.0316 0.0184 1.2716 0.0306 0.0440 1.4603 0.0292 0.0125 1.5489 0.0285 0.0448
0.50 1.4313 0.0324 0.1038 1.3400 0.0315 0.0676 1.5691 0.0320 0.0885 1.5068 0.0321 0.0536
0.70 1.1148 0.0402 0.1222 1.3293 0.0397 0.0416 1.2223 0.0410 0.0689 1.5021 0.0422 0.0877
0.90 0.5401 0.5995 0.4261 0.6020 0.6424 2.6861 0.2961 0.4509 0.5216 1.1512 0.1889 0.3578

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.3073 0.0329 0.0275 1.0051 0.0327 0.0574 0.8881 0.0318 0.0461 0.8667 0.0298 0.0308
−0.70 0.8842 0.0312 0.0518 0.5710 0.0302 0.0420 0.6774 0.0280 0.0168 0.5032 0.0261 0.0334
−0.50 0.7295 0.0302 0.0298 0.5456 0.0300 0.0336 0.4362 0.0293 0.0513 0.4394 0.0278 0.0372
−0.30 0.7471 0.0300 0.0560 0.6923 0.0292 0.0973 0.7815 0.0284 0.0730 0.5786 0.0269 0.0525
−0.10 1.0503 0.0263 0.1172 1.0250 0.0262 0.0492 0.8395 0.0257 0.0598 0.6413 0.0249 0.0392

0.10 1.3527 0.0283 0.0570 1.2966 0.0284 0.0476 1.2163 0.0280 0.0709 0.8616 0.0275 0.0244
0.30 1.5042 0.0293 0.0367 1.5623 0.0295 0.0762 1.4647 0.0300 0.0770 1.2476 0.0293 0.0459
0.50 1.8056 0.0332 0.0372 1.7517 0.0340 0.0495 1.6054 0.0340 0.0662 1.3211 0.0333 0.0484
0.70 1.4868 0.0427 0.0051 1.3108 0.0431 0.0114 1.4520 0.0433 0.0620 1.3064 0.0421 0.0265
0.90 1.0883 0.1543 0.1974 0.7302 0.1248 0.0436 1.2987 0.1087 0.0861 0.4250 0.6149 0.4095

W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7844 0.0282 0.0713 0.8585 0.0277 0.0787 0.9123 0.0293 0.1179 0.9148 0.0315 0.1182
−0.70 0.4268 0.0247 0.0764 0.4456 0.0240 0.0745 0.3606 0.0246 0.0809 0.5461 0.0262 0.0687
−0.50 0.3835 0.0260 0.0089 0.2792 0.0253 0.0095 0.2745 0.0258 0.0082 0.3673 0.0274 0.0217
−0.30 0.3955 0.0252 0.0196 0.3995 0.0249 0.0196 0.4024 0.0267 0.0137 0.2959 0.0307 0.0206
−0.10 0.6268 0.0240 0.0072 0.5230 0.0231 0.0110 0.4770 0.0249 0.0167 0.3920 0.0276 0.0205

0.10 0.9338 0.0265 0.0053 0.7653 0.0264 0.0132 0.6981 0.0286 0.0324 0.6489 0.0323 0.0124
0.30 0.9585 0.0278 0.0078 0.8469 0.0270 0.0108 0.7602 0.0280 0.0243 0.6370 0.0308 0.0220
0.50 1.1229 0.0311 0.0444 0.8027 0.0310 0.0650 0.7300 0.0316 0.0282 0.6814 0.0337 0.0177
0.70 0.9359 0.0391 0.0208 0.8162 0.0394 0.0851 0.8284 0.0409 0.0555 0.7861 0.0469 0.0882
0.90 −0.1028 0.0922 0.0357 0.4040 0.0948 0.1687 0.1980 0.1199 0.2216 0.8382 0.1073 0.1877

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9949 0.0340 0.0896 1.0618 0.0360 0.0823 1.1663 0.0371 0.1127 0.7873 0.0389 0.0472
−0.70 0.3740 0.0281 0.0317 0.3458 0.0312 0.0779 0.4244 0.0335 0.0702 0.2956 0.0375 0.0281
−0.50 0.1379 0.0296 0.0098 0.3361 0.0302 0.0296 0.3592 0.0294 0.0040 0.2729 0.0289 0.0656
−0.30 0.2071 0.0337 0.0107 0.3712 0.0372 0.0243 0.5182 0.0393 0.0764 0.4838 0.0417 0.0447
−0.10 0.4608 0.0326 0.0127 0.5320 0.0365 0.0275 0.3016 0.0423 0.0034 0.4004 0.0494 0.0586

0.10 0.4292 0.0388 0.0285 0.4799 0.0433 0.0886 0.4991 0.0499 0.0838 0.4505 0.0555 0.1447
0.30 0.5947 0.0350 0.0274 0.6320 0.0408 0.0740 0.6518 0.0497 0.0891 0.5484 0.0598 0.1409
0.50 0.6262 0.0365 0.0595 0.4756 0.0411 0.0593 0.3748 0.0454 0.1335 0.7680 0.0521 0.2157
0.70 0.7907 0.0520 0.0648 1.0709 0.0583 0.0513 0.9618 0.0684 0.0419 0.9088 0.0752 0.2244
0.90 1.2824 0.1200 0.1156 0.7321 0.1412 0.1916 0.9327 0.1445 0.1811 0.9109 0.1581 0.1054

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8153 0.0472 0.0124 0.6898 0.0881 0.0516
−0.70 0.4520 0.0518 0.0109 0.1427 0.1039 0.0551
−0.50 0.2940 0.0344 0.0328 0.0923 0.0560 0.0069
−0.30 0.4188 0.0463 0.0480 0.1845 0.0628 0.0726
−0.10 0.4092 0.0637 0.1648 0.4586 0.0967 0.1984

0.10 0.5067 0.0680 0.1707 0.6058 0.1006 0.3092
0.30 0.5645 0.0785 0.2131 0.8173 0.1171 0.2532
0.50 0.6336 0.0667 0.2332 0.8001 0.1057 0.2685
0.70 0.7690 0.0975 0.1994 0.9099 0.1392 0.2791
0.90 0.3149 0.2134 0.1585 −0.2335 0.2938 0.1111
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W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5258 0.0384 0.3173 0.3368 0.0341 0.2113 0.2542 0.0326 0.1675 0.3206 0.0296 0.1550
−0.70 2.9746 0.0808 0.3834 2.4087 0.0641 0.2365 1.7865 0.0570 0.1900 1.1394 0.0475 0.1709
−0.50 6.0560 0.0720 0.0224 4.1494 0.0602 0.0226 3.3113 0.0546 0.0626 2.4530 0.0470 0.1085
−0.30 7.4801 0.0823 0.0691 5.5686 0.0696 0.1058 4.5225 0.0640 0.0604 3.6751 0.0560 0.1127
−0.10 8.0470 0.0814 0.2827 6.6918 0.0704 0.1211 5.2249 0.0641 0.0239 4.3142 0.0569 0.0931

0.10 7.6024 0.0838 0.5419 6.6669 0.0706 0.1879 5.1199 0.0636 0.0709 4.6838 0.0568 0.0233
0.30 5.8595 0.0995 0.8532 5.0449 0.0759 0.4738 4.2319 0.0636 0.2438 3.4211 0.0537 0.0956
0.50 4.0624 0.2306 1.1831 2.6923 0.1439 0.6033 2.8762 0.0969 0.3159 2.3475 0.0705 0.1171
0.70 0.3231 2.3557 1.6845 −4.6715 1.6215 5.2538 −1.9297 0.6734 1.8995 0.5329 0.3124 0.3953
0.90 21.7398 10.1669 8.4629 −1.0519 4.6923 5.4980 −5.5479 9.3648 5.9314 7.3481 6.7278 5.3952

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1861 0.0289 0.1139 0.2158 0.0304 0.0805 0.1917 0.0299 0.0796 0.0627 0.0295 0.0535
−0.70 0.8508 0.0439 0.0752 0.7565 0.0418 0.0630 0.3771 0.0383 0.0466 0.4409 0.0354 0.0186
−0.50 1.9618 0.0435 0.0333 1.3384 0.0423 0.0422 1.1643 0.0384 0.0434 1.0943 0.0354 0.0069
−0.30 3.0049 0.0517 0.0748 2.3695 0.0502 0.0510 2.1261 0.0466 0.0371 1.8855 0.0437 0.0213
−0.10 3.3212 0.0530 0.0142 2.9519 0.0519 0.0098 2.4982 0.0478 0.0293 2.2825 0.0445 0.0423

0.10 3.3878 0.0527 0.0685 2.9118 0.0517 0.0762 2.4114 0.0477 0.0175 2.4493 0.0448 0.0304
0.30 2.7736 0.0491 0.1177 2.3351 0.0475 0.1118 2.1246 0.0438 0.0734 1.8080 0.0409 0.0344
0.50 1.7952 0.0567 0.1011 1.3192 0.0510 0.1224 1.4369 0.0434 0.0553 1.4348 0.0394 0.0632
0.70 0.9008 0.1886 0.0953 0.3036 0.1714 0.2323 0.2569 0.1068 0.0968 0.7234 0.0806 0.0703
0.90 2.4815 1.8127 0.5330 −1.3310 1.7157 0.1181 −4.7614 1.7463 0.6554 3.6586 0.9149 0.5625

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0195 0.0293 0.0542 0.1263 0.0311 0.0406 0.3109 0.0334 0.0058 0.4503 0.0345 0.0152
−0.70 0.4516 0.0335 0.0096 0.4466 0.0350 0.0255 0.7517 0.0359 0.0579 1.1639 0.0357 0.0252
−0.50 1.2500 0.0341 0.0213 1.2002 0.0352 0.0376 1.5034 0.0360 0.0677 1.6828 0.0356 0.0354
−0.30 1.7937 0.0421 0.0140 2.1412 0.0434 0.0290 2.3269 0.0442 0.0478 2.5514 0.0429 0.0420
−0.10 2.4363 0.0433 0.0317 2.5984 0.0450 0.0391 2.7561 0.0461 0.0473 2.8854 0.0442 0.0477

0.10 2.4015 0.0439 0.0031 2.7287 0.0464 0.0248 3.0506 0.0473 0.0107 2.9934 0.0459 0.0520
0.30 2.1409 0.0410 0.0885 2.3162 0.0441 0.0958 2.4803 0.0461 0.1395 2.6987 0.0451 0.0948
0.50 1.3839 0.0397 0.1163 1.9092 0.0423 0.0832 1.9426 0.0445 0.0756 2.0598 0.0436 0.0268
0.70 0.9849 0.0696 0.1092 0.7699 0.0674 0.1251 1.2513 0.0638 0.0370 1.2423 0.0593 0.0553
0.90 4.1101 0.7155 0.9214 −4.3890 3.4171 3.7203 −0.1430 2.1164 0.9383 −0.5947 0.5017 0.1265

W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8354 0.0351 0.0128 0.9289 0.0356 0.0212 1.1462 0.0360 0.0028 1.1937 0.0363 0.0309
−0.70 1.2550 0.0356 0.0325 1.5925 0.0353 0.0416 1.8236 0.0358 0.0461 1.9872 0.0361 0.0787
−0.50 1.9187 0.0347 0.0303 1.8678 0.0332 0.0117 2.0386 0.0327 0.0072 2.1026 0.0325 0.0303
−0.30 2.2494 0.0412 0.0542 2.2263 0.0391 0.0469 2.1142 0.0377 0.0497 2.0308 0.0366 0.0260
−0.10 2.7433 0.0416 0.0509 2.3795 0.0388 0.0529 2.2034 0.0370 0.0282 1.9530 0.0352 0.0241

0.10 2.6745 0.0432 0.1490 2.2433 0.0406 0.0628 1.9312 0.0385 0.0489 1.6321 0.0357 0.0714
0.30 2.3188 0.0418 0.0587 1.9179 0.0386 0.0699 1.4097 0.0366 0.0117 1.0384 0.0342 0.0102
0.50 1.7397 0.0410 0.0152 1.2244 0.0376 0.0547 0.7278 0.0355 0.0132 0.5829 0.0339 0.0421
0.70 0.9198 0.0528 0.0405 0.5764 0.0461 0.0309 0.4384 0.0429 0.0209 0.2016 0.0416 0.0731
0.90 1.0244 0.3975 0.0632 −3.2466 8.4067 4.9497 1.1945 0.2945 0.1290 −1.1940 0.6141 0.8846

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.6914 0.0359 0.0727 1.8275 0.0356 0.0516 1.9199 0.0349 0.0879 2.0571 0.0339 0.1348
−0.70 2.1207 0.0357 0.1319 2.5686 0.0352 0.1191 2.7261 0.0343 0.1868 2.6683 0.0328 0.1695
−0.50 2.2450 0.0317 0.0324 2.6092 0.0320 0.0830 2.8494 0.0318 0.0685 2.6787 0.0310 0.0325
−0.30 2.2302 0.0351 0.0247 2.1656 0.0341 0.0081 2.3618 0.0328 0.0293 2.1960 0.0313 0.0506
−0.10 1.6764 0.0327 0.0351 1.8234 0.0315 0.0121 1.6800 0.0296 0.0359 1.5992 0.0278 0.0459

0.10 1.4214 0.0335 0.0186 1.4019 0.0317 0.0474 1.2897 0.0301 0.0076 1.1832 0.0287 0.0473
0.30 0.8752 0.0315 0.0200 0.9754 0.0305 0.0230 1.0523 0.0292 0.0125 1.2454 0.0284 0.0445
0.50 0.5470 0.0322 0.0631 0.8479 0.0314 0.0449 1.0728 0.0319 0.0734 1.6022 0.0321 0.0542
0.70 0.6501 0.0401 0.0844 1.0175 0.0396 0.0216 1.6901 0.0411 0.0737 1.8710 0.0423 0.0922
0.90 0.3156 0.5994 0.3504 0.1305 0.6427 2.0748 1.0229 0.4510 0.8163 0.8212 0.1887 0.3022

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.7124 0.0330 0.0318 1.6011 0.0328 0.0613 1.3036 0.0319 0.0516 1.0351 0.0299 0.0266
−0.70 2.4888 0.0316 0.0798 2.2169 0.0306 0.0594 1.6443 0.0283 0.0220 1.3164 0.0264 0.0517
−0.50 2.5970 0.0305 0.0366 2.3141 0.0304 0.0533 1.9637 0.0297 0.0831 1.3907 0.0281 0.0448
−0.30 2.0029 0.0303 0.0913 1.6922 0.0294 0.1310 1.1004 0.0285 0.0727 0.9412 0.0271 0.0674
−0.10 1.4304 0.0264 0.1331 1.0185 0.0262 0.0555 0.9034 0.0257 0.0559 0.7727 0.0250 0.0436

0.10 1.0736 0.0283 0.0626 0.8686 0.0283 0.0497 0.6907 0.0279 0.0660 0.7384 0.0275 0.0291
0.30 1.2542 0.0292 0.0443 1.0987 0.0294 0.0743 0.9239 0.0299 0.0536 0.7750 0.0292 0.0392
0.50 1.4909 0.0332 0.0267 1.4808 0.0339 0.0494 1.2633 0.0339 0.0717 1.0547 0.0333 0.0655
0.70 2.0784 0.0429 0.0082 1.9473 0.0433 0.0261 1.4176 0.0433 0.0624 0.9927 0.0420 0.0336
0.90 0.8592 0.1541 0.1761 1.2406 0.1252 0.0504 0.4461 0.1078 0.0588 0.3726 0.6149 0.3452
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W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8772 0.0282 0.0740 0.7420 0.0277 0.0679 0.7027 0.0292 0.0976 0.8072 0.0314 0.1019
−0.70 1.0196 0.0249 0.1144 0.8831 0.0243 0.0988 0.9922 0.0249 0.1100 0.8947 0.0264 0.0803
−0.50 1.0891 0.0263 0.0097 0.9294 0.0256 0.0034 0.8571 0.0261 0.0064 0.7228 0.0276 0.0260
−0.30 0.7970 0.0254 0.0276 0.6838 0.0250 0.0269 0.6419 0.0268 0.0140 0.7110 0.0310 0.0253
−0.10 0.5521 0.0240 0.0049 0.6093 0.0232 0.0145 0.6030 0.0250 0.0186 0.7777 0.0278 0.0280

0.10 0.4810 0.0264 0.0078 0.5463 0.0264 0.0115 0.5784 0.0286 0.0292 0.6739 0.0323 0.0089
0.30 0.7414 0.0277 0.0142 0.6052 0.0270 0.0065 0.5357 0.0279 0.0207 0.6197 0.0308 0.0135
0.50 0.7747 0.0310 0.0399 0.6462 0.0310 0.0523 0.6090 0.0316 0.0219 0.6073 0.0337 0.0175
0.70 0.9026 0.0391 0.0128 0.7931 0.0394 0.0709 0.7647 0.0408 0.0544 0.7413 0.0469 0.0855
0.90 1.3532 0.0938 0.0246 0.7394 0.0951 0.1967 0.9219 0.1203 0.3876 0.6653 0.1073 0.1589

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9117 0.0340 0.0745 0.9486 0.0360 0.0683 0.6958 0.0368 0.0941 0.9185 0.0390 0.0508
−0.70 1.1151 0.0286 0.0415 1.1130 0.0316 0.1131 0.9822 0.0339 0.0836 1.0410 0.0381 0.0407
−0.50 0.8416 0.0301 0.0071 0.5821 0.0305 0.0401 0.5117 0.0296 0.0009 0.5813 0.0293 0.0950
−0.30 0.8034 0.0341 0.0185 0.6757 0.0374 0.0272 0.5947 0.0394 0.0727 0.4213 0.0418 0.0479
−0.10 0.7318 0.0327 0.0181 0.7699 0.0366 0.0211 1.0546 0.0427 0.0093 0.9487 0.0498 0.0950

0.10 0.9622 0.0390 0.0240 1.0909 0.0436 0.1216 1.0447 0.0502 0.1049 1.0534 0.0559 0.2066
0.30 0.6406 0.0350 0.0239 0.6898 0.0408 0.0739 0.6453 0.0496 0.0754 0.8128 0.0600 0.1571
0.50 0.6165 0.0364 0.0617 0.6265 0.0412 0.0735 0.7952 0.0456 0.1904 0.4140 0.0518 0.1755
0.70 0.8844 0.0521 0.0554 0.8780 0.0582 0.0554 1.0000 0.0683 0.0205 1.1684 0.0754 0.2623
0.90 0.6724 0.1194 0.0942 1.0931 0.1418 0.2109 1.5660 0.1455 0.2273 1.2970 0.1588 0.1310

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7756 0.0472 0.0121 1.1811 0.0888 0.0282
−0.70 0.9979 0.0525 0.0173 1.3012 0.1057 0.1007
−0.50 0.4882 0.0348 0.0456 0.6161 0.0567 0.0196
−0.30 0.4208 0.0464 0.0549 0.7027 0.0634 0.1095
−0.10 1.0454 0.0643 0.2407 0.9828 0.0974 0.2616

0.10 0.9132 0.0684 0.2242 1.1304 0.1012 0.3776
0.30 0.8094 0.0787 0.2501 0.6402 0.1170 0.2465
0.50 0.5564 0.0666 0.2215 0.5501 0.1053 0.2555
0.70 1.2682 0.0980 0.2566 1.4865 0.1400 0.3472
0.90 1.6376 0.2153 0.2381 2.1705 0.2988 0.2188

E.2.3 Observables for γd→ π0n(p) as a Function of Eγ

Eγ ∆Eγ E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

433.0 11.0 −0.4931 0.0131 0.0620 51.5809 1.2414 7.7506 151.7067 1.2436 17.4853
455.0 11.0 −0.4769 0.0120 0.0618 34.1676 0.7337 5.3145 96.2834 0.7350 11.1939
477.0 11.0 −0.4363 0.0125 0.0490 33.2094 0.6870 3.7704 84.3681 0.6883 9.2917
499.0 11.0 −0.3925 0.0114 0.0463 30.6976 0.5455 3.8220 70.2584 0.5465 7.9225
521.0 11.0 −0.3448 0.0141 0.0399 28.6140 0.5819 3.3323 58.6086 0.5829 6.4926
543.0 11.0 −0.3233 0.0127 0.0374 25.4720 0.4528 2.9420 49.7326 0.4536 5.5067
565.0 11.0 −0.2900 0.0132 0.0336 23.4230 0.4162 2.7478 42.5089 0.4169 4.7637
587.0 11.0 −0.2352 0.0155 0.0282 22.3501 0.4332 2.5544 35.9967 0.4339 3.9736
609.0 11.0 −0.1868 0.0151 0.0218 21.2709 0.3811 2.4241 31.0144 0.3816 3.4521
631.0 11.0 −0.2128 0.0173 0.0249 18.7031 0.3952 2.2402 28.8296 0.3958 3.3223
653.0 11.0 −0.1683 0.0136 0.0222 19.0717 0.2997 2.1795 26.6924 0.3002 2.9444
675.0 11.0 −0.1309 0.0135 0.0169 19.7059 0.2951 2.1924 25.5626 0.2955 2.8139
697.0 11.0 −0.0590 0.0132 0.0105 21.1716 0.2877 2.4170 23.7662 0.2879 2.6385
719.0 11.0 0.0170 0.0136 0.0062 23.1485 0.3036 2.8671 22.3159 0.3036 2.6634
741.0 11.0 −0.0238 0.0133 0.0063 22.5601 0.2999 2.7109 23.6206 0.3001 2.7486
763.0 11.0 −0.0025 0.0124 0.0047 22.6828 0.2751 2.7650 22.7546 0.2752 2.6903
785.0 11.0 0.0393 0.0140 0.0063 22.5737 0.2965 2.7001 20.8204 0.2965 2.4381
807.0 11.0 0.0778 0.0136 0.0097 21.5406 0.2660 2.6391 18.3802 0.2658 2.2103
829.0 11.0 0.1633 0.0134 0.0188 21.4448 0.2420 2.5293 15.3676 0.2417 1.7848
851.0 11.0 0.0647 0.0155 0.0089 17.5953 0.2505 2.1357 15.4114 0.2503 1.8238
873.0 11.0 0.0420 0.0164 0.0097 15.6533 0.2422 2.0158 14.3336 0.2422 1.7605
895.0 11.0 0.1281 0.0177 0.0144 15.4158 0.2374 1.7583 11.8949 0.2371 1.3560
917.0 11.0 0.0723 0.0161 0.0086 13.8478 0.2042 1.6044 11.9587 0.2041 1.3695
939.0 11.0 0.0695 0.0187 0.0079 12.8994 0.2217 1.4916 11.2123 0.2215 1.2968
961.0 11.0 −0.0671 0.0201 0.0124 10.7605 0.2280 1.2526 12.2761 0.2282 1.3795
983.0 11.0 0.0211 0.0171 0.0038 11.3574 0.1880 1.2754 10.8753 0.1879 1.2102

1005.0 11.0 −0.1015 0.0172 0.0128 9.5257 0.1789 1.0847 11.6629 0.1792 1.3003
1027.0 11.0 −0.1501 0.0181 0.0177 8.6252 0.1813 1.0144 11.6794 0.1816 1.3404
1049.0 11.0 −0.1739 0.0192 0.0222 7.9991 0.1828 0.9855 11.3674 0.1832 1.3252
1071.0 11.0 −0.2279 0.0207 0.0286 6.9702 0.1833 0.8390 11.0725 0.1839 1.2531
1093.0 11.0 −0.1748 0.0208 0.0239 6.8266 0.1698 0.8876 9.7163 0.1702 1.1619
1115.0 11.0 −0.0336 0.0296 0.0100 7.6247 0.2296 0.9088 8.1319 0.2298 0.9295
1137.0 11.0 −0.2175 0.0282 0.0312 5.6762 0.2010 0.7702 8.8240 0.2017 1.0700
1159.0 11.0 −0.0919 0.0244 0.0107 6.2648 0.1665 0.7015 7.5286 0.1668 0.8357
1181.0 11.0 −0.0917 0.0245 0.0118 6.0227 0.1606 0.6663 7.2240 0.1609 0.7947
1203.0 11.0 −0.1803 0.0281 0.0252 5.0517 0.1705 0.6537 7.2677 0.1711 0.8610
1225.0 11.0 −0.0348 0.0260 0.0039 6.0200 0.1599 0.6747 6.4530 0.1601 0.7223
1247.0 11.0 −0.0823 0.0292 0.0092 5.6523 0.1803 0.6232 6.6669 0.1807 0.7346
1269.0 11.0 −0.1483 0.0291 0.0183 5.0853 0.1711 0.5641 6.8354 0.1717 0.7535
1291.0 11.0 −0.1326 0.0351 0.0182 5.1165 0.2054 0.6059 6.6703 0.2059 0.7565
1313.0 11.0 −0.0959 0.0287 0.0106 5.5214 0.1729 0.6080 6.6924 0.1733 0.7368
1335.0 11.0 −0.1988 0.0386 0.0277 4.6111 0.2203 0.6411 6.9027 0.2211 0.8617
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E.2.4 Observables for γd→ π0n(p) as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1321.0 9.0 −0.4720 0.0117 0.0567 32.4622 0.6739 4.4131 90.4432 0.6752 10.3162
1339.0 9.0 −0.3897 0.0118 0.0458 30.7924 0.5634 3.7669 69.9964 0.5644 7.8354
1357.0 9.0 −0.3909 0.0125 0.0455 25.7982 0.5023 3.2144 58.9414 0.5033 6.7191
1375.0 9.0 −0.3459 0.0123 0.0390 24.3244 0.4313 2.7164 49.8301 0.4323 5.5006
1393.0 9.0 −0.3036 0.0129 0.0342 21.9263 0.3867 2.4665 40.9846 0.3874 4.5232
1411.0 9.0 −0.2230 0.0143 0.0270 20.9599 0.3708 2.5161 32.9666 0.3713 3.7492
1429.0 9.0 −0.1618 0.0142 0.0191 20.4403 0.3326 2.3275 28.2961 0.3330 3.1496
1447.0 9.0 −0.1487 0.0134 0.0190 19.6172 0.2972 2.2513 26.4148 0.2976 2.9322
1465.0 9.0 −0.1016 0.0126 0.0138 20.2147 0.2751 2.3411 24.7443 0.2754 2.7745
1483.0 9.0 −0.0213 0.0120 0.0082 22.7699 0.2704 2.6357 23.6990 0.2706 2.6540
1501.0 9.0 −0.0708 0.0113 0.0119 22.6804 0.2688 2.8518 26.0955 0.2691 3.1099
1519.0 9.0 0.0301 0.0114 0.0055 23.5715 0.2546 2.7962 22.1492 0.2546 2.5704
1537.0 9.0 0.1143 0.0117 0.0132 23.3798 0.2384 2.6567 18.5403 0.2381 2.0901
1555.0 9.0 0.0819 0.0125 0.0110 19.7627 0.2227 2.2758 16.7212 0.2225 1.8879
1573.0 9.0 0.0641 0.0137 0.0103 16.7831 0.2125 1.9650 14.7113 0.2123 1.6779
1591.0 9.0 0.0931 0.0152 0.0121 14.9410 0.2045 1.9455 12.3452 0.2044 1.5663
1609.0 9.0 0.0834 0.0160 0.0108 12.9880 0.1887 1.5601 10.9543 0.1885 1.2835
1627.0 9.0 0.0373 0.0155 0.0068 11.9346 0.1750 1.3232 11.0559 0.1749 1.2166
1645.0 9.0 −0.0641 0.0161 0.0110 9.8182 0.1667 1.2292 11.1471 0.1668 1.3276
1663.0 9.0 −0.0194 0.0156 0.0034 9.9469 0.1559 1.1278 10.3334 0.1560 1.1602
1681.0 9.0 −0.1852 0.0161 0.0209 7.8071 0.1507 0.8636 11.3417 0.1512 1.2480
1699.0 9.0 −0.2176 0.0177 0.0250 6.8143 0.1504 0.7621 10.5926 0.1510 1.1703
1717.0 9.0 −0.1784 0.0193 0.0204 6.5649 0.1501 0.7544 9.3830 0.1506 1.0768
1735.0 9.0 −0.1797 0.0211 0.0201 5.9114 0.1482 0.6628 8.4812 0.1487 0.9460
1753.0 9.0 −0.1421 0.0231 0.0181 5.3344 0.1421 0.6502 7.1021 0.1424 0.8287
1771.0 9.0 −0.0305 0.0246 0.0074 5.5244 0.1393 0.7265 5.8624 0.1395 0.7369
1789.0 9.0 −0.0915 0.0258 0.0117 5.1596 0.1457 0.6844 6.2125 0.1460 0.8105
1807.0 9.0 −0.1186 0.0251 0.0136 5.4700 0.1534 0.6034 6.9305 0.1539 0.7638
1825.0 9.0 −0.1863 0.0278 0.0223 5.2257 0.1753 0.6039 7.6123 0.1761 0.8512
1843.0 9.0 −0.2051 0.0290 0.0233 5.4329 0.1930 0.6284 8.2114 0.1940 0.9332
1861.0 9.0 −0.0953 0.0317 0.0132 6.1353 0.2085 0.8091 7.4133 0.2090 0.9369
1879.0 9.0 −0.2416 0.0353 0.0389 5.1714 0.2249 0.9689 8.3472 0.2265 1.3729
1897.0 9.0 −0.0552 0.0448 0.0117 6.1212 0.2668 1.3708 6.8010 0.2674 1.4745
1915.0 9.0 −0.3379 0.0637 0.0861 4.5887 0.3815 1.5665 8.8358 0.3847 2.2007

Angular Distributions

W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.3810 0.2681 0.3097 0.2654 0.1837 0.1841 0.1879 0.1567 0.1147 0.0509 0.1245 0.0487
−0.70 −0.6239 0.0497 0.1256 −0.3804 0.0471 0.0610 −0.0593 0.0473 0.0166 −0.1468 0.0460 0.0203
−0.50 −0.5012 0.0277 0.0116 −0.3815 0.0277 0.0095 −0.4016 0.0296 0.0106 −0.3325 0.0292 0.0069
−0.30 −0.4593 0.0254 0.0250 −0.3538 0.0262 0.0164 −0.5381 0.0284 0.0284 −0.5813 0.0287 0.0163
−0.10 −0.4962 0.0254 0.0281 −0.5086 0.0265 0.0268 −0.5648 0.0283 0.0306 −0.3782 0.0273 0.0120

0.10 −0.5404 0.0289 0.0436 −0.4858 0.0297 0.0397 −0.4351 0.0310 0.0337 −0.3799 0.0313 0.0257
0.30 −0.3965 0.0359 0.0573 −0.2511 0.0339 0.0168 −0.3159 0.0364 0.0240 −0.2256 0.0354 0.0201
0.50 −0.4746 0.0554 0.0877 −0.2466 0.0502 0.0355 −0.1663 0.0544 0.0251 −0.2325 0.0493 0.0247
0.70 0.4099 0.1300 0.0828 −0.5753 0.1399 0.1368 0.2751 0.1212 0.0418 0.0768 0.1126 0.0065
0.90 1.7075 1.6029 0.4123 −3.0568 1.3192 0.7355 0.7801 0.8228 0.1271 −0.5989 0.7614 0.0703

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.1423 0.1085 0.0773 0.8133 0.1062 0.2592 0.4862 0.0950 0.0894 0.5733 0.0806 0.1033
−0.70 −0.0939 0.0462 0.0081 −0.0656 0.0513 0.0132 0.1751 0.0502 0.0148 0.1022 0.0495 0.0055
−0.50 −0.3998 0.0312 0.0030 −0.2812 0.0330 0.0081 −0.2561 0.0336 0.0042 −0.0253 0.0316 0.0058
−0.30 −0.3728 0.0294 0.0065 −0.3237 0.0329 0.0211 −0.3281 0.0331 0.0214 −0.2083 0.0303 0.0067
−0.10 −0.3283 0.0293 0.0116 −0.3879 0.0329 0.0223 −0.1138 0.0318 0.0046 −0.3276 0.0310 0.0252

0.10 −0.2829 0.0327 0.0236 −0.2112 0.0364 0.0218 −0.3243 0.0368 0.0182 −0.2423 0.0335 0.0133
0.30 −0.4041 0.0382 0.0285 −0.1624 0.0428 0.0253 −0.1289 0.0414 0.0046 −0.2892 0.0407 0.0271
0.50 −0.1215 0.0521 0.0114 −0.1358 0.0658 0.0187 −0.1041 0.0615 0.0198 −0.1140 0.0562 0.0237
0.70 −0.1087 0.1282 0.0386 0.1567 0.1426 0.0250 0.3832 0.1157 0.0044 0.1730 0.1101 0.0146
0.90 −0.2073 1.0956 0.1036 −1.8128 0.8205 0.0673 −0.8998 0.7946 0.0577 2.1255 5.1106 1.1161

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.4828 0.0702 0.0512 0.5012 0.0625 0.0525 0.8559 0.0584 0.0466 0.9734 0.0601 0.0977
−0.70 0.1817 0.0465 0.0048 0.3239 0.0419 0.0236 0.3814 0.0385 0.0206 0.6036 0.0426 0.0075
−0.50 −0.0202 0.0294 0.0034 0.1476 0.0297 0.0104 0.1538 0.0288 0.0042 0.1560 0.0297 0.0103
−0.30 −0.2672 0.0294 0.0198 −0.1216 0.0286 0.0131 −0.2255 0.0276 0.0174 0.0127 0.0284 0.0056
−0.10 −0.2033 0.0292 0.0149 −0.1188 0.0284 0.0158 −0.2750 0.0278 0.0234 −0.1886 0.0280 0.0197

0.10 −0.2576 0.0321 0.0204 −0.2281 0.0304 0.0112 −0.2497 0.0302 0.0231 −0.2568 0.0299 0.0213
0.30 −0.0823 0.0394 0.0116 −0.1347 0.0362 0.0080 −0.2781 0.0321 0.0168 −0.1624 0.0322 0.0111
0.50 −0.1323 0.0520 0.0312 0.0738 0.0460 0.0077 −0.2357 0.0419 0.0242 −0.1779 0.0394 0.0157
0.70 0.3377 0.0951 0.0135 −0.1541 0.0781 0.0110 0.5194 0.0781 0.0902 0.4282 0.0649 0.0131
0.90 2.3521 1.0893 0.4074 0.3839 0.5385 0.1328 −0.9918 0.3300 0.0576 0.6446 0.2937 0.1079
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W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.9477 0.0605 0.0965 0.8092 0.0650 0.0635 0.9479 0.0715 0.1097 0.4246 0.0775 0.0410
−0.70 0.5649 0.0412 0.0281 0.4391 0.0445 0.0197 0.2170 0.0495 0.0218 0.2414 0.0545 0.0246
−0.50 0.2212 0.0295 0.0122 0.2417 0.0326 0.0090 0.2535 0.0347 0.0096 0.1496 0.0382 0.0112
−0.30 0.1671 0.0298 0.0048 −0.0019 0.0304 0.0054 −0.1032 0.0345 0.0123 0.0184 0.0372 0.0143
−0.10 −0.1489 0.0281 0.0155 −0.1424 0.0300 0.0095 −0.1623 0.0316 0.0113 −0.0835 0.0359 0.0174

0.10 −0.1676 0.0308 0.0153 −0.1202 0.0320 0.0148 −0.2120 0.0368 0.0210 −0.1607 0.0397 0.0233
0.30 −0.1173 0.0323 0.0053 −0.0619 0.0352 0.0065 −0.0461 0.0430 0.0179 0.1581 0.0477 0.0139
0.50 0.0477 0.0423 0.0080 0.0020 0.0442 0.0065 0.2786 0.0505 0.0193 0.3092 0.0579 0.0407
0.70 0.5152 0.0697 0.0496 0.6707 0.0806 0.0715 0.5832 0.0724 0.0427 0.5639 0.0790 0.0743
0.90 3.4063 1.1947 1.2461 1.1759 0.3731 0.1003 0.6065 0.2560 0.0707 0.4736 0.4568 0.2079

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.4903 0.0814 0.1081 0.5336 0.0970 0.0634 0.1259 0.0817 0.0360 −0.0142 0.0841 0.0097
−0.70 −0.2267 0.0596 0.0149 0.1301 0.0600 0.0125 −0.4780 0.0659 0.0342 −0.2771 0.0567 0.0158
−0.50 0.1334 0.0383 0.0032 −0.0134 0.0373 0.0096 −0.2380 0.0405 0.0237 −0.3109 0.0391 0.0108
−0.30 −0.1225 0.0394 0.0229 −0.1922 0.0356 0.0070 −0.2223 0.0403 0.0253 −0.1253 0.0385 0.0043
−0.10 −0.0402 0.0392 0.0094 −0.3229 0.0390 0.0271 −0.1015 0.0403 0.0047 −0.1258 0.0443 0.0100

0.10 −0.0426 0.0441 0.0108 −0.1007 0.0494 0.0195 0.0121 0.0499 0.0145 0.0388 0.0518 0.0163
0.30 0.3837 0.0543 0.0249 0.3316 0.0506 0.0065 0.0190 0.0566 0.0083 0.2132 0.0531 0.0124
0.50 0.3483 0.0581 0.0333 0.3619 0.0465 0.0198 0.2684 0.0458 0.0130 0.3870 0.0436 0.0325
0.70 0.4619 0.0664 0.0361 0.4480 0.0598 0.0362 0.2003 0.0516 0.0124 0.2446 0.0465 0.0181
0.90 −0.4289 0.4061 0.2464 1.8499 0.7337 0.7930 0.9072 0.3582 0.4021 0.3705 0.1442 0.0440

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.1521 0.0766 0.0314 −0.1776 0.0784 0.0118 −0.1585 0.0755 0.0132 0.1501 0.0736 0.0144
−0.70 −0.4378 0.0571 0.0300 −0.4676 0.0598 0.0329 −0.6861 0.0656 0.0242 −0.3608 0.0671 0.0017
−0.50 −0.3883 0.0389 0.0122 −0.6400 0.0486 0.0098 −0.6099 0.0520 0.0182 −0.4848 0.0595 0.0049
−0.30 −0.3928 0.0437 0.0052 −0.5859 0.0515 0.0268 −0.3256 0.0581 0.0016 −0.5693 0.0676 0.0340
−0.10 −0.4571 0.0510 0.0300 −0.3987 0.0567 0.0173 −0.1871 0.0637 0.0120 −0.6314 0.0730 0.0197

0.10 −0.1414 0.0552 0.0085 0.0193 0.0677 0.0014 −0.1482 0.0686 0.0128 −0.3581 0.0736 0.0424
0.30 0.2054 0.0524 0.0107 0.2417 0.0539 0.0111 0.1246 0.0599 0.0047 0.5165 0.0643 0.0246
0.50 0.0810 0.0410 0.0049 0.1469 0.0423 0.0018 0.2693 0.0489 0.0041 0.1318 0.0512 0.0127
0.70 0.0877 0.0504 0.0082 0.1829 0.0504 0.0187 0.1478 0.0537 0.0167 0.1090 0.0682 0.0055
0.90 0.0120 0.1478 0.0041 −0.0942 0.1320 0.0093 −0.3118 0.1685 0.0574 0.2728 0.1976 0.0131

W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.1811 0.0716 0.0050 0.0817 0.0619 0.0092 0.3536 0.0654 0.0092 0.3469 0.0660 0.0041
−0.70 −0.5200 0.0711 0.0279 −0.2744 0.0655 0.0144 −0.3426 0.0788 0.0577 −0.2414 0.0601 0.0155
−0.50 −0.4901 0.0633 0.0116 −0.5183 0.0721 0.0441 −0.7318 0.0696 0.0189 −0.5814 0.0751 0.0123
−0.30 −0.5232 0.0715 0.0154 −0.2644 0.0789 0.0336 −0.5094 0.0882 0.0545 −0.5590 0.0910 0.0676
−0.10 −0.2473 0.0729 0.0039 −0.0032 0.0852 0.0125 −0.0998 0.0852 0.0131 0.0130 0.0768 0.0024

0.10 0.1204 0.0843 0.0083 −0.0201 0.1081 0.0196 0.2063 0.0974 0.0401 −0.0822 0.0917 0.0146
0.30 0.3659 0.0734 0.0363 0.4745 0.0788 0.0316 0.5647 0.0893 0.0324 0.3948 0.0926 0.0216
0.50 0.2197 0.0600 0.0046 0.3880 0.0699 0.0144 0.2046 0.0872 0.0255 0.3028 0.0836 0.0012
0.70 −0.2518 0.0876 0.0590 0.1271 0.0846 0.0131 −0.2444 0.0782 0.0111 −0.4091 0.0828 0.0119
0.90 0.1683 0.2151 0.0626 −0.6935 0.2105 0.0737 0.6110 0.2223 0.0602 −0.1941 0.1570 0.0264

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.0708 0.0587 0.0082 −0.0441 0.0652 0.0093 0.0814 0.0648 0.0084 −0.0792 0.0749 0.0079
−0.70 −0.5870 0.0706 0.0833 −0.3224 0.0679 0.0143 −0.3088 0.0745 0.0264 −0.7212 0.0874 0.0147
−0.50 −0.4750 0.0771 0.0245 −0.2036 0.0707 0.0223 −0.3509 0.0810 0.0256 −0.4937 0.0958 0.0375
−0.30 −0.4014 0.0949 0.0270 −0.5331 0.1406 0.1043 −0.3248 0.1020 0.0455 −0.3169 0.1174 0.0612
−0.10 −0.0250 0.1067 0.0059 −0.6213 0.1030 0.0233 0.2275 0.1357 0.0627 −0.2688 0.1127 0.0330

0.10 −0.1263 0.0976 0.0061 0.2047 0.1038 0.0368 −0.0175 0.1367 0.0026 0.3259 0.1566 0.0366
0.30 0.3080 0.1080 0.0062 −0.1171 0.1113 0.0232 0.1198 0.1311 0.0297 −0.4317 0.1825 0.1387
0.50 0.0706 0.0988 0.0049 0.1126 0.1104 0.0207 −0.1361 0.1285 0.0352 0.0120 0.1531 0.0091
0.70 −0.0621 0.0984 0.0099 −0.1914 0.0945 0.0192 0.2799 0.1033 0.0301 −0.1028 0.1091 0.0206
0.90 −1.6373 0.5375 0.5435 −0.3682 0.2534 0.0888 −0.4470 0.2098 0.0412 0.4300 0.2040 0.0486

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.2554 0.0967 0.0168 0.1392 0.1437 0.0372
−0.70 −0.0700 0.1082 0.0069 0.0605 0.1493 0.0224
−0.50 −0.4054 0.1191 0.0223 −0.8401 0.1644 0.1402
−0.30 0.1546 0.1454 0.0420 0.3614 0.2007 0.1013
−0.10 −0.2321 0.1558 0.0121 −1.1342 0.2796 0.0900

0.10 −0.1409 0.1768 0.0621 −0.5506 0.2156 0.1973
0.30 −1.0517 0.2611 0.4056 −0.1066 0.3390 0.0462
0.50 0.7164 0.2234 0.3752 −0.8871 0.3666 0.4466
0.70 −0.2068 0.1474 0.0667 −0.7511 0.2078 0.2202
0.90 0.1580 0.2366 0.0593 0.1623 0.3035 0.0234
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W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8842 0.0903 0.5709 0.8895 0.0796 0.5032 0.8679 0.0765 0.4406 0.7928 0.0704 0.3255
−0.70 1.3654 0.1450 0.6389 1.6953 0.1139 0.4140 2.1688 0.1020 0.2586 1.7578 0.0867 0.2722
−0.50 2.3095 0.1186 0.0756 2.3638 0.1000 0.0745 1.9328 0.0903 0.0788 1.8822 0.0776 0.0516
−0.30 3.0892 0.1362 0.2786 2.9948 0.1149 0.1611 1.8240 0.1039 0.1784 1.4429 0.0905 0.0647
−0.10 3.1843 0.1508 0.3758 2.5583 0.1289 0.2769 1.8751 0.1126 0.2025 2.3871 0.0983 0.0614

0.10 2.9699 0.1743 0.5322 2.7105 0.1469 0.4139 2.4767 0.1286 0.3340 2.3133 0.1107 0.1996
0.30 3.5548 0.2003 0.8644 3.7374 0.1633 0.3628 2.7673 0.1411 0.3254 2.7123 0.1190 0.2084
0.50 2.3310 0.2285 0.7984 2.8600 0.1835 0.4958 2.5475 0.1611 0.4633 2.1254 0.1310 0.1915
0.70 3.7974 0.3276 0.7205 0.9234 0.2719 0.5100 2.3926 0.2183 0.2998 1.6988 0.1726 0.1661
0.90 5.1145 1.9469 1.4608 −2.9757 1.3104 0.9173 2.2316 0.9120 0.4314 0.4385 0.7456 0.1032

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8584 0.0663 0.2915 1.3574 0.0680 0.3665 1.1332 0.0658 0.1932 1.3424 0.0628 0.1863
−0.70 1.6500 0.0789 0.1572 1.4900 0.0776 0.0925 1.7890 0.0724 0.1393 1.5511 0.0672 0.0145
−0.50 1.4461 0.0709 0.0085 1.5493 0.0676 0.0304 1.4408 0.0621 0.0191 1.7852 0.0560 0.0309
−0.30 1.8509 0.0820 0.0393 1.7139 0.0794 0.1207 1.5310 0.0717 0.1038 1.7278 0.0635 0.0271
−0.10 2.1398 0.0892 0.1096 1.6732 0.0854 0.1515 2.1780 0.0758 0.1181 1.5522 0.0681 0.1268

0.10 2.2624 0.0989 0.2055 2.0978 0.0935 0.2164 1.5837 0.0828 0.1386 1.7040 0.0726 0.0927
0.30 1.7098 0.1037 0.1659 1.9601 0.0969 0.2191 1.8324 0.0844 0.0968 1.3704 0.0754 0.1454
0.50 1.9569 0.1127 0.1697 1.4775 0.1095 0.2616 1.3570 0.0903 0.1262 1.2680 0.0779 0.1089
0.70 1.0826 0.1505 0.2178 1.1847 0.1415 0.2165 1.4052 0.1116 0.0315 1.0542 0.0961 0.1000
0.90 0.4519 0.5788 0.0931 −0.7021 0.5060 0.0655 0.0551 0.4221 0.0397 0.9745 0.7747 0.8103

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.3799 0.0608 0.1079 1.6175 0.0629 0.1287 2.3317 0.0661 0.1029 2.4518 0.0664 0.2317
−0.70 1.6488 0.0626 0.0163 2.0233 0.0611 0.0574 2.2636 0.0601 0.0713 2.3789 0.0589 0.0433
−0.50 1.7639 0.0511 0.0211 2.0340 0.0508 0.0277 2.0446 0.0497 0.0618 1.9074 0.0475 0.0509
−0.30 1.5420 0.0591 0.0702 1.8338 0.0578 0.0529 1.6497 0.0569 0.0966 1.9610 0.0536 0.0784
−0.10 1.7731 0.0629 0.1156 1.9673 0.0614 0.1045 1.6475 0.0611 0.1560 1.7055 0.0573 0.1457

0.10 1.6236 0.0670 0.0661 1.7354 0.0660 0.0851 1.6932 0.0662 0.1845 1.6075 0.0627 0.1421
0.30 1.6712 0.0701 0.1686 1.6789 0.0686 0.1365 1.5678 0.0677 0.1404 1.7048 0.0639 0.1254
0.50 1.2390 0.0721 0.1629 1.6934 0.0711 0.1476 1.3449 0.0716 0.1522 1.4266 0.0665 0.1050
0.70 1.2472 0.0851 0.0436 0.9528 0.0859 0.0859 1.9178 0.0917 0.3037 1.8827 0.0818 0.0745
0.90 2.0380 0.3560 0.5275 0.7516 0.2791 0.1757 0.0233 0.2574 0.0536 1.5398 0.2501 0.1931

W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 2.3112 0.0639 0.2188 1.8942 0.0618 0.1286 1.8284 0.0601 0.1754 1.1190 0.0577 0.0736
−0.70 2.2610 0.0558 0.0885 1.8125 0.0533 0.0495 1.3157 0.0515 0.0648 1.1823 0.0501 0.0480
−0.50 1.9024 0.0445 0.0352 1.6549 0.0422 0.0605 1.5077 0.0405 0.0285 1.2121 0.0395 0.0942
−0.30 2.0331 0.0506 0.0733 1.5811 0.0472 0.0454 1.2158 0.0459 0.0936 1.2482 0.0448 0.1265
−0.10 1.6560 0.0531 0.0856 1.4520 0.0497 0.0755 1.2814 0.0471 0.0486 1.1981 0.0461 0.1176

0.10 1.6203 0.0583 0.0920 1.5140 0.0536 0.0730 1.1276 0.0513 0.1015 1.0236 0.0472 0.0630
0.30 1.6363 0.0584 0.0646 1.4661 0.0539 0.0745 1.1534 0.0510 0.1094 1.1752 0.0475 0.1010
0.50 1.5869 0.0630 0.1551 1.3150 0.0569 0.1077 1.3819 0.0530 0.1160 1.2006 0.0513 0.1853
0.70 1.8300 0.0793 0.2019 1.7032 0.0754 0.2141 1.6207 0.0691 0.1403 1.4274 0.0670 0.2215
0.90 3.2699 0.3873 1.3074 1.5200 0.2140 0.1549 1.3652 0.2036 0.1831 0.9562 0.2514 0.5481

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0903 0.0541 0.2146 0.9311 0.0550 0.1080 0.7870 0.0526 0.1334 0.6392 0.0510 0.0916
−0.70 0.6443 0.0472 0.0553 0.8959 0.0462 0.0451 0.3777 0.0455 0.0416 0.5643 0.0423 0.0438
−0.50 1.1147 0.0369 0.0336 0.9579 0.0355 0.0430 0.6659 0.0347 0.0778 0.5834 0.0323 0.0297
−0.30 0.9509 0.0418 0.1050 0.8979 0.0383 0.0237 0.7428 0.0377 0.0802 0.8073 0.0350 0.0330
−0.10 1.0668 0.0430 0.0974 0.7016 0.0389 0.0601 0.8189 0.0362 0.0342 0.6662 0.0333 0.0389

0.10 0.9515 0.0431 0.0484 0.7349 0.0397 0.0523 0.7310 0.0355 0.0415 0.6506 0.0316 0.0361
0.30 1.1162 0.0422 0.0910 1.0064 0.0370 0.0120 0.6307 0.0346 0.0753 0.7392 0.0318 0.0495
0.50 1.1044 0.0460 0.1294 1.2292 0.0404 0.0432 1.1246 0.0398 0.0688 1.2797 0.0390 0.1088
0.70 1.4509 0.0630 0.1318 1.5608 0.0619 0.1539 1.4004 0.0593 0.1062 1.6146 0.0593 0.1115
0.90 0.4367 0.2497 0.3730 1.9038 0.2917 1.1129 1.4420 0.2052 0.5787 1.4897 0.1530 0.2074

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8541 0.0525 0.1473 0.6215 0.0574 0.0090 0.6813 0.0584 0.0605 0.9621 0.0595 0.0612
−0.70 0.4370 0.0413 0.0518 0.4099 0.0428 0.0532 0.2374 0.0449 0.0260 0.4660 0.0471 0.0034
−0.50 0.5054 0.0306 0.0256 0.2489 0.0314 0.0112 0.2545 0.0311 0.0192 0.2822 0.0311 0.0012
−0.30 0.4742 0.0328 0.0024 0.2756 0.0320 0.0241 0.3700 0.0309 0.0009 0.2036 0.0299 0.0238
−0.10 0.3561 0.0319 0.0398 0.3338 0.0303 0.0209 0.3863 0.0292 0.0265 0.1561 0.0283 0.0090

0.10 0.4735 0.0294 0.0334 0.4508 0.0296 0.0188 0.3645 0.0282 0.0364 0.2619 0.0278 0.0470
0.30 0.7160 0.0305 0.0350 0.7114 0.0304 0.0204 0.5957 0.0313 0.0092 0.7681 0.0311 0.0054
0.50 1.0396 0.0391 0.0624 1.0876 0.0396 0.0129 1.0878 0.0410 0.0047 0.8982 0.0397 0.0411
0.70 1.3613 0.0625 0.1314 1.4673 0.0614 0.0773 1.3337 0.0606 0.0786 1.0123 0.0612 0.0036
0.90 1.0726 0.1556 0.1988 0.9805 0.1385 0.0301 0.6173 0.1440 0.0795 0.9155 0.1392 0.0385
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W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9815 0.0584 0.0140 1.0104 0.0559 0.0654 1.2672 0.0596 0.0090 1.3584 0.0649 0.0199
−0.70 0.3207 0.0452 0.0307 0.4714 0.0415 0.0155 0.3917 0.0460 0.1066 0.5690 0.0440 0.0295
−0.50 0.2432 0.0287 0.0082 0.1948 0.0278 0.0365 0.1147 0.0270 0.0108 0.1705 0.0284 0.0073
−0.30 0.1885 0.0266 0.0072 0.2493 0.0262 0.0402 0.1579 0.0271 0.0320 0.1512 0.0291 0.0359
−0.10 0.2859 0.0271 0.0071 0.3302 0.0281 0.0388 0.3128 0.0294 0.0368 0.4051 0.0302 0.0138

0.10 0.3787 0.0282 0.0333 0.2813 0.0304 0.0678 0.3842 0.0306 0.0385 0.3293 0.0325 0.0050
0.30 0.5791 0.0302 0.0384 0.5777 0.0297 0.0253 0.5682 0.0308 0.0397 0.5028 0.0324 0.0167
0.50 0.7909 0.0383 0.0233 0.7771 0.0380 0.0264 0.5713 0.0409 0.0620 0.6757 0.0424 0.0008
0.70 0.5513 0.0627 0.1585 0.7794 0.0580 0.0904 0.5805 0.0591 0.0351 0.4720 0.0633 0.0214
0.90 0.7780 0.1404 0.1037 0.2241 0.1299 0.0746 1.1677 0.1501 0.1209 0.7435 0.1373 0.1068

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2628 0.0667 0.1178 1.0774 0.0720 0.0137 1.2365 0.0709 0.1218 0.9641 0.0762 0.0334
−0.70 0.3196 0.0508 0.1072 0.5536 0.0542 0.0377 0.5553 0.0587 0.0607 0.2129 0.0612 0.0160
−0.50 0.2221 0.0306 0.0214 0.3506 0.0298 0.0333 0.2517 0.0300 0.0225 0.1715 0.0298 0.0248
−0.30 0.2125 0.0328 0.0244 0.1418 0.0401 0.0634 0.2706 0.0378 0.0529 0.2634 0.0402 0.0708
−0.10 0.3543 0.0382 0.0725 0.1663 0.0421 0.0143 0.4710 0.0513 0.0682 0.3737 0.0540 0.0594

0.10 0.3478 0.0379 0.0131 0.5294 0.0428 0.0900 0.3724 0.0494 0.0464 0.4937 0.0557 0.0623
0.30 0.4795 0.0386 0.0095 0.3688 0.0427 0.0785 0.4691 0.0497 0.1164 0.2333 0.0585 0.1128
0.50 0.5081 0.0460 0.0298 0.5557 0.0525 0.0815 0.4192 0.0559 0.1094 0.4962 0.0632 0.1566
0.70 0.7294 0.0759 0.0847 0.7341 0.0828 0.0358 1.2435 0.0963 0.1298 0.9896 0.1095 0.2108
0.90 −0.4320 0.2446 0.3737 0.6239 0.2364 0.2034 0.6681 0.2376 0.0666 1.8445 0.2537 0.1096

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2604 0.0932 0.0817 1.4247 0.1642 0.2803
−0.70 0.6172 0.0708 0.0210 0.8303 0.1138 0.0424
−0.50 0.1750 0.0329 0.0159 0.0590 0.0436 0.0477
−0.30 0.4319 0.0483 0.1129 0.5311 0.0709 0.1175
−0.10 0.3404 0.0663 0.0277 −0.0449 0.0968 0.0353

0.10 0.4059 0.0656 0.1695 0.2740 0.0940 0.1703
0.30 0.0326 0.0761 0.1295 0.3478 0.1006 0.1505
0.50 0.7862 0.0796 0.3347 0.1209 0.1121 0.1855
0.70 0.8597 0.1337 0.3098 0.3098 0.1712 0.2635
0.90 1.6228 0.2873 0.4859 1.5918 0.3930 0.2353

W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5517 0.0902 0.4954 0.6138 0.0795 0.4440 0.6548 0.0764 0.3979 0.7329 0.0703 0.3263
−0.70 5.3030 0.1453 0.9797 3.6424 0.1141 0.5523 2.4394 0.1021 0.2698 2.3393 0.0867 0.3096
−0.50 6.9192 0.1189 0.0185 5.2739 0.1002 0.0637 4.5285 0.0905 0.0904 3.7388 0.0777 0.0698
−0.30 8.3454 0.1365 0.3149 6.2635 0.1152 0.1363 6.0622 0.1042 0.1685 5.4005 0.0908 0.0312
−0.10 9.5205 0.1511 0.5638 7.8947 0.1292 0.3936 6.7324 0.1129 0.1958 5.2630 0.0986 0.0308

0.10 10.0371 0.1747 0.7871 7.8639 0.1472 0.5384 6.3231 0.1289 0.4436 5.1432 0.1109 0.1882
0.30 8.2744 0.2007 1.1725 6.2666 0.1635 0.4606 5.3492 0.1413 0.4304 4.2867 0.1192 0.1897
0.50 6.5535 0.2289 1.0730 4.7376 0.1837 0.5684 3.5715 0.1612 0.5327 3.4052 0.1312 0.1726
0.70 1.5874 0.3273 0.5388 3.4045 0.2722 0.7309 1.3582 0.2181 0.2581 1.4501 0.1726 0.1338
0.90 −1.3547 1.9453 0.9654 6.1998 1.3139 1.4570 0.3280 0.9096 0.2072 1.7143 0.7462 0.0732

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6711 0.0662 0.2739 0.2076 0.0676 0.2247 0.4156 0.0655 0.1357 0.3844 0.0624 0.1349
−0.70 1.9834 0.0790 0.1708 1.6905 0.0776 0.1130 1.2630 0.0723 0.1194 1.2617 0.0672 0.0108
−0.50 3.3734 0.0710 0.0200 2.7495 0.0677 0.0371 2.4295 0.0623 0.0107 1.8743 0.0560 0.0111
−0.30 4.0451 0.0822 0.0296 3.3492 0.0795 0.1043 3.0191 0.0719 0.0841 2.6294 0.0636 0.0169
−0.10 4.2396 0.0893 0.1352 3.8049 0.0857 0.1909 2.7407 0.0759 0.1339 3.0572 0.0683 0.1083

0.10 4.0452 0.0991 0.2040 3.2204 0.0936 0.2221 3.1148 0.0829 0.1825 2.7931 0.0728 0.0897
0.30 4.0256 0.1039 0.1642 2.7098 0.0970 0.1899 2.3787 0.0845 0.1173 2.4850 0.0756 0.1499
0.50 2.4990 0.1127 0.1765 1.9476 0.1095 0.3020 1.6648 0.0904 0.0986 1.5847 0.0780 0.0817
0.70 1.3322 0.1506 0.1961 0.8572 0.1414 0.1719 0.6256 0.1114 0.0186 0.7401 0.0960 0.0809
0.90 0.6592 0.5784 0.0278 2.4539 0.5079 0.0808 1.1636 0.4226 0.0881 −0.3094 0.7744 0.5635

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4897 0.0605 0.0831 0.5479 0.0624 0.0975 0.1895 0.0654 0.0662 0.0588 0.0655 0.1223
−0.70 1.1400 0.0625 0.0006 1.0322 0.0610 0.0619 1.0161 0.0599 0.0645 0.5847 0.0586 0.0184
−0.50 1.8344 0.0511 0.0214 1.5059 0.0507 0.0170 1.4958 0.0497 0.0381 1.3864 0.0475 0.0197
−0.30 2.6521 0.0592 0.0306 2.3318 0.0579 0.0177 2.6040 0.0570 0.0747 1.9076 0.0536 0.0562
−0.10 2.6764 0.0630 0.1096 2.4881 0.0615 0.0676 2.8984 0.0613 0.1619 2.4947 0.0575 0.1357

0.10 2.7324 0.0672 0.0202 2.7609 0.0661 0.0844 2.8246 0.0664 0.2071 2.7186 0.0628 0.1455
0.30 1.9694 0.0701 0.1648 2.2072 0.0687 0.1618 2.7922 0.0679 0.1961 2.3687 0.0640 0.1373
0.50 1.6054 0.0722 0.1373 1.4600 0.0710 0.1420 2.1772 0.0717 0.1658 2.0419 0.0666 0.0986
0.70 0.6157 0.0849 0.0351 1.3042 0.0860 0.1024 0.6041 0.0913 0.2165 0.7480 0.0814 0.0404
0.90 −0.8317 0.3544 0.2983 0.3055 0.2789 0.0609 1.7875 0.2591 0.1073 0.3335 0.2490 0.1468
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W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0858 0.0631 0.1187 0.2123 0.0610 0.0800 0.0676 0.0593 0.1070 0.4568 0.0572 0.0649
−0.70 0.6350 0.0554 0.0660 0.7082 0.0530 0.0428 0.8477 0.0513 0.0674 0.7222 0.0499 0.0537
−0.50 1.2075 0.0444 0.0145 1.0051 0.0421 0.0341 0.8941 0.0404 0.0102 0.8901 0.0395 0.0674
−0.30 1.4468 0.0506 0.0498 1.5839 0.0472 0.0291 1.4936 0.0460 0.0858 1.1951 0.0449 0.0958
−0.10 2.2285 0.0532 0.0637 1.9337 0.0498 0.0716 1.7742 0.0473 0.0341 1.4112 0.0462 0.1023

0.10 2.2684 0.0584 0.0819 1.9209 0.0538 0.0485 1.7328 0.0515 0.0972 1.4063 0.0473 0.0327
0.30 2.0715 0.0585 0.0652 1.6578 0.0540 0.0662 1.2575 0.0511 0.0837 0.8528 0.0474 0.0890
0.50 1.4360 0.0629 0.1319 1.3062 0.0568 0.0914 0.7720 0.0528 0.0749 0.6242 0.0511 0.1231
0.70 0.5740 0.0789 0.1189 0.3207 0.0750 0.1098 0.4187 0.0686 0.0767 0.3904 0.0666 0.1305
0.90 −1.7523 0.3850 1.0418 −0.1266 0.2126 0.0623 0.3153 0.2028 0.0961 0.3652 0.2511 0.3373

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4008 0.0535 0.1536 0.2942 0.0545 0.0715 0.6176 0.0523 0.1371 0.6562 0.0508 0.1069
−0.70 1.0121 0.0474 0.0775 0.6903 0.0461 0.0461 1.0720 0.0457 0.0512 0.9900 0.0425 0.0584
−0.50 0.8506 0.0369 0.0230 0.9806 0.0355 0.0260 1.0843 0.0348 0.0883 1.1164 0.0325 0.0494
−0.30 1.2110 0.0419 0.0879 1.3201 0.0384 0.0280 1.1662 0.0378 0.0785 1.0407 0.0351 0.0416
−0.10 1.1536 0.0431 0.0872 1.3662 0.0391 0.0484 1.0040 0.0362 0.0349 0.8576 0.0334 0.0369

0.10 1.0328 0.0432 0.0317 0.8948 0.0398 0.0368 0.7094 0.0355 0.0241 0.6003 0.0316 0.0391
0.30 0.4926 0.0420 0.0571 0.5052 0.0368 0.0071 0.6046 0.0346 0.0643 0.4767 0.0317 0.0356
0.50 0.5271 0.0458 0.0804 0.5777 0.0402 0.0329 0.6443 0.0396 0.0428 0.5616 0.0388 0.0791
0.70 0.5262 0.0625 0.0789 0.5864 0.0614 0.0889 0.9262 0.0590 0.0717 0.9768 0.0590 0.0928
0.90 0.9644 0.2501 0.4850 −0.5274 0.2906 0.7441 0.1196 0.2039 0.3509 0.6766 0.1521 0.1404

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6375 0.0523 0.1346 0.8859 0.0575 0.0305 0.9340 0.0584 0.0668 0.7130 0.0592 0.0603
−0.70 1.0987 0.0416 0.0822 1.1098 0.0432 0.0863 1.2515 0.0455 0.0534 0.9908 0.0475 0.0084
−0.50 1.1405 0.0308 0.0354 1.1385 0.0317 0.0192 1.0338 0.0315 0.0362 0.8156 0.0313 0.0090
−0.30 1.0907 0.0330 0.0125 1.0526 0.0323 0.0215 0.7275 0.0311 0.0014 0.7414 0.0302 0.0248
−0.10 0.9588 0.0321 0.0485 0.7778 0.0305 0.0236 0.5599 0.0293 0.0350 0.6815 0.0286 0.0110

0.10 0.6265 0.0295 0.0378 0.4334 0.0296 0.0172 0.4882 0.0283 0.0423 0.5405 0.0280 0.0627
0.30 0.4690 0.0304 0.0197 0.4343 0.0302 0.0204 0.4627 0.0312 0.0055 0.2470 0.0307 0.0170
0.50 0.8830 0.0390 0.0581 0.8087 0.0394 0.0116 0.6267 0.0408 0.0067 0.6893 0.0396 0.0379
0.70 1.1381 0.0624 0.1173 1.0043 0.0613 0.0434 0.9918 0.0605 0.0797 0.8120 0.0611 0.0086
0.90 1.0482 0.1555 0.1994 1.1799 0.1388 0.0416 1.1548 0.1450 0.0333 0.5189 0.1390 0.0226

W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6803 0.0581 0.0156 0.8588 0.0557 0.0673 0.6066 0.0590 0.0100 0.6598 0.0644 0.0135
−0.70 1.0186 0.0457 0.0373 0.8257 0.0418 0.0118 0.8097 0.0463 0.1517 0.9293 0.0444 0.0234
−0.50 0.7103 0.0290 0.0075 0.6215 0.0281 0.0570 0.7297 0.0274 0.0186 0.6368 0.0288 0.0153
−0.30 0.5986 0.0269 0.0038 0.4297 0.0263 0.0475 0.4892 0.0273 0.0427 0.5334 0.0294 0.0409
−0.10 0.4742 0.0272 0.0091 0.3343 0.0281 0.0445 0.3823 0.0295 0.0383 0.3950 0.0302 0.0136

0.10 0.2957 0.0282 0.0247 0.2899 0.0304 0.0606 0.2544 0.0304 0.0421 0.3899 0.0325 0.0092
0.30 0.2687 0.0300 0.0356 0.2060 0.0294 0.0232 0.1545 0.0305 0.0207 0.2187 0.0322 0.0128
0.50 0.5043 0.0381 0.0128 0.3417 0.0377 0.0203 0.3762 0.0408 0.0533 0.3618 0.0421 0.0014
0.70 0.9214 0.0629 0.1898 0.5996 0.0580 0.0705 0.9584 0.0593 0.0430 1.1207 0.0638 0.0300
0.90 0.5665 0.1396 0.1337 1.1351 0.1321 0.1287 0.2750 0.1491 0.0731 1.0904 0.1382 0.1261

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0987 0.0666 0.1129 1.1732 0.0722 0.0210 1.0538 0.0707 0.1138 1.1264 0.0765 0.0421
−0.70 1.2373 0.0516 0.1485 1.0881 0.0547 0.0646 1.0549 0.0592 0.0731 1.3234 0.0625 0.0271
−0.50 0.6151 0.0309 0.0344 0.5273 0.0300 0.0399 0.5209 0.0303 0.0260 0.4950 0.0302 0.0417
−0.30 0.5029 0.0331 0.0353 0.4726 0.0404 0.0996 0.5185 0.0382 0.0686 0.4887 0.0406 0.0957
−0.10 0.3723 0.0382 0.0734 0.7119 0.0426 0.0146 0.3003 0.0511 0.0713 0.6392 0.0543 0.0726

0.10 0.4469 0.0380 0.0146 0.3566 0.0427 0.0764 0.3851 0.0494 0.0493 0.2579 0.0552 0.0439
0.30 0.2543 0.0383 0.0073 0.4608 0.0427 0.0869 0.3755 0.0494 0.1016 0.5287 0.0590 0.1610
0.50 0.4418 0.0458 0.0279 0.4465 0.0524 0.0775 0.5412 0.0559 0.1195 0.4860 0.0631 0.1600
0.70 0.8253 0.0760 0.0840 1.0721 0.0834 0.0504 0.7108 0.0957 0.1034 1.2034 0.1099 0.2297
0.90 1.8857 0.2477 0.5812 1.3387 0.2380 0.2380 1.7265 0.2406 0.0306 0.7396 0.2513 0.1088

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7534 0.0926 0.0651 1.0933 0.1635 0.2571
−0.70 0.7092 0.0712 0.0205 0.7418 0.1136 0.0424
−0.50 0.4086 0.0333 0.0262 0.5464 0.0445 0.0888
−0.30 0.3245 0.0483 0.0967 0.2638 0.0706 0.0978
−0.10 0.5433 0.0667 0.0365 0.8871 0.0985 0.0793

0.10 0.5179 0.0658 0.1815 0.7935 0.0951 0.2417
0.30 0.7213 0.0772 0.2460 0.4166 0.1007 0.1635
0.50 0.2155 0.0786 0.2233 0.7298 0.1133 0.3019
0.70 1.2559 0.1345 0.3554 1.6510 0.1740 0.4517
0.90 1.2205 0.2863 0.4515 1.1653 0.3911 0.2075



E.2. Polarized Results for Single π0 from the A2 Data 531

E.2.5 Observables for γp→ π0p as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1321.0 9.0 −0.4103 0.0065 0.0508 156.6226 1.9301 21.0029 374.0808 1.9335 42.5662
1339.0 9.0 −0.3693 0.0066 0.0425 78.2560 0.9272 9.1084 169.5231 0.9289 18.7556
1357.0 9.0 −0.2977 0.0069 0.0343 57.8899 0.6551 6.4928 106.5099 0.6561 11.7288
1375.0 9.0 −0.2416 0.0068 0.0275 43.2774 0.4557 5.0560 70.5395 0.4564 8.0729
1393.0 9.0 −0.1317 0.0072 0.0160 37.1936 0.3699 4.1358 48.3346 0.3703 5.3693
1411.0 9.0 −0.0512 0.0079 0.0093 33.5432 0.3361 3.7251 37.0663 0.3363 4.0777
1429.0 9.0 0.0503 0.0076 0.0099 33.0458 0.2881 3.6787 29.8216 0.2881 3.3301
1447.0 9.0 0.1267 0.0069 0.0160 33.9065 0.2511 3.7496 26.2266 0.2509 2.9004
1465.0 9.0 0.1744 0.0061 0.0204 36.2224 0.2260 4.0059 25.4017 0.2257 2.7956
1483.0 9.0 0.2027 0.0056 0.0230 42.7623 0.2366 4.7585 28.2754 0.2362 3.1206
1501.0 9.0 0.1942 0.0051 0.0219 50.9584 0.2603 5.8020 34.2772 0.2598 3.8823
1519.0 9.0 0.1264 0.0050 0.0148 48.7952 0.2591 5.3824 37.7735 0.2587 4.1578
1537.0 9.0 0.1078 0.0051 0.0136 41.9497 0.2336 4.6575 33.7496 0.2333 3.7922
1555.0 9.0 0.0780 0.0055 0.0104 35.4832 0.2199 3.9550 30.3233 0.2197 3.4140
1573.0 9.0 0.0250 0.0060 0.0063 27.9788 0.2003 3.1034 26.5740 0.2002 2.9661
1591.0 9.0 −0.0060 0.0065 0.0035 23.4643 0.1870 2.5847 23.7208 0.1870 2.6117
1609.0 9.0 −0.1031 0.0067 0.0124 18.1834 0.1650 2.0197 22.3353 0.1652 2.4608
1627.0 9.0 −0.2106 0.0066 0.0243 16.1135 0.1588 1.8123 24.6815 0.1593 2.7281
1645.0 9.0 −0.2321 0.0061 0.0261 17.7057 0.1664 1.9968 28.4178 0.1670 3.1580
1663.0 9.0 −0.2288 0.0058 0.0255 18.9745 0.1685 2.1032 30.2280 0.1691 3.3340
1681.0 9.0 −0.1959 0.0059 0.0218 20.0797 0.1743 2.2529 29.7970 0.1750 3.3406
1699.0 9.0 −0.1806 0.0065 0.0203 18.4366 0.1758 2.0956 26.4942 0.1764 3.0113
1717.0 9.0 −0.0920 0.0074 0.0108 17.2071 0.1699 2.0413 20.6695 0.1702 2.4193
1735.0 9.0 −0.0903 0.0088 0.0105 13.7651 0.1610 1.5455 16.4714 0.1614 1.8564
1753.0 9.0 −0.0635 0.0100 0.0077 11.6630 0.1513 1.2987 13.2389 0.1517 1.4670
1771.0 9.0 −0.0733 0.0111 0.0112 9.8188 0.1429 1.1749 11.3577 0.1432 1.3202
1789.0 9.0 −0.1054 0.0122 0.0140 9.0387 0.1495 1.1521 11.1774 0.1499 1.3777
1807.0 9.0 −0.1366 0.0132 0.0176 8.5610 0.1582 1.0310 11.2680 0.1587 1.3072
1825.0 9.0 −0.2547 0.0147 0.0302 7.2624 0.1694 0.8349 12.2127 0.1703 1.3600
1843.0 9.0 −0.1909 0.0154 0.0210 8.6841 0.1981 0.9582 12.7701 0.1990 1.4087
1861.0 9.0 −0.1749 0.0168 0.0214 8.8372 0.2159 1.0683 12.5671 0.2167 1.4551
1879.0 9.0 −0.2299 0.0196 0.0352 8.4654 0.2516 1.5057 13.3578 0.2530 2.1216
1897.0 9.0 −0.2020 0.0253 0.0377 8.7237 0.3205 1.8775 12.9340 0.3221 2.4701
1915.0 9.0 −0.3550 0.0388 0.0776 7.9554 0.5162 2.3401 16.0624 0.5197 3.4371

Angular Distributions

W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 −0.3608 0.1472 0.2751 0.1826 0.1056 0.1152 0.3985 0.1032 0.2029 0.1969 0.0796 0.1030
−0.70 −0.1693 0.0270 0.0221 −0.2865 0.0297 0.0263 −0.1149 0.0298 0.0263 0.1878 0.0292 0.0292
−0.50 −0.4987 0.0165 0.0126 −0.2923 0.0161 0.0098 −0.2375 0.0173 0.0114 −0.0727 0.0170 0.0032
−0.30 −0.4416 0.0143 0.0138 −0.3392 0.0146 0.0133 −0.3085 0.0160 0.0142 −0.2263 0.0158 0.0068
−0.10 −0.4431 0.0132 0.0228 −0.4644 0.0140 0.0200 −0.3563 0.0146 0.0135 −0.3057 0.0148 0.0074

0.10 −0.4257 0.0142 0.0323 −0.5187 0.0150 0.0267 −0.3935 0.0154 0.0190 −0.4798 0.0164 0.0092
0.30 −0.3114 0.0196 0.0430 −0.3620 0.0182 0.0335 −0.3679 0.0182 0.0386 −0.2979 0.0175 0.0115
0.50 −0.2666 0.0661 0.0867 −0.0080 0.0463 0.0160 −0.2707 0.0372 0.0647 −0.2064 0.0306 0.0180
0.70 1.2518 4.7540 1.0331 4.9750 6.6335 3.2433 2.8009 1.8687 1.4126 0.5673 0.2839 0.2015
0.90 −7.418141.5596 5.2720 −0.3439 1.7570 0.8317 4.481122.7131 2.5834 −5.492934.2174 3.7792

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.5673 0.0838 0.1848 0.4561 0.0778 0.1138 0.5680 0.0699 0.1316 0.8865 0.0718 0.1069
−0.70 0.2838 0.0321 0.0182 0.2840 0.0343 0.0177 0.6279 0.0377 0.0296 0.5509 0.0341 0.0156
−0.50 0.0063 0.0182 0.0024 0.2123 0.0210 0.0042 0.2886 0.0202 0.0129 0.3236 0.0190 0.0071
−0.30 −0.1706 0.0169 0.0043 −0.0306 0.0180 0.0093 0.0191 0.0177 0.0096 0.1257 0.0168 0.0133
−0.10 −0.1850 0.0159 0.0012 −0.1838 0.0175 0.0103 −0.0567 0.0167 0.0106 0.0595 0.0152 0.0111

0.10 −0.2541 0.0166 0.0081 −0.2225 0.0184 0.0124 −0.0700 0.0175 0.0097 −0.0762 0.0163 0.0137
0.30 −0.2610 0.0191 0.0146 −0.1975 0.0205 0.0152 −0.1698 0.0202 0.0172 0.0677 0.0174 0.0057
0.50 −0.1205 0.0295 0.0124 0.0017 0.0320 0.0126 −0.1324 0.0285 0.0201 −0.0805 0.0245 0.0191
0.70 0.1923 0.1442 0.0295 0.5929 0.2372 0.1666 0.6771 0.1376 0.0860 0.1303 0.0805 0.0324
0.90 −0.4127 0.9461 0.1656 2.1050 2.8371 0.1519 6.074210.1511 1.1590 −2.1262 1.5792 0.3967

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.9864 0.0608 0.0959 0.8326 0.0473 0.0480 0.6714 0.0352 0.0027 0.5944 0.0299 0.0117
−0.70 0.5725 0.0302 0.0086 0.6183 0.0290 0.0121 0.4542 0.0235 0.0179 0.2223 0.0200 0.0131
−0.50 0.2867 0.0166 0.0094 0.3769 0.0161 0.0073 0.3062 0.0143 0.0095 0.2324 0.0137 0.0042
−0.30 0.2297 0.0153 0.0036 0.1782 0.0140 0.0098 0.1630 0.0133 0.0057 0.0708 0.0129 0.0062
−0.10 0.0799 0.0135 0.0114 0.1189 0.0127 0.0091 0.1409 0.0120 0.0054 0.0779 0.0117 0.0082

0.10 0.0635 0.0142 0.0051 0.0852 0.0129 0.0053 0.0687 0.0119 0.0057 0.0546 0.0120 0.0055
0.30 0.0207 0.0154 0.0106 0.1120 0.0140 0.0049 0.1629 0.0130 0.0077 0.0614 0.0129 0.0023
0.50 0.1064 0.0212 0.0136 0.0471 0.0174 0.0070 0.1609 0.0160 0.0105 0.1230 0.0154 0.0055
0.70 −0.0049 0.0590 0.0006 0.3782 0.0483 0.0352 0.2058 0.0341 0.0048 0.1820 0.0326 0.0108
0.90 −2.8440 1.8488 0.7524 12.649879.4096 10.3370 0.9510 5.1467 0.8950 1.6331 0.9128 0.0945
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W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.3258 0.0245 0.0066 0.2884 0.0233 0.0059 0.1993 0.0211 0.0019 0.1854 0.0207 0.0039
−0.70 0.1910 0.0192 0.0044 −0.0355 0.0189 0.0030 −0.1554 0.0188 0.0090 −0.2172 0.0186 0.0124
−0.50 0.0964 0.0135 0.0025 0.0353 0.0141 0.0036 −0.1007 0.0146 0.0018 −0.1967 0.0154 0.0072
−0.30 0.1126 0.0135 0.0061 0.0015 0.0144 0.0027 −0.0542 0.0155 0.0043 −0.1445 0.0171 0.0042
−0.10 0.0065 0.0124 0.0097 −0.0019 0.0134 0.0068 −0.1035 0.0153 0.0018 −0.1161 0.0167 0.0041

0.10 0.0798 0.0123 0.0074 0.0535 0.0141 0.0070 0.0033 0.0164 0.0074 0.0019 0.0180 0.0050
0.30 0.0996 0.0134 0.0093 0.0915 0.0151 0.0111 0.1502 0.0184 0.0063 0.2167 0.0217 0.0072
0.50 0.1477 0.0167 0.0066 0.2749 0.0191 0.0148 0.4540 0.0242 0.0064 0.4340 0.0295 0.0176
0.70 0.2870 0.0349 0.0189 0.4785 0.0381 0.0213 0.4817 0.0459 0.0263 0.7373 0.0564 0.0721
0.90 −0.5862 0.5887 0.0844 16.6420245.7999 15.4052 −0.9994 0.6447 0.4069 4.5804 7.7662 2.4917

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 −0.1612 0.0204 0.0121 −0.1909 0.0193 0.0072 −0.2131 0.0184 0.0120 −0.3349 0.0190 0.0238
−0.70 −0.3206 0.0192 0.0216 −0.4807 0.0185 0.0254 −0.4991 0.0173 0.0360 −0.5133 0.0172 0.0350
−0.50 −0.2998 0.0157 0.0060 −0.5003 0.0169 0.0149 −0.5740 0.0166 0.0145 −0.4979 0.0158 0.0069
−0.30 −0.3718 0.0189 0.0059 −0.3339 0.0182 0.0022 −0.4681 0.0185 0.0073 −0.4363 0.0183 0.0113
−0.10 −0.0822 0.0174 0.0017 −0.2471 0.0182 0.0055 −0.1748 0.0173 0.0037 −0.1878 0.0173 0.0053

0.10 −0.0500 0.0204 0.0013 −0.0632 0.0198 0.0131 −0.0266 0.0197 0.0039 0.0715 0.0186 0.0056
0.30 0.2506 0.0229 0.0103 0.1293 0.0226 0.0116 0.1614 0.0194 0.0076 0.1087 0.0169 0.0065
0.50 0.4425 0.0296 0.0277 0.2219 0.0243 0.0092 0.1865 0.0203 0.0098 −0.0307 0.0170 0.0017
0.70 0.2592 0.0391 0.0234 0.1313 0.0281 0.0069 −0.1603 0.0234 0.0103 −0.1093 0.0207 0.0088
0.90 0.4627 1.9077 0.4544 1.8235 2.5009 2.1159 −0.8026 1.1456 0.6677 0.1678 0.1698 0.0480

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 −0.1338 0.0180 0.0023 −0.2283 0.0211 0.0129 −0.1888 0.0242 0.0091 −0.0893 0.0257 0.0080
−0.70 −0.4736 0.0169 0.0140 −0.5886 0.0208 0.0191 −0.4173 0.0216 0.0064 −0.4445 0.0259 0.0155
−0.50 −0.5622 0.0172 0.0116 −0.6207 0.0205 0.0146 −0.6414 0.0241 0.0276 −0.5218 0.0283 0.0250
−0.30 −0.4607 0.0199 0.0189 −0.4259 0.0221 0.0363 −0.1707 0.0253 0.0207 −0.2423 0.0301 0.0171
−0.10 −0.1563 0.0178 0.0154 0.0027 0.0211 0.0042 −0.0367 0.0243 0.0058 −0.0940 0.0291 0.0053

0.10 0.1150 0.0193 0.0121 0.1981 0.0219 0.0143 0.2777 0.0251 0.0261 0.0762 0.0283 0.0099
0.30 0.0900 0.0175 0.0087 0.1752 0.0185 0.0140 0.2290 0.0211 0.0103 0.2351 0.0244 0.0099
0.50 0.0941 0.0166 0.0066 0.0841 0.0173 0.0036 0.1195 0.0196 0.0104 0.1104 0.0231 0.0218
0.70 −0.1665 0.0200 0.0035 −0.1969 0.0222 0.0086 0.0120 0.0248 0.0009 0.1360 0.0303 0.0091
0.90 0.1166 0.1337 0.0213 −0.2581 0.1079 0.0125 0.4977 0.1151 0.0332 −0.0769 1.2915 0.2713

W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 −0.0555 0.0278 0.0053 0.0713 0.0284 0.0061 0.1270 0.0300 0.0151 0.0604 0.0301 0.0070
−0.70 −0.4045 0.0305 0.0414 −0.3258 0.0315 0.0359 −0.4638 0.0334 0.0583 −0.2405 0.0308 0.0247
−0.50 −0.4793 0.0323 0.0078 −0.5401 0.0394 0.0133 −0.5144 0.0423 0.0102 −0.3279 0.0435 0.0149
−0.30 −0.3401 0.0368 0.0111 −0.2654 0.0391 0.0095 −0.2333 0.0432 0.0212 −0.4111 0.0544 0.0196
−0.10 0.0627 0.0334 0.0032 −0.0773 0.0336 0.0052 −0.1163 0.0381 0.0049 −0.3331 0.0410 0.0116

0.10 0.3218 0.0322 0.0098 0.1667 0.0335 0.0029 0.0929 0.0369 0.0042 −0.0194 0.0400 0.0031
0.30 0.1264 0.0269 0.0101 0.1648 0.0309 0.0084 0.1727 0.0359 0.0071 0.0112 0.0401 0.0143
0.50 0.1846 0.0273 0.0088 0.1047 0.0354 0.0113 0.0883 0.0388 0.0088 0.0576 0.0428 0.0021
0.70 0.0170 0.0349 0.0066 0.0107 0.0403 0.0160 0.0398 0.0422 0.0033 0.0289 0.0507 0.0031
0.90 −1.1688 0.1911 0.0621 −0.3032 0.1513 0.1062 −0.6581 0.2350 0.2375 0.1121 0.1221 0.0222

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.0417 0.0292 0.0070 0.0545 0.0292 0.0065 0.2510 0.0334 0.0264 −0.0769 0.0372 0.0070
−0.70 −0.4962 0.0349 0.0221 −0.5220 0.0401 0.0556 −0.3953 0.0424 0.0436 −0.5551 0.0529 0.0238
−0.50 −0.7198 0.0618 0.0183 −0.2643 0.0560 0.0170 −0.1740 0.0561 0.0059 −0.3765 0.0615 0.0604
−0.30 −0.5936 0.0642 0.0126 −0.2914 0.0608 0.0230 −0.0702 0.0586 0.0173 0.0697 0.0760 0.0134
−0.10 −0.2259 0.0460 0.0048 −0.1822 0.0466 0.0156 −0.5558 0.0586 0.0023 −0.4151 0.0656 0.0369

0.10 −0.3843 0.0493 0.0238 −0.3995 0.0494 0.0467 −0.3611 0.0569 0.0423 −0.4235 0.0688 0.0852
0.30 −0.0363 0.0465 0.0095 −0.0443 0.0509 0.0102 0.0067 0.0632 0.0170 −0.2052 0.0762 0.0544
0.50 0.0078 0.0482 0.0029 −0.1410 0.0621 0.0153 −0.3865 0.0728 0.0950 0.3311 0.0835 0.1086
0.70 −0.0575 0.0512 0.0130 0.0988 0.0492 0.0126 −0.0164 0.0569 0.0214 −0.1333 0.0628 0.0295
0.90 0.3104 0.1059 0.0339 −0.2019 0.1328 0.0582 −0.2629 0.1005 0.0391 −0.1803 0.1207 0.0167

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.0246 0.0482 0.0019 −0.2656 0.0803 0.0265
−0.70 −0.3783 0.0630 0.0057 −0.7985 0.1544 0.0593
−0.50 −0.2539 0.0752 0.0213 −0.7367 0.1626 0.0143
−0.30 −0.0033 0.0914 0.0105 −0.6088 0.1417 0.1084
−0.10 −0.4700 0.0858 0.1150 −0.4005 0.1309 0.1208

0.10 −0.3087 0.0876 0.0777 −0.3491 0.1183 0.1443
0.30 −0.1992 0.1056 0.0656 0.1383 0.1468 0.0691
0.50 0.0759 0.1061 0.0321 0.2155 0.1497 0.1168
0.70 −0.2591 0.0845 0.0525 −0.2581 0.1038 0.0619
0.90 −0.6745 0.2240 0.1128 −1.2747 0.4267 0.1259
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W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.6482 0.1932 1.3673 1.2928 0.1000 0.6822 1.1563 0.0764 0.4921 0.8423 0.0560 0.3315
−0.70 10.7769 0.4064 1.6819 3.9879 0.1878 0.5185 3.3504 0.1331 0.3465 3.1229 0.0900 0.3676
−0.50 10.2452 0.3617 0.3675 6.6903 0.1763 0.1286 4.7939 0.1274 0.1043 4.0187 0.0888 0.1918
−0.30 14.6272 0.4134 0.5923 8.1145 0.2037 0.2113 5.6216 0.1493 0.1568 4.4016 0.1057 0.1698
−0.10 15.6126 0.4092 1.2727 7.1936 0.2060 0.4369 5.8196 0.1496 0.1784 4.3616 0.1075 0.1134

0.10 15.3219 0.4212 2.0136 6.2000 0.2065 0.5610 5.2275 0.1484 0.2629 3.1218 0.1072 0.0769
0.30 15.3914 0.5003 3.2489 6.8857 0.2221 1.0296 4.5811 0.1484 0.5787 3.4977 0.1015 0.1645
0.50 12.0140 1.1604 4.9934 7.8433 0.4220 1.9646 3.9113 0.2262 0.8268 2.9240 0.1332 0.2310
0.70 17.2424 11.8607 16.5333 22.7376 4.7565 18.8059 10.3786 1.5748 5.9865 3.4327 0.5914 0.9858
0.90 −75.3449 51.1842 35.4305 3.6706 13.7775 8.2338 21.7849 21.8921 16.4336 −8.6458 12.7312 8.5594

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9617 0.0487 0.2748 0.8522 0.0481 0.1730 0.9743 0.0446 0.1505 1.2189 0.0415 0.1279
−0.70 2.5421 0.0739 0.1605 2.1236 0.0660 0.1263 2.3994 0.0570 0.1110 2.1240 0.0495 0.0305
−0.50 3.3436 0.0732 0.0564 3.2535 0.0667 0.0949 3.1240 0.0570 0.0752 2.9967 0.0496 0.0304
−0.30 3.5883 0.0868 0.1078 3.5256 0.0790 0.0700 3.2838 0.0691 0.0500 3.4035 0.0610 0.0547
−0.10 3.8419 0.0891 0.0127 3.2193 0.0817 0.0691 3.3181 0.0709 0.0557 3.6002 0.0622 0.0486

0.10 3.3887 0.0884 0.1145 2.9222 0.0814 0.1385 3.1165 0.0706 0.0749 2.9467 0.0625 0.0971
0.30 2.7301 0.0824 0.1783 2.4674 0.0747 0.1773 2.2415 0.0648 0.1366 2.8966 0.0571 0.0818
0.50 2.3717 0.0952 0.1790 2.0989 0.0804 0.2402 1.6396 0.0643 0.1133 1.7133 0.0550 0.1215
0.70 2.2780 0.3174 0.3067 1.9347 0.2703 0.6962 1.9829 0.1587 0.1888 1.3349 0.1125 0.1616
0.90 1.8758 3.0485 0.6598 5.8940 2.7081 0.2911 9.9026 2.5928 1.3949 −1.7466 1.2734 0.5148

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.4615 0.0382 0.1346 1.6847 0.0405 0.0944 2.1898 0.0465 0.0263 2.5081 0.0492 0.0216
−0.70 2.1484 0.0434 0.0171 2.4626 0.0454 0.0642 2.7866 0.0499 0.1221 2.6058 0.0507 0.0778
−0.50 2.9275 0.0442 0.0687 3.4427 0.0456 0.0922 3.9336 0.0499 0.1555 3.8360 0.0505 0.0847
−0.30 3.7012 0.0545 0.0253 3.9779 0.0562 0.0478 4.4829 0.0612 0.1128 4.1686 0.0608 0.0478
−0.10 3.7080 0.0560 0.0512 4.2746 0.0582 0.0503 5.0729 0.0638 0.1150 4.7852 0.0627 0.0424

0.10 3.5303 0.0568 0.0353 4.1931 0.0600 0.0756 4.8489 0.0655 0.0596 4.7333 0.0650 0.0627
0.30 2.8962 0.0530 0.1615 3.7610 0.0571 0.1724 4.7835 0.0638 0.2663 4.3267 0.0639 0.1617
0.50 2.2318 0.0513 0.2053 2.7211 0.0547 0.1429 3.7357 0.0616 0.1664 3.7431 0.0618 0.0660
0.70 1.2603 0.0899 0.1406 2.2257 0.0873 0.2316 2.6330 0.0883 0.0783 2.5571 0.0841 0.1206
0.90 −2.3924 0.9196 0.8364 7.2197 4.4180 5.5698 1.8461 2.9256 2.1355 3.3821 0.7128 0.4169

W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 2.2223 0.0476 0.0426 2.2769 0.0482 0.0531 2.1908 0.0460 0.0134 2.1601 0.0453 0.0502
−0.70 2.4973 0.0481 0.0644 2.0014 0.0476 0.0623 1.7011 0.0455 0.0665 1.5853 0.0447 0.0929
−0.50 3.1411 0.0468 0.0560 2.7067 0.0448 0.0339 2.1253 0.0416 0.0064 1.7534 0.0402 0.0414
−0.30 3.8034 0.0556 0.0584 3.0140 0.0527 0.0546 2.4230 0.0480 0.0512 1.8882 0.0453 0.0240
−0.10 3.7565 0.0561 0.0366 3.2034 0.0523 0.0467 2.2848 0.0471 0.0290 1.9237 0.0436 0.0246

0.10 4.2274 0.0582 0.1978 3.3721 0.0548 0.0684 2.4846 0.0491 0.0470 2.0367 0.0443 0.0834
0.30 3.8237 0.0564 0.0537 3.1135 0.0521 0.0758 2.4373 0.0468 0.0162 2.0090 0.0425 0.0317
0.50 3.1647 0.0553 0.0267 2.9036 0.0509 0.0703 2.4723 0.0454 0.0149 1.8521 0.0423 0.0924
0.70 2.2613 0.0713 0.1070 2.2091 0.0625 0.0339 1.6256 0.0549 0.0709 1.6686 0.0521 0.1231
0.90 0.3706 0.5352 0.0775 5.3909 11.3370 7.1039 0.0719 0.3737 0.3025 2.4903 0.7633 1.4983

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.4083 0.0413 0.0868 1.4136 0.0404 0.0553 1.5310 0.0428 0.0968 1.3130 0.0434 0.1362
−0.70 1.2522 0.0409 0.1209 1.0212 0.0398 0.1012 1.1116 0.0418 0.1604 1.0945 0.0418 0.1523
−0.50 1.3925 0.0364 0.0332 0.9843 0.0362 0.0612 0.9440 0.0388 0.0558 1.1534 0.0395 0.0304
−0.30 1.1813 0.0402 0.0179 1.2324 0.0387 0.0101 1.0556 0.0401 0.0262 1.1139 0.0400 0.0488
−0.10 1.6399 0.0377 0.0374 1.2569 0.0358 0.0126 1.4558 0.0364 0.0377 1.4110 0.0357 0.0488

0.10 1.4829 0.0385 0.0204 1.4137 0.0360 0.0362 1.5079 0.0370 0.0093 1.7579 0.0370 0.0570
0.30 1.6854 0.0364 0.0211 1.4487 0.0348 0.0502 1.7982 0.0360 0.0154 1.9940 0.0367 0.0576
0.50 1.6495 0.0373 0.1196 1.5266 0.0359 0.0770 1.9322 0.0394 0.1090 1.9397 0.0413 0.0690
0.70 1.2847 0.0463 0.1409 1.5144 0.0452 0.0474 1.5051 0.0505 0.0849 1.9337 0.0544 0.1129
0.90 0.6224 0.6909 0.4910 0.6858 0.7319 3.0602 0.3646 0.5552 0.6423 1.4819 0.2432 0.4606

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.7658 0.0445 0.0371 1.3771 0.0448 0.0787 1.1988 0.0429 0.0622 1.1515 0.0396 0.0409
−0.70 1.1943 0.0422 0.0700 0.7824 0.0413 0.0576 0.9144 0.0378 0.0226 0.6686 0.0347 0.0443
−0.50 0.9854 0.0407 0.0402 0.7475 0.0411 0.0461 0.5887 0.0395 0.0692 0.5838 0.0369 0.0494
−0.30 1.0092 0.0406 0.0756 0.9486 0.0400 0.1334 1.0548 0.0384 0.0986 0.7687 0.0358 0.0698
−0.10 1.4187 0.0355 0.1583 1.4044 0.0359 0.0674 1.1331 0.0346 0.0808 0.8521 0.0331 0.0521

0.10 1.8272 0.0383 0.0770 1.7766 0.0389 0.0652 1.6418 0.0378 0.0957 1.1447 0.0365 0.0324
0.30 2.0318 0.0395 0.0496 2.1406 0.0404 0.1043 1.9772 0.0405 0.1039 1.6577 0.0390 0.0609
0.50 2.4390 0.0449 0.0503 2.4001 0.0466 0.0678 2.1670 0.0459 0.0894 1.7553 0.0443 0.0643
0.70 2.0084 0.0577 0.0069 1.7959 0.0591 0.0157 1.9600 0.0585 0.0837 1.7357 0.0559 0.0352
0.90 1.4701 0.2085 0.2666 1.0005 0.1710 0.0597 1.7530 0.1468 0.1162 0.5647 0.8170 0.5441
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W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0408 0.0374 0.0945 1.0905 0.0352 0.1000 1.1561 0.0371 0.1494 1.1180 0.0385 0.1445
−0.70 0.5663 0.0328 0.1014 0.5660 0.0305 0.0946 0.4570 0.0312 0.1025 0.6675 0.0320 0.0840
−0.50 0.5088 0.0345 0.0118 0.3547 0.0321 0.0121 0.3479 0.0327 0.0103 0.4489 0.0334 0.0265
−0.30 0.5248 0.0334 0.0260 0.5074 0.0316 0.0249 0.5099 0.0338 0.0174 0.3616 0.0376 0.0252
−0.10 0.8316 0.0318 0.0095 0.6643 0.0294 0.0140 0.6045 0.0316 0.0211 0.4791 0.0338 0.0251

0.10 1.2390 0.0351 0.0070 0.9721 0.0336 0.0167 0.8847 0.0363 0.0411 0.7930 0.0394 0.0151
0.30 1.2718 0.0368 0.0103 1.0758 0.0343 0.0137 0.9633 0.0355 0.0308 0.7786 0.0376 0.0269
0.50 1.4899 0.0412 0.0589 1.0197 0.0394 0.0825 0.9251 0.0401 0.0357 0.8327 0.0412 0.0216
0.70 1.2418 0.0519 0.0276 1.0367 0.0500 0.1081 1.0498 0.0518 0.0704 0.9607 0.0573 0.1078
0.90 −0.1364 0.1223 0.0474 0.5132 0.1204 0.2142 0.2509 0.1519 0.2808 1.0245 0.1311 0.2294

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1671 0.0399 0.1051 1.3237 0.0449 0.1027 1.4477 0.0460 0.1399 1.0383 0.0513 0.0622
−0.70 0.4387 0.0330 0.0372 0.4311 0.0388 0.0971 0.5269 0.0416 0.0871 0.3898 0.0494 0.0371
−0.50 0.1618 0.0348 0.0115 0.4190 0.0377 0.0369 0.4459 0.0365 0.0050 0.3599 0.0382 0.0865
−0.30 0.2429 0.0396 0.0126 0.4628 0.0463 0.0303 0.6432 0.0487 0.0949 0.6379 0.0550 0.0589
−0.10 0.5406 0.0383 0.0150 0.6632 0.0455 0.0343 0.3743 0.0525 0.0042 0.5280 0.0652 0.0772

0.10 0.5035 0.0455 0.0335 0.5983 0.0539 0.1104 0.6196 0.0620 0.1041 0.5941 0.0733 0.1908
0.30 0.6976 0.0411 0.0322 0.7879 0.0509 0.0923 0.8092 0.0617 0.1106 0.7232 0.0789 0.1858
0.50 0.7346 0.0428 0.0698 0.5929 0.0513 0.0739 0.4653 0.0563 0.1657 1.0127 0.0687 0.2844
0.70 0.9276 0.0610 0.0760 1.3350 0.0727 0.0639 1.1939 0.0848 0.0520 1.1984 0.0991 0.2960
0.90 1.5044 0.1407 0.1356 0.9127 0.1761 0.2389 1.1577 0.1794 0.2247 1.2012 0.2085 0.1389

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0971 0.0635 0.0166 0.9527 0.1217 0.0713
−0.70 0.6082 0.0697 0.0147 0.1971 0.1435 0.0761
−0.50 0.3957 0.0464 0.0441 0.1275 0.0773 0.0096
−0.30 0.5636 0.0623 0.0646 0.2549 0.0867 0.1003
−0.10 0.5506 0.0857 0.2217 0.6333 0.1336 0.2741

0.10 0.6818 0.0916 0.2297 0.8367 0.1389 0.4270
0.30 0.7595 0.1056 0.2868 1.1287 0.1617 0.3497
0.50 0.8526 0.0898 0.3137 1.1050 0.1460 0.3708
0.70 1.0348 0.1312 0.2683 1.2566 0.1922 0.3855
0.90 0.4237 0.2871 0.2133 −0.3224 0.4058 0.1534

W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 2.6472 0.1933 1.5978 0.9876 0.1000 0.6197 0.5942 0.0763 0.3916 0.6067 0.0560 0.2934
−0.70 14.9770 0.4068 1.9304 7.0642 0.1880 0.6936 4.1756 0.1332 0.4440 2.1561 0.0900 0.3235
−0.50 30.4922 0.3625 0.1128 12.1692 0.1765 0.0663 7.7395 0.1275 0.1463 4.6419 0.0889 0.2052
−0.30 37.6621 0.4142 0.3477 16.3313 0.2040 0.3103 10.5705 0.1496 0.1411 6.9545 0.1059 0.2133
−0.10 40.5167 0.4101 1.4234 19.6255 0.2065 0.3551 12.2121 0.1499 0.0560 8.1638 0.1078 0.1762

0.10 38.2783 0.4220 2.7283 19.5523 0.2071 0.5511 11.9668 0.1487 0.1657 8.8632 0.1075 0.0441
0.30 29.5028 0.5010 4.2957 14.7954 0.2225 1.3897 9.8912 0.1487 0.5699 6.4738 0.1017 0.1809
0.50 20.4543 1.1611 5.9567 7.8959 0.4220 1.7692 6.7226 0.2265 0.7383 4.4422 0.1334 0.2217
0.70 1.6268 11.8608 8.4816 −13.7004 4.7556 15.4081 −4.5102 1.5738 4.4396 1.0084 0.5911 0.7480
0.90 109.4600 51.1901 42.6108 −3.0849 13.7616 16.1242 −12.9670 21.8883 13.8634 13.9049 12.7312 10.2094

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3130 0.0485 0.1916 0.3402 0.0480 0.1269 0.2843 0.0444 0.1180 0.0875 0.0412 0.0747
−0.70 1.4310 0.0738 0.1265 1.1928 0.0658 0.0993 0.5591 0.0567 0.0691 0.6153 0.0493 0.0259
−0.50 3.2998 0.0732 0.0559 2.1101 0.0667 0.0665 1.7259 0.0569 0.0644 1.5272 0.0494 0.0097
−0.30 5.0542 0.0869 0.1257 3.7359 0.0791 0.0805 3.1518 0.0691 0.0550 2.6314 0.0610 0.0298
−0.10 5.5861 0.0892 0.0239 4.6541 0.0818 0.0155 3.7034 0.0709 0.0434 3.1855 0.0622 0.0591

0.10 5.6982 0.0886 0.1153 4.5908 0.0815 0.1201 3.5747 0.0707 0.0260 3.4182 0.0626 0.0424
0.30 4.6652 0.0826 0.1980 3.6816 0.0748 0.1763 3.1495 0.0649 0.1088 2.5233 0.0570 0.0480
0.50 3.0194 0.0953 0.1700 2.0798 0.0804 0.1930 2.1302 0.0644 0.0820 2.0023 0.0550 0.0882
0.70 1.5152 0.3173 0.1603 0.4787 0.2702 0.3663 0.3808 0.1584 0.1435 1.0095 0.1125 0.0981
0.90 4.1739 3.0489 0.8964 −2.0984 2.7051 0.1863 −7.0584 2.5888 0.9716 5.1058 1.2768 0.7850

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0251 0.0379 0.0700 0.1633 0.0401 0.0525 0.4298 0.0462 0.0080 0.6375 0.0488 0.0215
−0.70 0.5836 0.0432 0.0124 0.5772 0.0452 0.0330 1.0390 0.0496 0.0800 1.6477 0.0506 0.0357
−0.50 1.6152 0.0441 0.0275 1.5515 0.0455 0.0486 2.0780 0.0498 0.0936 2.3824 0.0504 0.0501
−0.30 2.3179 0.0544 0.0180 2.7678 0.0561 0.0375 3.2164 0.0611 0.0661 3.6121 0.0607 0.0595
−0.10 3.1482 0.0559 0.0410 3.3589 0.0581 0.0505 3.8097 0.0637 0.0654 4.0849 0.0626 0.0675

0.10 3.1033 0.0568 0.0040 3.5273 0.0599 0.0321 4.2167 0.0654 0.0147 4.2379 0.0650 0.0736
0.30 2.7665 0.0530 0.1144 2.9940 0.0570 0.1239 3.4284 0.0637 0.1928 3.8206 0.0639 0.1342
0.50 1.7883 0.0512 0.1503 2.4680 0.0546 0.1076 2.6852 0.0615 0.1045 2.9162 0.0617 0.0379
0.70 1.2727 0.0899 0.1411 0.9952 0.0871 0.1617 1.7295 0.0882 0.0512 1.7587 0.0839 0.0782
0.90 5.3112 0.9246 1.1907 −5.6734 4.4171 4.8090 −0.1976 2.9254 1.2970 −0.8420 0.7103 0.1790
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W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1257 0.0474 0.0172 1.2527 0.0480 0.0286 1.4615 0.0459 0.0035 1.4820 0.0451 0.0384
−0.70 1.6913 0.0480 0.0437 2.1476 0.0477 0.0561 2.3253 0.0457 0.0588 2.4672 0.0448 0.0977
−0.50 2.5856 0.0467 0.0408 2.5189 0.0448 0.0158 2.5994 0.0417 0.0092 2.6105 0.0403 0.0377
−0.30 3.0312 0.0555 0.0731 3.0023 0.0527 0.0632 2.6958 0.0481 0.0634 2.5214 0.0454 0.0323
−0.10 3.6968 0.0561 0.0685 3.2089 0.0523 0.0713 2.8096 0.0472 0.0360 2.4248 0.0437 0.0300

0.10 3.6040 0.0582 0.2007 3.0253 0.0548 0.0846 2.4625 0.0491 0.0623 2.0264 0.0443 0.0886
0.30 3.1247 0.0563 0.0791 2.5864 0.0521 0.0942 1.7975 0.0467 0.0149 1.2892 0.0424 0.0127
0.50 2.3444 0.0552 0.0204 1.6512 0.0507 0.0737 0.9280 0.0452 0.0168 0.7238 0.0421 0.0523
0.70 1.2395 0.0711 0.0545 0.7773 0.0621 0.0416 0.5590 0.0546 0.0267 0.2503 0.0517 0.0908
0.90 1.3804 0.5356 0.0852 −4.3782 11.3369 6.6750 1.5231 0.3755 0.1645 −1.4825 0.7624 1.0983

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.9492 0.0414 0.0837 2.0819 0.0406 0.0588 2.3641 0.0429 0.1082 2.6483 0.0437 0.1736
−0.70 2.4439 0.0411 0.1520 2.9262 0.0401 0.1357 3.3568 0.0422 0.2300 3.4350 0.0423 0.2182
−0.50 2.5872 0.0366 0.0374 2.9725 0.0365 0.0945 3.5086 0.0392 0.0843 3.4484 0.0398 0.0418
−0.30 2.5701 0.0404 0.0285 2.4671 0.0389 0.0093 2.9082 0.0404 0.0361 2.8271 0.0403 0.0651
−0.10 1.9319 0.0377 0.0404 2.0772 0.0359 0.0138 2.0687 0.0364 0.0442 2.0587 0.0359 0.0591

0.10 1.6381 0.0386 0.0214 1.5971 0.0361 0.0540 1.5880 0.0370 0.0093 1.5232 0.0370 0.0608
0.30 1.0086 0.0363 0.0230 1.1112 0.0348 0.0262 1.2958 0.0359 0.0154 1.6032 0.0366 0.0573
0.50 0.6304 0.0371 0.0728 0.9660 0.0358 0.0512 1.3211 0.0393 0.0904 2.0625 0.0413 0.0698
0.70 0.7492 0.0462 0.0973 1.1591 0.0451 0.0246 2.0812 0.0506 0.0907 2.4086 0.0545 0.1187
0.90 0.3637 0.6908 0.4038 0.1486 0.7322 2.3636 1.2596 0.5554 1.0051 1.0571 0.2429 0.3890

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 2.3131 0.0446 0.0429 2.1938 0.0450 0.0840 1.7596 0.0431 0.0697 1.3753 0.0397 0.0353
−0.70 3.3618 0.0426 0.1077 3.0375 0.0419 0.0814 2.2196 0.0382 0.0297 1.7491 0.0351 0.0687
−0.50 3.5080 0.0412 0.0495 3.1706 0.0416 0.0730 2.6507 0.0400 0.1122 1.8477 0.0373 0.0595
−0.30 2.7056 0.0409 0.1234 2.3186 0.0403 0.1795 1.4853 0.0385 0.0981 1.2505 0.0360 0.0896
−0.10 1.9322 0.0356 0.1797 1.3954 0.0360 0.0760 1.2194 0.0347 0.0754 1.0267 0.0332 0.0580

0.10 1.4503 0.0382 0.0846 1.1902 0.0388 0.0681 0.9323 0.0377 0.0890 0.9811 0.0365 0.0386
0.30 1.6942 0.0395 0.0598 1.5054 0.0403 0.1018 1.2471 0.0404 0.0724 1.0297 0.0388 0.0521
0.50 2.0139 0.0448 0.0360 2.0289 0.0465 0.0677 1.7052 0.0457 0.0968 1.4014 0.0442 0.0871
0.70 2.8075 0.0579 0.0110 2.6681 0.0593 0.0357 1.9135 0.0585 0.0843 1.3190 0.0558 0.0447
0.90 1.1606 0.2082 0.2378 1.6998 0.1716 0.0691 0.6021 0.1455 0.0794 0.4950 0.8170 0.4586

W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1639 0.0375 0.0982 0.9425 0.0352 0.0862 0.8905 0.0371 0.1237 0.9865 0.0384 0.1245
−0.70 1.3529 0.0331 0.1517 1.1218 0.0308 0.1254 1.2574 0.0316 0.1394 1.0935 0.0323 0.0982
−0.50 1.4451 0.0349 0.0129 1.1806 0.0325 0.0043 1.0862 0.0331 0.0081 0.8834 0.0337 0.0318
−0.30 1.0575 0.0337 0.0366 0.8686 0.0318 0.0341 0.8134 0.0340 0.0177 0.8690 0.0378 0.0309
−0.10 0.7326 0.0318 0.0066 0.7740 0.0294 0.0185 0.7642 0.0316 0.0236 0.9504 0.0340 0.0342

0.10 0.6381 0.0350 0.0104 0.6939 0.0335 0.0146 0.7331 0.0362 0.0370 0.8236 0.0394 0.0108
0.30 0.9837 0.0368 0.0188 0.7688 0.0343 0.0083 0.6788 0.0354 0.0262 0.7573 0.0376 0.0165
0.50 1.0279 0.0411 0.0530 0.8208 0.0394 0.0665 0.7718 0.0400 0.0278 0.7423 0.0411 0.0214
0.70 1.1976 0.0519 0.0170 1.0074 0.0501 0.0901 0.9691 0.0518 0.0690 0.9060 0.0573 0.1045
0.90 1.7954 0.1244 0.0326 0.9392 0.1208 0.2499 1.1683 0.1525 0.4912 0.8132 0.1312 0.1942

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0696 0.0399 0.0874 1.1825 0.0448 0.0851 0.8638 0.0456 0.1168 1.2112 0.0514 0.0670
−0.70 1.3082 0.0335 0.0487 1.3875 0.0394 0.1411 1.2193 0.0421 0.1037 1.3728 0.0503 0.0536
−0.50 0.9873 0.0353 0.0083 0.7257 0.0380 0.0500 0.6351 0.0368 0.0011 0.7666 0.0387 0.1252
−0.30 0.9425 0.0400 0.0217 0.8424 0.0466 0.0339 0.7382 0.0489 0.0902 0.5555 0.0551 0.0632
−0.10 0.8585 0.0384 0.0213 0.9598 0.0457 0.0263 1.3091 0.0530 0.0115 1.2511 0.0656 0.1253

0.10 1.1288 0.0458 0.0282 1.3600 0.0543 0.1516 1.2969 0.0623 0.1303 1.3892 0.0737 0.2724
0.30 0.7515 0.0411 0.0281 0.8599 0.0509 0.0922 0.8011 0.0616 0.0936 1.0718 0.0791 0.2072
0.50 0.7232 0.0428 0.0724 0.7810 0.0513 0.0916 0.9871 0.0566 0.2364 0.5459 0.0683 0.2314
0.70 1.0375 0.0611 0.0649 1.0946 0.0726 0.0690 1.2414 0.0848 0.0255 1.5407 0.0994 0.3459
0.90 0.7889 0.1400 0.1105 1.3627 0.1767 0.2630 1.9439 0.1806 0.2822 1.7103 0.2094 0.1727

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0437 0.0635 0.0162 1.6311 0.1227 0.0389
−0.70 1.3427 0.0707 0.0232 1.7970 0.1459 0.1391
−0.50 0.6569 0.0468 0.0614 0.8508 0.0783 0.0271
−0.30 0.5662 0.0625 0.0739 0.9704 0.0876 0.1512
−0.10 1.4067 0.0865 0.3238 1.3573 0.1345 0.3613

0.10 1.2288 0.0920 0.3017 1.5612 0.1397 0.5215
0.30 1.0891 0.1059 0.3365 0.8841 0.1615 0.3404
0.50 0.7487 0.0897 0.2981 0.7597 0.1454 0.3528
0.70 1.7065 0.1319 0.3453 2.0529 0.1933 0.4795
0.90 2.2035 0.2897 0.3204 2.9975 0.4126 0.3021
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E.2.6 Observables for γn→ π0n as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1321.0 9.0 −0.4720 0.0101 0.0567 163.4471 3.3930 22.2200 455.3820 3.3998 51.9419
1339.0 9.0 −0.3897 0.0100 0.0458 90.3071 1.6522 11.0474 205.2835 1.6554 22.9795
1357.0 9.0 −0.3909 0.0106 0.0455 60.2984 1.1740 7.5131 137.7642 1.1763 15.7046
1375.0 9.0 −0.3459 0.0102 0.0390 46.0295 0.8162 5.1403 94.2943 0.8180 10.4090
1393.0 9.0 −0.3036 0.0106 0.0342 36.8794 0.6504 4.1487 68.9351 0.6517 7.6079
1411.0 9.0 −0.2230 0.0117 0.0270 33.0456 0.5845 3.9670 51.9755 0.5854 5.9111
1429.0 9.0 −0.1618 0.0114 0.0191 30.3014 0.4930 3.4503 41.9470 0.4937 4.6691
1447.0 9.0 −0.1487 0.0108 0.0190 27.3774 0.4148 3.1418 36.8640 0.4154 4.0922
1465.0 9.0 −0.1016 0.0101 0.0138 26.1220 0.3555 3.0252 31.9753 0.3559 3.5853
1483.0 9.0 −0.0213 0.0096 0.0082 29.4333 0.3496 3.4070 30.6344 0.3497 3.4307
1501.0 9.0 −0.0708 0.0091 0.0119 31.3499 0.3716 3.9419 36.0705 0.3719 4.2987
1519.0 9.0 0.0301 0.0092 0.0055 33.3709 0.3605 3.9587 31.3573 0.3604 3.6390
1537.0 9.0 0.1143 0.0094 0.0132 31.5060 0.3213 3.5801 24.9844 0.3209 2.8166
1555.0 9.0 0.0819 0.0101 0.0110 26.6513 0.3003 3.0690 22.5496 0.3001 2.5460
1573.0 9.0 0.0641 0.0111 0.0103 21.4002 0.2709 2.5056 18.7585 0.2707 2.1395
1591.0 9.0 0.0931 0.0124 0.0121 18.5502 0.2540 2.4155 15.3274 0.2538 1.9446
1609.0 9.0 0.0834 0.0130 0.0108 14.9676 0.2174 1.7979 12.6239 0.2172 1.4791
1627.0 9.0 0.0373 0.0125 0.0068 13.5964 0.1993 1.5074 12.5954 0.1992 1.3860
1645.0 9.0 −0.0641 0.0131 0.0110 12.0898 0.2052 1.5136 13.7261 0.2054 1.6348
1663.0 9.0 −0.0194 0.0126 0.0034 12.8052 0.2007 1.4519 13.3028 0.2008 1.4936
1681.0 9.0 −0.1852 0.0132 0.0209 10.5457 0.2036 1.1665 15.3203 0.2042 1.6858
1699.0 9.0 −0.2176 0.0145 0.0250 9.3366 0.2061 1.0442 14.5134 0.2069 1.6035
1717.0 9.0 −0.1784 0.0157 0.0204 8.8615 0.2026 1.0183 12.6655 0.2033 1.4535
1735.0 9.0 −0.1797 0.0172 0.0201 7.8543 0.1970 0.8807 11.2688 0.1976 1.2569
1753.0 9.0 −0.1421 0.0190 0.0181 7.0779 0.1885 0.8627 9.4233 0.1890 1.0995
1771.0 9.0 −0.0305 0.0201 0.0074 7.0173 0.1770 0.9228 7.4467 0.1772 0.9361
1789.0 9.0 −0.0915 0.0211 0.0117 6.5387 0.1846 0.8674 7.8730 0.1850 1.0272
1807.0 9.0 −0.1186 0.0204 0.0136 6.6853 0.1875 0.7375 8.4702 0.1881 0.9335
1825.0 9.0 −0.1863 0.0228 0.0223 6.1303 0.2057 0.7085 8.9301 0.2065 0.9986
1843.0 9.0 −0.2051 0.0237 0.0233 6.7730 0.2406 0.7833 10.2369 0.2418 1.1634
1861.0 9.0 −0.0953 0.0254 0.0132 7.6160 0.2588 1.0044 9.2024 0.2594 1.1630
1879.0 9.0 −0.2416 0.0285 0.0389 6.8194 0.2966 1.2777 11.0073 0.2986 1.8105
1897.0 9.0 −0.0552 0.0349 0.0117 8.2368 0.3590 1.8446 9.1516 0.3599 1.9842
1915.0 9.0 −0.3379 0.0522 0.0861 6.3371 0.5269 2.1634 12.2026 0.5312 3.0393

Angular Distributions

W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.3810 0.2397 0.3097 0.2654 0.1472 0.1841 0.1879 0.1200 0.1147 0.0509 0.0929 0.0487
−0.70 −0.6239 0.0450 0.1256 −0.3804 0.0390 0.0610 −0.0593 0.0372 0.0166 −0.1468 0.0361 0.0203
−0.50 −0.5012 0.0239 0.0116 −0.3815 0.0232 0.0095 −0.4016 0.0250 0.0106 −0.3325 0.0241 0.0069
−0.30 −0.4593 0.0218 0.0250 −0.3538 0.0219 0.0164 −0.5381 0.0249 0.0284 −0.5813 0.0253 0.0163
−0.10 −0.4962 0.0220 0.0281 −0.5086 0.0230 0.0268 −0.5648 0.0250 0.0306 −0.3782 0.0227 0.0120

0.10 −0.5404 0.0254 0.0436 −0.4858 0.0258 0.0397 −0.4351 0.0266 0.0337 −0.3799 0.0263 0.0257
0.30 −0.3965 0.0307 0.0573 −0.2511 0.0280 0.0168 −0.3159 0.0303 0.0240 −0.2256 0.0288 0.0201
0.50 −0.4746 0.0485 0.0877 −0.2466 0.0417 0.0355 −0.1663 0.0448 0.0251 −0.2325 0.0402 0.0247
0.70 0.4099 0.1126 0.0828 −0.5753 0.1265 0.1368 0.2751 0.1013 0.0418 0.0768 0.0911 0.0065
0.90 1.7075 1.8606 0.4123 −3.0568 2.7346 0.7355 0.7801 0.7846 0.1271 −0.5989 0.6759 0.0703

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.1423 0.0831 0.0773 0.8133 0.1098 0.2592 0.4862 0.0814 0.0894 0.5733 0.0714 0.1033
−0.70 −0.0939 0.0364 0.0081 −0.0656 0.0406 0.0132 0.1751 0.0401 0.0148 0.1022 0.0396 0.0055
−0.50 −0.3998 0.0262 0.0030 −0.2812 0.0270 0.0081 −0.2561 0.0274 0.0042 −0.0253 0.0252 0.0058
−0.30 −0.3728 0.0246 0.0065 −0.3237 0.0273 0.0211 −0.3281 0.0275 0.0214 −0.2083 0.0246 0.0067
−0.10 −0.3283 0.0243 0.0116 −0.3879 0.0278 0.0223 −0.1138 0.0257 0.0046 −0.3276 0.0258 0.0252

0.10 −0.2829 0.0270 0.0236 −0.2112 0.0298 0.0218 −0.3243 0.0307 0.0182 −0.2423 0.0275 0.0133
0.30 −0.4041 0.0324 0.0285 −0.1624 0.0350 0.0253 −0.1289 0.0335 0.0046 −0.2892 0.0338 0.0271
0.50 −0.1215 0.0422 0.0114 −0.1358 0.0542 0.0187 −0.1041 0.0499 0.0198 −0.1140 0.0455 0.0237
0.70 −0.1087 0.1052 0.0386 0.1567 0.1180 0.0250 0.3832 0.0973 0.0044 0.1730 0.0899 0.0146
0.90 −0.2073 0.9039 0.1036 −1.8128 0.9958 0.0673 −0.8998 0.7735 0.0577 2.1255 6.0450 1.1161

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.4828 0.0600 0.0512 0.5012 0.0540 0.0525 0.8559 0.0570 0.0466 0.9734 0.0621 0.0977
−0.70 0.1817 0.0376 0.0048 0.3239 0.0347 0.0236 0.3814 0.0323 0.0206 0.6036 0.0381 0.0075
−0.50 −0.0202 0.0234 0.0034 0.1476 0.0239 0.0104 0.1538 0.0234 0.0042 0.1560 0.0240 0.0103
−0.30 −0.2672 0.0241 0.0198 −0.1216 0.0231 0.0131 −0.2255 0.0226 0.0174 0.0127 0.0228 0.0056
−0.10 −0.2033 0.0238 0.0149 −0.1188 0.0229 0.0158 −0.2750 0.0231 0.0234 −0.1886 0.0229 0.0197

0.10 −0.2576 0.0263 0.0204 −0.2281 0.0249 0.0112 −0.2497 0.0250 0.0231 −0.2568 0.0247 0.0213
0.30 −0.0823 0.0320 0.0116 −0.1347 0.0295 0.0080 −0.2781 0.0267 0.0168 −0.1624 0.0262 0.0111
0.50 −0.1323 0.0424 0.0312 0.0738 0.0374 0.0077 −0.2357 0.0346 0.0242 −0.1779 0.0322 0.0157
0.70 0.3377 0.0795 0.0135 −0.1541 0.0636 0.0110 0.5194 0.0693 0.0902 0.4282 0.0557 0.0131
0.90 2.3521 1.3608 0.4074 0.3839 0.4749 0.1328 −0.9918 0.3383 0.0576 0.6446 0.2669 0.1079
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W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.9477 0.0617 0.0965 0.8092 0.0625 0.0635 0.9479 0.0735 0.1097 0.4246 0.0656 0.0410
−0.70 0.5649 0.0364 0.0281 0.4391 0.0379 0.0197 0.2170 0.0401 0.0218 0.2414 0.0445 0.0246
−0.50 0.2212 0.0241 0.0122 0.2417 0.0268 0.0090 0.2535 0.0286 0.0096 0.1496 0.0313 0.0112
−0.30 0.1671 0.0243 0.0048 −0.0019 0.0245 0.0054 −0.1032 0.0282 0.0123 0.0184 0.0304 0.0143
−0.10 −0.1489 0.0228 0.0155 −0.1424 0.0245 0.0095 −0.1623 0.0258 0.0113 −0.0835 0.0294 0.0174

0.10 −0.1676 0.0250 0.0153 −0.1202 0.0260 0.0148 −0.2120 0.0304 0.0210 −0.1607 0.0326 0.0233
0.30 −0.1173 0.0261 0.0053 −0.0619 0.0285 0.0065 −0.0461 0.0351 0.0179 0.1581 0.0393 0.0139
0.50 0.0477 0.0344 0.0080 0.0020 0.0358 0.0065 0.2786 0.0422 0.0193 0.3092 0.0491 0.0407
0.70 0.5152 0.0615 0.0496 0.6707 0.0746 0.0715 0.5832 0.0650 0.0427 0.5639 0.0713 0.0743
0.90 3.4063 1.6731 1.2461 1.1759 0.4018 0.1003 0.6065 0.2335 0.0707 0.4736 0.4231 0.2079

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.4903 0.0708 0.1081 0.5336 0.0849 0.0634 0.1259 0.0639 0.0360 −0.0142 0.0660 0.0097
−0.70 −0.2267 0.0484 0.0149 0.1301 0.0484 0.0125 −0.4780 0.0573 0.0342 −0.2771 0.0467 0.0158
−0.50 0.1334 0.0311 0.0032 −0.0134 0.0301 0.0096 −0.2380 0.0336 0.0237 −0.3109 0.0328 0.0108
−0.30 −0.1225 0.0323 0.0229 −0.1922 0.0290 0.0070 −0.2223 0.0335 0.0253 −0.1253 0.0314 0.0043
−0.10 −0.0402 0.0321 0.0094 −0.3229 0.0328 0.0271 −0.1015 0.0329 0.0047 −0.1258 0.0363 0.0100

0.10 −0.0426 0.0360 0.0108 −0.1007 0.0404 0.0195 0.0121 0.0406 0.0145 0.0388 0.0418 0.0163
0.30 0.3837 0.0465 0.0249 0.3316 0.0424 0.0065 0.0190 0.0465 0.0083 0.2132 0.0439 0.0124
0.50 0.3483 0.0496 0.0333 0.3619 0.0392 0.0198 0.2684 0.0382 0.0130 0.3870 0.0374 0.0325
0.70 0.4619 0.0579 0.0361 0.4480 0.0522 0.0362 0.2003 0.0427 0.0124 0.2446 0.0386 0.0181
0.90 −0.4289 0.3656 0.2464 1.8499 0.8821 0.7930 0.9072 0.3550 0.4021 0.3705 0.1246 0.0440

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.1521 0.0604 0.0314 −0.1776 0.0632 0.0118 −0.1585 0.0602 0.0132 0.1501 0.0589 0.0144
−0.70 −0.4378 0.0488 0.0300 −0.4676 0.0517 0.0329 −0.6861 0.0607 0.0242 −0.3608 0.0565 0.0017
−0.50 −0.3883 0.0330 0.0122 −0.6400 0.0445 0.0098 −0.6099 0.0469 0.0182 −0.4848 0.0518 0.0049
−0.30 −0.3928 0.0372 0.0052 −0.5859 0.0463 0.0268 −0.3256 0.0488 0.0016 −0.5693 0.0603 0.0340
−0.10 −0.4571 0.0442 0.0300 −0.3987 0.0484 0.0173 −0.1871 0.0518 0.0120 −0.6314 0.0662 0.0197

0.10 −0.1414 0.0447 0.0085 0.0193 0.0550 0.0014 −0.1482 0.0554 0.0128 −0.3581 0.0617 0.0424
0.30 0.2054 0.0431 0.0107 0.2417 0.0447 0.0111 0.1246 0.0487 0.0047 0.5165 0.0566 0.0246
0.50 0.0810 0.0335 0.0049 0.1469 0.0345 0.0018 0.2693 0.0405 0.0041 0.1318 0.0414 0.0127
0.70 0.0877 0.0412 0.0082 0.1829 0.0413 0.0187 0.1478 0.0433 0.0167 0.1090 0.0552 0.0055
0.90 0.0120 0.1213 0.0041 −0.0942 0.1057 0.0093 −0.3118 0.1418 0.0574 0.2728 0.1648 0.0131

W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.1811 0.0581 0.0050 0.0817 0.0492 0.0092 0.3536 0.0549 0.0092 0.3469 0.0554 0.0041
−0.70 −0.5200 0.0628 0.0279 −0.2744 0.0545 0.0144 −0.3426 0.0678 0.0577 −0.2414 0.0497 0.0155
−0.50 −0.4901 0.0552 0.0116 −0.5183 0.0639 0.0441 −0.7318 0.0660 0.0189 −0.5814 0.0673 0.0123
−0.30 −0.5232 0.0631 0.0154 −0.2644 0.0663 0.0336 −0.5094 0.0782 0.0545 −0.5590 0.0815 0.0676
−0.10 −0.2473 0.0604 0.0039 −0.0032 0.0701 0.0125 −0.0998 0.0703 0.0131 0.0130 0.0619 0.0024

0.10 0.1204 0.0695 0.0083 −0.0201 0.0907 0.0196 0.2063 0.0815 0.0401 −0.0822 0.0745 0.0146
0.30 0.3659 0.0626 0.0363 0.4745 0.0691 0.0316 0.5647 0.0802 0.0324 0.3948 0.0792 0.0216
0.50 0.2197 0.0496 0.0046 0.3880 0.0596 0.0144 0.2046 0.0728 0.0255 0.3028 0.0697 0.0012
0.70 −0.2518 0.0742 0.0590 0.1271 0.0700 0.0131 −0.2444 0.0650 0.0111 −0.4091 0.0709 0.0119
0.90 0.1683 0.1804 0.0626 −0.6935 0.1991 0.0737 0.6110 0.2014 0.0602 −0.1941 0.1277 0.0264

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.0708 0.0468 0.0082 −0.0441 0.0524 0.0093 0.0814 0.0513 0.0084 −0.0792 0.0599 0.0079
−0.70 −0.5870 0.0637 0.0833 −0.3224 0.0572 0.0143 −0.3088 0.0627 0.0264 −0.7212 0.0814 0.0147
−0.50 −0.4750 0.0669 0.0245 −0.2036 0.0572 0.0223 −0.3509 0.0678 0.0256 −0.4937 0.0828 0.0375
−0.30 −0.4014 0.0815 0.0270 −0.5331 0.1263 0.1043 −0.3248 0.0849 0.0455 −0.3169 0.0964 0.0612
−0.10 −0.0250 0.0888 0.0059 −0.6213 0.0933 0.0233 0.2275 0.1139 0.0627 −0.2688 0.0918 0.0330

0.10 −0.1263 0.0789 0.0061 0.2047 0.0829 0.0368 −0.0175 0.1077 0.0026 0.3259 0.1290 0.0366
0.30 0.3080 0.0896 0.0062 −0.1171 0.0877 0.0232 0.1198 0.1030 0.0297 −0.4317 0.1567 0.1387
0.50 0.0706 0.0796 0.0049 0.1126 0.0874 0.0207 −0.1361 0.1014 0.0352 0.0120 0.1162 0.0091
0.70 −0.0621 0.0810 0.0099 −0.1914 0.0769 0.0192 0.2799 0.0844 0.0301 −0.1028 0.0851 0.0206
0.90 −1.6373 0.6102 0.5435 −0.3682 0.2183 0.0888 −0.4470 0.1797 0.0412 0.4300 0.1755 0.0486

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) E ∆stat ∆sys E ∆stat ∆sys

−0.90 0.2554 0.0782 0.0168 0.1392 0.1125 0.0372
−0.70 −0.0700 0.0874 0.0069 0.0605 0.1196 0.0224
−0.50 −0.4054 0.1002 0.0223 −0.8401 0.1651 0.1402
−0.30 0.1546 0.1139 0.0420 0.3614 0.1654 0.1013
−0.10 −0.2321 0.1261 0.0121 −1.1342 0.2934 0.0900

0.10 −0.1409 0.1351 0.0621 −0.5506 0.1961 0.1973
0.30 −1.0517 0.3194 0.4056 −0.1066 0.2556 0.0462
0.50 0.7164 0.2475 0.3752 −0.8871 0.4543 0.4466
0.70 −0.2068 0.1161 0.0667 −0.7511 0.2097 0.2202
0.90 0.1580 0.1863 0.0593 0.1623 0.2410 0.0234



538 Appendix E. Data Tables

W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 4.4519 0.4545 2.8747 2.6088 0.2334 1.4758 2.0285 0.1788 1.0299 1.5002 0.1332 0.6159
−0.70 6.8747 0.7301 3.2171 4.9719 0.3341 1.2143 5.0692 0.2385 0.6044 3.3264 0.1640 0.5152
−0.50 11.6284 0.5973 0.3808 6.9325 0.2932 0.2184 4.5175 0.2110 0.1842 3.5616 0.1468 0.0976
−0.30 15.5542 0.6857 1.4026 8.7831 0.3371 0.4725 4.2633 0.2428 0.4169 2.7304 0.1712 0.1225
−0.10 16.0330 0.7591 1.8922 7.5030 0.3781 0.8122 4.3826 0.2632 0.4734 4.5172 0.1860 0.1163

0.10 14.9536 0.8777 2.6795 7.9493 0.4307 1.2138 5.7889 0.3007 0.7806 4.3775 0.2095 0.3777
0.30 17.8983 1.0087 4.3523 10.9609 0.4788 1.0640 6.4679 0.3298 0.7606 5.1325 0.2253 0.3943
0.50 11.7364 1.1504 4.0198 8.3876 0.5380 1.4541 5.9544 0.3765 1.0829 4.0220 0.2480 0.3624
0.70 19.1199 1.6496 3.6277 2.7080 0.7974 1.4957 5.5923 0.5102 0.7008 3.2147 0.3266 0.3143
0.90 25.7513 9.8024 7.3553 −8.7271 3.8430 2.6904 5.2160 2.1317 1.0084 0.8298 1.4109 0.1952

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.4438 0.1116 0.4903 2.1402 0.1072 0.5778 1.6799 0.0975 0.2864 1.8734 0.0877 0.2600
−0.70 2.7753 0.1328 0.2643 2.3491 0.1224 0.1458 2.6521 0.1073 0.2065 2.1646 0.0939 0.0203
−0.50 2.4324 0.1192 0.0143 2.4426 0.1065 0.0480 2.1359 0.0921 0.0283 2.4914 0.0781 0.0432
−0.30 3.1132 0.1379 0.0662 2.7021 0.1251 0.1904 2.2696 0.1063 0.1539 2.4113 0.0886 0.0378
−0.10 3.5992 0.1499 0.1843 2.6380 0.1347 0.2388 3.2287 0.1123 0.1751 2.1662 0.0951 0.1770

0.10 3.8053 0.1664 0.3456 3.3073 0.1473 0.3412 2.3477 0.1227 0.2055 2.3780 0.1013 0.1294
0.30 2.8758 0.1743 0.2791 3.0903 0.1528 0.3454 2.7164 0.1252 0.1435 1.9126 0.1053 0.2030
0.50 3.2914 0.1895 0.2855 2.3295 0.1726 0.4124 2.0116 0.1339 0.1871 1.7696 0.1087 0.1520
0.70 1.8208 0.2532 0.3663 1.8679 0.2231 0.3414 2.0832 0.1655 0.0467 1.4713 0.1341 0.1395
0.90 0.7601 0.9735 0.1565 −1.1070 0.7977 0.1033 0.0817 0.6257 0.0588 1.3601 1.0812 1.1308

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.7831 0.0786 0.1395 2.0908 0.0812 0.1664 3.2230 0.0914 0.1422 3.4711 0.0939 0.3280
−0.70 2.1306 0.0810 0.0211 2.6154 0.0790 0.0743 3.1289 0.0831 0.0986 3.3679 0.0834 0.0613
−0.50 2.2793 0.0660 0.0272 2.6292 0.0656 0.0357 2.8262 0.0687 0.0854 2.7003 0.0673 0.0720
−0.30 1.9926 0.0763 0.0907 2.3705 0.0747 0.0684 2.2802 0.0786 0.1335 2.7762 0.0759 0.1110
−0.10 2.2913 0.0812 0.1494 2.5431 0.0794 0.1350 2.2772 0.0845 0.2156 2.4145 0.0811 0.2063

0.10 2.0980 0.0866 0.0854 2.2433 0.0853 0.1100 2.3404 0.0915 0.2551 2.2757 0.0887 0.2011
0.30 2.1596 0.0906 0.2178 2.1702 0.0887 0.1765 2.1671 0.0936 0.1940 2.4136 0.0904 0.1775
0.50 1.6011 0.0932 0.2105 2.1890 0.0919 0.1909 1.8589 0.0989 0.2104 2.0196 0.0941 0.1486
0.70 1.6117 0.1100 0.0564 1.2317 0.1111 0.1110 2.6509 0.1267 0.4198 2.6654 0.1158 0.1054
0.90 2.6336 0.4600 0.6817 0.9715 0.3608 0.2271 0.0323 0.3558 0.0741 2.1799 0.3541 0.2734

W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 3.1145 0.0862 0.2949 2.5544 0.0833 0.1734 2.3314 0.0767 0.2236 1.3893 0.0717 0.0914
−0.70 3.0469 0.0751 0.1193 2.4442 0.0718 0.0667 1.6777 0.0656 0.0826 1.4679 0.0622 0.0596
−0.50 2.5636 0.0600 0.0474 2.2317 0.0570 0.0816 1.9225 0.0516 0.0364 1.5049 0.0491 0.1170
−0.30 2.7398 0.0682 0.0988 2.1322 0.0636 0.0612 1.5502 0.0586 0.1194 1.5497 0.0557 0.1571
−0.10 2.2315 0.0716 0.1154 1.9581 0.0670 0.1018 1.6340 0.0601 0.0619 1.4875 0.0573 0.1461

0.10 2.1835 0.0785 0.1239 2.0417 0.0723 0.0985 1.4378 0.0654 0.1294 1.2708 0.0585 0.0782
0.30 2.2051 0.0787 0.0870 1.9772 0.0727 0.1004 1.4707 0.0651 0.1395 1.4591 0.0590 0.1254
0.50 2.1384 0.0848 0.2089 1.7734 0.0767 0.1452 1.7620 0.0676 0.1479 1.4906 0.0637 0.2301
0.70 2.4660 0.1069 0.2720 2.2969 0.1017 0.2887 2.0665 0.0882 0.1789 1.7722 0.0832 0.2749
0.90 4.4064 0.5220 1.7619 2.0498 0.2886 0.2088 1.7407 0.2596 0.2334 1.1872 0.3121 0.6804

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2565 0.0624 0.2473 1.0607 0.0627 0.1231 0.9691 0.0648 0.1642 0.8229 0.0657 0.1180
−0.70 0.7426 0.0544 0.0638 1.0207 0.0527 0.0514 0.4651 0.0560 0.0513 0.7264 0.0545 0.0564
−0.50 1.2847 0.0425 0.0387 1.0913 0.0404 0.0490 0.8199 0.0427 0.0958 0.7511 0.0416 0.0383
−0.30 1.0958 0.0482 0.1210 1.0229 0.0437 0.0270 0.9146 0.0464 0.0987 1.0393 0.0451 0.0425
−0.10 1.2294 0.0496 0.1122 0.7993 0.0444 0.0685 1.0083 0.0445 0.0421 0.8576 0.0429 0.0501

0.10 1.0966 0.0497 0.0558 0.8372 0.0452 0.0596 0.9001 0.0437 0.0511 0.8375 0.0407 0.0465
0.30 1.2863 0.0486 0.1048 1.1466 0.0421 0.0136 0.7766 0.0426 0.0928 0.9517 0.0409 0.0637
0.50 1.2727 0.0530 0.1491 1.4003 0.0461 0.0492 1.3848 0.0490 0.0847 1.6474 0.0502 0.1400
0.70 1.6720 0.0725 0.1519 1.7781 0.0705 0.1753 1.7244 0.0730 0.1307 2.0786 0.0764 0.1436
0.90 0.5032 0.2878 0.4299 2.1688 0.3323 1.2678 1.7756 0.2527 0.7126 1.9177 0.1969 0.2670

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1537 0.0709 0.1990 0.8516 0.0787 0.0124 0.9196 0.0789 0.0817 1.2783 0.0791 0.0813
−0.70 0.5903 0.0558 0.0700 0.5616 0.0587 0.0728 0.3205 0.0606 0.0350 0.6191 0.0626 0.0046
−0.50 0.6826 0.0414 0.0346 0.3410 0.0430 0.0153 0.3435 0.0420 0.0260 0.3750 0.0413 0.0015
−0.30 0.6406 0.0444 0.0033 0.3776 0.0439 0.0331 0.4994 0.0418 0.0012 0.2705 0.0397 0.0316
−0.10 0.4810 0.0431 0.0538 0.4574 0.0415 0.0286 0.5214 0.0394 0.0357 0.2075 0.0376 0.0120

0.10 0.6396 0.0398 0.0450 0.6177 0.0406 0.0257 0.4920 0.0381 0.0491 0.3480 0.0370 0.0624
0.30 0.9672 0.0412 0.0472 0.9747 0.0417 0.0279 0.8041 0.0422 0.0124 1.0206 0.0413 0.0071
0.50 1.4043 0.0528 0.0843 1.4902 0.0542 0.0177 1.4683 0.0554 0.0063 1.1934 0.0527 0.0547
0.70 1.8388 0.0845 0.1776 2.0104 0.0842 0.1060 1.8003 0.0818 0.1061 1.3450 0.0814 0.0047
0.90 1.4488 0.2102 0.2686 1.3434 0.1897 0.0413 0.8333 0.1943 0.1073 1.2164 0.1850 0.0512
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W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.3022 0.0774 0.0186 1.2834 0.0710 0.0831 1.6059 0.0755 0.0114 1.6601 0.0793 0.0243
−0.70 0.4256 0.0600 0.0407 0.5988 0.0527 0.0196 0.4963 0.0583 0.1351 0.6954 0.0538 0.0361
−0.50 0.3227 0.0381 0.0108 0.2475 0.0353 0.0464 0.1454 0.0342 0.0137 0.2084 0.0347 0.0089
−0.30 0.2501 0.0353 0.0095 0.3166 0.0332 0.0511 0.2001 0.0343 0.0406 0.1848 0.0355 0.0439
−0.10 0.3793 0.0359 0.0094 0.4195 0.0357 0.0493 0.3964 0.0372 0.0467 0.4951 0.0369 0.0168

0.10 0.5024 0.0374 0.0442 0.3573 0.0386 0.0862 0.4868 0.0388 0.0488 0.4024 0.0397 0.0062
0.30 0.7684 0.0401 0.0510 0.7338 0.0377 0.0322 0.7200 0.0390 0.0503 0.6145 0.0396 0.0204
0.50 1.0494 0.0508 0.0309 0.9871 0.0483 0.0335 0.7240 0.0519 0.0786 0.8258 0.0519 0.0010
0.70 0.7315 0.0832 0.2103 0.9900 0.0737 0.1149 0.7356 0.0749 0.0445 0.5769 0.0774 0.0261
0.90 1.0323 0.1862 0.1375 0.2847 0.1650 0.0948 1.4798 0.1902 0.1532 0.9087 0.1678 0.1305

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.4814 0.0783 0.1381 1.3432 0.0898 0.0170 1.5349 0.0880 0.1512 1.2714 0.1005 0.0440
−0.70 0.3749 0.0596 0.1258 0.6902 0.0676 0.0470 0.6893 0.0728 0.0753 0.2808 0.0807 0.0210
−0.50 0.2606 0.0359 0.0251 0.4371 0.0372 0.0416 0.3124 0.0372 0.0279 0.2262 0.0393 0.0327
−0.30 0.2493 0.0385 0.0287 0.1767 0.0500 0.0790 0.3359 0.0470 0.0657 0.3473 0.0530 0.0934
−0.10 0.4156 0.0448 0.0850 0.2073 0.0525 0.0178 0.5847 0.0637 0.0847 0.4928 0.0712 0.0783

0.10 0.4080 0.0445 0.0153 0.6599 0.0534 0.1122 0.4622 0.0613 0.0575 0.6510 0.0734 0.0821
0.30 0.5625 0.0453 0.0111 0.4598 0.0532 0.0979 0.5823 0.0616 0.1445 0.3077 0.0772 0.1488
0.50 0.5961 0.0539 0.0350 0.6927 0.0655 0.1016 0.5204 0.0694 0.1358 0.6544 0.0833 0.2065
0.70 0.8557 0.0890 0.0994 0.9152 0.1032 0.0446 1.5436 0.1196 0.1611 1.3050 0.1444 0.2779
0.90 −0.5067 0.2870 0.4384 0.7777 0.2947 0.2535 0.8294 0.2949 0.0827 2.4322 0.3346 0.1445

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.6960 0.1254 0.1100 1.9676 0.2268 0.3871
−0.70 0.8305 0.0953 0.0282 1.1467 0.1572 0.0586
−0.50 0.2354 0.0442 0.0213 0.0815 0.0602 0.0659
−0.30 0.5812 0.0650 0.1520 0.7334 0.0979 0.1623
−0.10 0.4580 0.0892 0.0373 −0.0620 0.1336 0.0487

0.10 0.5461 0.0883 0.2281 0.3784 0.1298 0.2352
0.30 0.0438 0.1024 0.1742 0.4804 0.1389 0.2078
0.50 1.0580 0.1072 0.4504 0.1670 0.1548 0.2561
0.70 1.1568 0.1799 0.4169 0.4279 0.2364 0.3639
0.90 2.1837 0.3865 0.6538 2.1983 0.5427 0.3249

W=(1321.0±9.0)MeV W=(1339.0±9.0)MeV W=(1357.0±9.0)MeV W=(1375.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 2.7779 0.4542 2.4943 1.8001 0.2332 1.3021 1.5304 0.1786 0.9300 1.3868 0.1330 0.6175
−0.70 26.7007 0.7316 4.9329 10.6822 0.3346 1.6199 5.7017 0.2385 0.6305 4.4267 0.1641 0.5859
−0.50 34.8384 0.5986 0.0933 15.4671 0.2938 0.1867 10.5846 0.2114 0.2114 7.0750 0.1471 0.1320
−0.30 42.0190 0.6871 1.5857 18.3693 0.3377 0.3997 14.1692 0.2435 0.3938 10.2195 0.1718 0.0590
−0.10 47.9357 0.7608 2.8385 23.1534 0.3790 1.1543 15.7358 0.2639 0.4577 9.9593 0.1865 0.0583

0.10 50.5369 0.8796 3.9630 23.0631 0.4317 1.5790 14.7790 0.3013 1.0369 9.7326 0.2099 0.3560
0.30 41.6615 1.0103 5.9035 18.3786 0.4795 1.3507 12.5027 0.3303 1.0059 8.1118 0.2256 0.3590
0.50 32.9971 1.1523 5.4027 13.8944 0.5386 1.6671 8.3476 0.3768 1.2451 6.4437 0.2483 0.3267
0.70 7.9927 1.6480 2.7127 9.9847 0.7983 2.1435 3.1745 0.5097 0.6033 2.7441 0.3266 0.2533
0.90 −6.8207 9.7945 4.8610 18.1826 3.8534 4.2732 0.7666 2.1260 0.4843 3.2439 1.4120 0.1384

W=(1393.0±9.0)MeV W=(1411.0±9.0)MeV W=(1429.0±9.0)MeV W=(1447.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1288 0.1114 0.4608 0.3272 0.1066 0.3542 0.6161 0.0971 0.2012 0.5365 0.0871 0.1882
−0.70 3.3361 0.1329 0.2873 2.6653 0.1224 0.1781 1.8723 0.1072 0.1770 1.7608 0.0938 0.0151
−0.50 5.6739 0.1195 0.0336 4.3349 0.1067 0.0584 3.6015 0.0923 0.0159 2.6157 0.0782 0.0155
−0.30 6.8038 0.1382 0.0497 5.2804 0.1254 0.1644 4.4755 0.1066 0.1247 3.6696 0.0887 0.0236
−0.10 7.1309 0.1503 0.2274 5.9989 0.1350 0.3009 4.0628 0.1125 0.1985 4.2665 0.0954 0.1511

0.10 6.8040 0.1666 0.3431 5.0773 0.1476 0.3502 4.6175 0.1230 0.2705 3.8979 0.1016 0.1252
0.30 6.7710 0.1748 0.2762 4.2722 0.1529 0.2994 3.5263 0.1253 0.1738 3.4680 0.1055 0.2092
0.50 4.2033 0.1896 0.2968 3.0706 0.1727 0.4761 2.4679 0.1340 0.1462 2.2116 0.1089 0.1140
0.70 2.2407 0.2533 0.3299 1.3515 0.2229 0.2710 0.9274 0.1651 0.0275 1.0328 0.1339 0.1129
0.90 1.1088 0.9729 0.0468 3.8688 0.8008 0.1274 1.7249 0.6265 0.1305 −0.4317 1.0807 0.7864

W=(1465.0±9.0)MeV W=(1483.0±9.0)MeV W=(1501.0±9.0)MeV W=(1519.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6328 0.0781 0.1074 0.7083 0.0807 0.1260 0.2619 0.0904 0.0915 0.0833 0.0927 0.1731
−0.70 1.4731 0.0808 0.0008 1.3343 0.0788 0.0800 1.4045 0.0828 0.0891 0.8278 0.0829 0.0260
−0.50 2.3704 0.0661 0.0277 1.9466 0.0655 0.0220 2.0675 0.0687 0.0527 1.9628 0.0672 0.0280
−0.30 3.4271 0.0765 0.0395 3.0141 0.0748 0.0229 3.5994 0.0788 0.1032 2.7006 0.0759 0.0796
−0.10 3.4585 0.0814 0.1416 3.2162 0.0795 0.0874 4.0063 0.0847 0.2238 3.5318 0.0813 0.1921

0.10 3.5309 0.0868 0.0260 3.5689 0.0855 0.1091 3.9043 0.0918 0.2863 3.8487 0.0890 0.2060
0.30 2.5450 0.0906 0.2130 2.8531 0.0888 0.2091 3.8595 0.0939 0.2711 3.3534 0.0906 0.1943
0.50 2.0746 0.0933 0.1774 1.8873 0.0918 0.1836 3.0095 0.0991 0.2292 2.8908 0.0943 0.1396
0.70 0.7957 0.1097 0.0453 1.6859 0.1111 0.1323 0.8350 0.1262 0.2993 1.0590 0.1153 0.0572
0.90 −1.0747 0.4580 0.3854 0.3949 0.3605 0.0787 2.4708 0.3582 0.1483 0.4721 0.3525 0.2078
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W=(1537.0±9.0)MeV W=(1555.0±9.0)MeV W=(1573.0±9.0)MeV W=(1591.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1156 0.0850 0.1600 0.2863 0.0823 0.1079 0.0862 0.0756 0.1365 0.5672 0.0710 0.0806
−0.70 0.8557 0.0746 0.0889 0.9551 0.0714 0.0577 1.0809 0.0654 0.0859 0.8966 0.0620 0.0666
−0.50 1.6273 0.0598 0.0196 1.3555 0.0568 0.0460 1.1401 0.0515 0.0131 1.1051 0.0490 0.0837
−0.30 1.9497 0.0681 0.0670 2.1360 0.0636 0.0392 1.9045 0.0587 0.1094 1.4838 0.0557 0.1189
−0.10 3.0031 0.0717 0.0858 2.6078 0.0672 0.0966 2.2623 0.0603 0.0434 1.7522 0.0574 0.1270

0.10 3.0569 0.0787 0.1103 2.5904 0.0725 0.0654 2.2095 0.0656 0.1239 1.7460 0.0587 0.0406
0.30 2.7915 0.0788 0.0879 2.2356 0.0728 0.0893 1.6035 0.0651 0.1067 1.0588 0.0588 0.1105
0.50 1.9351 0.0848 0.1777 1.7615 0.0767 0.1232 0.9844 0.0674 0.0956 0.7750 0.0635 0.1528
0.70 0.7735 0.1063 0.1602 0.4324 0.1011 0.1481 0.5339 0.0875 0.0978 0.4847 0.0827 0.1621
0.90 −2.3613 0.5189 1.4039 −0.1707 0.2867 0.0841 0.4020 0.2585 0.1225 0.4534 0.3118 0.4188

W=(1609.0±9.0)MeV W=(1627.0±9.0)MeV W=(1645.0±9.0)MeV W=(1663.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4619 0.0617 0.1770 0.3351 0.0620 0.0815 0.7605 0.0644 0.1688 0.8448 0.0655 0.1376
−0.70 1.1664 0.0546 0.0893 0.7864 0.0526 0.0525 1.3200 0.0563 0.0631 1.2744 0.0547 0.0752
−0.50 0.9803 0.0425 0.0265 1.1171 0.0405 0.0296 1.3351 0.0428 0.1088 1.4372 0.0418 0.0636
−0.30 1.3956 0.0483 0.1013 1.5039 0.0438 0.0319 1.4361 0.0466 0.0967 1.3397 0.0452 0.0536
−0.10 1.3295 0.0496 0.1004 1.5564 0.0446 0.0551 1.2362 0.0446 0.0429 1.1040 0.0430 0.0475

0.10 1.1902 0.0498 0.0366 1.0194 0.0453 0.0420 0.8735 0.0437 0.0296 0.7727 0.0407 0.0503
0.30 0.5677 0.0484 0.0657 0.5755 0.0419 0.0081 0.7445 0.0426 0.0792 0.6137 0.0408 0.0458
0.50 0.6074 0.0528 0.0927 0.6581 0.0458 0.0375 0.7934 0.0487 0.0527 0.7230 0.0499 0.1019
0.70 0.6064 0.0721 0.0909 0.6681 0.0700 0.1012 1.1406 0.0727 0.0883 1.2575 0.0760 0.1195
0.90 1.1114 0.2882 0.5589 −0.6008 0.3311 0.8477 0.1472 0.2511 0.4321 0.8710 0.1958 0.1808

W=(1681.0±9.0)MeV W=(1699.0±9.0)MeV W=(1717.0±9.0)MeV W=(1735.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8611 0.0706 0.1818 1.2138 0.0787 0.0419 1.2608 0.0788 0.0902 0.9474 0.0787 0.0801
−0.70 1.4842 0.0563 0.1111 1.5206 0.0592 0.1182 1.6894 0.0614 0.0721 1.3165 0.0631 0.0112
−0.50 1.5406 0.0416 0.0478 1.5599 0.0434 0.0263 1.3955 0.0425 0.0489 1.0836 0.0416 0.0120
−0.30 1.4733 0.0446 0.0169 1.4422 0.0443 0.0294 0.9820 0.0420 0.0018 0.9851 0.0401 0.0329
−0.10 1.2951 0.0434 0.0655 1.0657 0.0418 0.0324 0.7557 0.0396 0.0472 0.9055 0.0380 0.0146

0.10 0.8463 0.0399 0.0510 0.5939 0.0406 0.0236 0.6590 0.0382 0.0571 0.7181 0.0372 0.0833
0.30 0.6335 0.0411 0.0265 0.5951 0.0414 0.0279 0.6246 0.0421 0.0074 0.3282 0.0409 0.0226
0.50 1.1927 0.0527 0.0785 1.1081 0.0540 0.0159 0.8459 0.0551 0.0091 0.9159 0.0526 0.0503
0.70 1.5373 0.0843 0.1584 1.3760 0.0839 0.0594 1.3388 0.0816 0.1076 1.0789 0.0812 0.0114
0.90 1.4158 0.2101 0.2694 1.6167 0.1902 0.0570 1.5587 0.1957 0.0450 0.6895 0.1847 0.0301

W=(1753.0±9.0)MeV W=(1771.0±9.0)MeV W=(1789.0±9.0)MeV W=(1807.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9027 0.0770 0.0207 1.0909 0.0708 0.0855 0.7688 0.0748 0.0127 0.8064 0.0787 0.0165
−0.70 1.3515 0.0606 0.0495 1.0489 0.0531 0.0150 1.0262 0.0587 0.1923 1.1358 0.0542 0.0286
−0.50 0.9424 0.0384 0.0099 0.7895 0.0356 0.0724 0.9247 0.0347 0.0236 0.7783 0.0351 0.0186
−0.30 0.7942 0.0357 0.0050 0.5458 0.0334 0.0604 0.6199 0.0346 0.0541 0.6519 0.0359 0.0500
−0.10 0.6292 0.0361 0.0120 0.4247 0.0357 0.0565 0.4844 0.0373 0.0485 0.4828 0.0370 0.0166

0.10 0.3924 0.0374 0.0328 0.3682 0.0386 0.0769 0.3224 0.0386 0.0534 0.4766 0.0398 0.0113
0.30 0.3566 0.0398 0.0473 0.2617 0.0373 0.0294 0.1958 0.0387 0.0263 0.2673 0.0393 0.0157
0.50 0.6692 0.0506 0.0170 0.4340 0.0479 0.0258 0.4768 0.0517 0.0675 0.4422 0.0514 0.0017
0.70 1.2225 0.0835 0.2519 0.7616 0.0736 0.0896 1.2146 0.0752 0.0544 1.3697 0.0780 0.0366
0.90 0.7516 0.1852 0.1774 1.4419 0.1678 0.1635 0.3485 0.1889 0.0926 1.3326 0.1689 0.1541

W=(1825.0±9.0)MeV W=(1843.0±9.0)MeV W=(1861.0±9.0)MeV W=(1879.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2889 0.0781 0.1324 1.4626 0.0900 0.0262 1.3081 0.0878 0.1412 1.4853 0.1008 0.0555
−0.70 1.4515 0.0605 0.1742 1.3564 0.0682 0.0805 1.3095 0.0735 0.0907 1.7452 0.0824 0.0357
−0.50 0.7216 0.0363 0.0404 0.6573 0.0374 0.0497 0.6467 0.0376 0.0323 0.6527 0.0399 0.0550
−0.30 0.5900 0.0388 0.0414 0.5892 0.0503 0.1242 0.6436 0.0474 0.0852 0.6444 0.0536 0.1262
−0.10 0.4368 0.0448 0.0862 0.8875 0.0531 0.0182 0.3728 0.0635 0.0886 0.8428 0.0716 0.0957

0.10 0.5242 0.0446 0.0171 0.4445 0.0533 0.0953 0.4780 0.0613 0.0612 0.3400 0.0728 0.0580
0.30 0.2983 0.0449 0.0085 0.5744 0.0532 0.1084 0.4661 0.0613 0.1261 0.6972 0.0778 0.2123
0.50 0.5182 0.0538 0.0327 0.5566 0.0653 0.0966 0.6718 0.0694 0.1483 0.6409 0.0831 0.2110
0.70 0.9681 0.0891 0.0986 1.3365 0.1040 0.0629 0.8823 0.1188 0.1283 1.5869 0.1449 0.3029
0.90 2.2122 0.2906 0.6818 1.6689 0.2967 0.2967 2.1432 0.2987 0.0380 0.9752 0.3314 0.1435

W=(1897.0±9.0)MeV W=(1915.0±9.0)MeV

cos(θ∗
π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0139 0.1246 0.0875 1.5098 0.2258 0.3550
−0.70 0.9544 0.0958 0.0277 1.0244 0.1568 0.0585
−0.50 0.5498 0.0448 0.0352 0.7546 0.0614 0.1226
−0.30 0.4366 0.0649 0.1302 0.3642 0.0974 0.1351
−0.10 0.7311 0.0898 0.0491 1.2252 0.1360 0.1095

0.10 0.6969 0.0886 0.2442 1.0959 0.1314 0.3338
0.30 0.9705 0.1039 0.3310 0.5754 0.1391 0.2259
0.50 0.2900 0.1058 0.3005 1.0079 0.1565 0.4170
0.70 1.6900 0.1809 0.4783 2.2801 0.2403 0.6238
0.90 1.6424 0.3852 0.6076 1.6093 0.5401 0.2866
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E.3 Unpolarized Results for Double π0 from the A2
Data

E.3.1 Total Cross Sections as a Function of Eγ

Eγ ∆Eγ σqf−inc ∆stat ∆sys σp ∆stat ∆sys σn ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb] [µb] [µb] [µb]

422.5 7.5 0.4636 0.0077 0.4079 0.0477 0.0214 0.1687 0.1781 0.0274 0.1683
437.5 7.5 0.4594 0.0086 0.4644 0.1757 0.0216 0.2007 0.1589 0.0325 0.2511
452.5 7.5 1.0176 0.0102 0.4209 0.2992 0.0195 0.1795 0.3072 0.0261 0.2695
467.5 7.5 1.4816 0.0117 0.5268 0.4565 0.0228 0.2134 0.5069 0.0287 0.2051
482.5 7.5 2.0382 0.0122 0.5761 0.7796 0.0267 0.2548 0.6325 0.0338 0.2876
497.5 7.5 2.7466 0.0134 0.6523 1.1627 0.0253 0.3831 0.8881 0.0304 0.3585
512.5 7.5 3.5929 0.0151 0.5700 1.6106 0.0277 0.3898 1.1898 0.0312 0.2787
527.5 7.5 4.5139 0.0162 0.6195 2.0982 0.0253 0.4507 1.5670 0.0308 0.3985
542.5 7.5 5.5274 0.0173 0.5572 2.7252 0.0246 0.4534 2.1362 0.0321 0.3575
557.5 7.5 6.5429 0.0192 0.5633 3.2442 0.0262 0.4071 2.4793 0.0319 0.3520
572.5 7.5 7.3971 0.0206 0.5680 3.7512 0.0283 0.4615 2.9768 0.0327 0.3495
587.5 7.5 8.3751 0.0213 0.5370 4.3462 0.0306 0.4751 3.3489 0.0356 0.3888
602.5 7.5 9.3029 0.0229 0.5667 4.7975 0.0342 0.4711 3.7768 0.0360 0.3646
617.5 7.5 10.0812 0.0240 0.5205 5.1659 0.0340 0.4294 4.2965 0.0390 0.3788
632.5 7.5 10.9010 0.0254 0.5326 5.4947 0.0308 0.4261 4.7491 0.0431 0.4225
647.5 7.5 11.6688 0.0273 0.5247 5.9813 0.0324 0.4477 5.2325 0.0409 0.4036
662.5 7.5 12.5540 0.0284 0.5125 6.2939 0.0324 0.4359 5.7474 0.0452 0.3902
677.5 7.5 13.4454 0.0293 0.5101 6.6778 0.0319 0.4489 6.2543 0.0445 0.4196
692.5 7.5 14.1487 0.0307 0.5461 7.0727 0.0334 0.4360 6.7143 0.0503 0.4152
707.5 7.5 14.7191 0.0315 0.5553 7.2985 0.0328 0.4369 7.1255 0.0479 0.4676
722.5 7.5 15.1874 0.0357 0.5826 7.3924 0.0352 0.4138 7.4663 0.0523 0.4463
737.5 7.5 15.2608 0.0347 0.5824 7.4206 0.0370 0.3953 7.6757 0.0530 0.4398
752.5 7.5 15.2685 0.0338 0.5688 7.2319 0.0322 0.4015 7.8175 0.0537 0.4933
767.5 7.5 15.1759 0.0364 0.5523 7.0317 0.0355 0.3960 7.7473 0.0565 0.4481
782.5 7.5 14.6723 0.0332 0.5510 6.7261 0.0299 0.4182 7.7741 0.0517 0.4740
797.5 7.5 14.1660 0.0342 0.5140 6.4880 0.0331 0.3386 7.4951 0.0505 0.4132
812.5 7.5 13.7106 0.0337 0.4825 6.1041 0.0299 0.3465 7.3291 0.0515 0.3832
827.5 7.5 13.1897 0.0343 0.4508 5.8269 0.0285 0.3476 7.0210 0.0506 0.3771
842.5 7.5 12.8214 0.0356 0.4323 5.6257 0.0325 0.3847 6.9263 0.0533 0.4397
857.5 7.5 12.4494 0.0438 0.4399 5.3251 0.0367 0.3192 6.5868 0.0709 0.3978
872.5 7.5 12.3673 0.0361 0.3896 5.3141 0.0325 0.3274 6.6636 0.0514 0.5276
887.5 7.5 12.8328 0.0397 0.3868 5.5944 0.0329 0.3008 7.1894 0.0555 0.3529
902.5 7.5 12.4498 0.0349 0.3601 5.4075 0.0296 0.2445 6.9262 0.0483 0.3247
917.5 7.5 12.4341 0.0351 0.4014 5.3429 0.0278 0.2964 6.8830 0.0511 0.3494
932.5 7.5 12.7795 0.0362 0.3167 5.5674 0.0294 0.2924 7.1673 0.0513 0.3723
947.5 7.5 13.0798 0.0363 0.2963 5.7509 0.0270 0.2849 7.3133 0.0477 0.3099
962.5 7.5 13.3157 0.0375 0.2570 5.9422 0.0282 0.2425 7.1968 0.0484 0.3192
977.5 7.5 13.6668 0.0371 0.2651 6.1916 0.0270 0.2263 7.5447 0.0502 0.2879
992.5 7.5 14.0354 0.0401 0.2325 6.5005 0.0310 0.2628 7.5349 0.0542 0.2732

1007.5 7.5 14.1242 0.0391 0.2559 6.6003 0.0290 0.2565 7.4456 0.0501 0.3325
1022.5 7.5 14.4574 0.0398 0.2145 6.9004 0.0286 0.2736 7.7474 0.0503 0.2501
1037.5 7.5 14.6049 0.0431 0.2295 7.1337 0.0299 0.2961 7.7322 0.0512 0.2894
1052.5 7.5 14.6750 0.0429 0.2189 7.2426 0.0305 0.2843 7.7507 0.0479 0.3109
1067.5 7.5 14.6145 0.0430 0.2271 7.4088 0.0307 0.2346 7.6398 0.0511 0.2469
1082.5 7.5 14.5158 0.0426 0.2172 7.3811 0.0300 0.2731 7.4002 0.0501 0.2777
1097.5 7.5 14.1092 0.0432 0.2224 7.3303 0.0289 0.2638 7.0396 0.0496 0.2815
1112.5 7.5 13.9037 0.0474 0.2108 7.1796 0.0321 0.2353 6.8686 0.0542 0.2690
1127.5 7.5 13.3860 0.0418 0.1322 7.0658 0.0262 0.2521 6.7863 0.0471 0.2692
1142.5 7.5 13.0373 0.0428 0.1824 7.0060 0.0259 0.2130 6.4204 0.0458 0.2911
1157.5 7.5 12.3998 0.0423 0.1398 6.6501 0.0280 0.2323 6.0804 0.0443 0.3176
1172.5 7.5 11.8983 0.0403 0.1611 6.3627 0.0253 0.2221 5.8388 0.0407 0.2366
1187.5 7.5 11.3236 0.0413 0.1553 6.0988 0.0265 0.2010 5.5600 0.0445 0.1934
1202.5 7.5 10.8805 0.0420 0.1522 5.8494 0.0248 0.1964 5.0519 0.0425 0.2150
1217.5 7.5 10.5225 0.0400 0.1444 5.6874 0.0242 0.2152 4.9738 0.0433 0.2383
1232.5 7.5 10.0424 0.0431 0.1238 5.4493 0.0256 0.1719 4.7422 0.0439 0.2025
1247.5 7.5 9.6834 0.0404 0.1247 5.3335 0.0242 0.1730 4.5512 0.0396 0.2896
1262.5 7.5 9.5220 0.0415 0.1254 5.1945 0.0253 0.1406 4.4001 0.0418 0.1853
1277.5 7.5 9.2482 0.0400 0.1184 5.0432 0.0236 0.1717 4.2895 0.0369 0.1941
1292.5 7.5 9.0744 0.0432 0.1189 4.9994 0.0263 0.1643 4.1394 0.0446 0.2190
1307.5 7.5 8.9318 0.0387 0.1014 4.8655 0.0210 0.1856 4.0615 0.0347 0.1854
1322.5 7.5 8.6892 0.0468 0.1532 4.6349 0.0295 0.1904 3.9296 0.0426 0.2160
1337.5 7.5 8.6541 0.0483 0.1123 4.6881 0.0289 0.1783 3.8198 0.0468 0.2249
1352.5 7.5 8.5068 0.0413 0.1023 4.6843 0.0258 0.1808 3.8855 0.0360 0.2208
1367.5 7.5 8.2932 0.0405 0.1416 4.5945 0.0259 0.1934 3.7894 0.0359 0.1800
1382.5 7.5 8.0081 0.0405 0.2068 4.4714 0.0251 0.3665 3.5321 0.0382 0.2779
1397.5 7.5 9.2680 0.0627 0.0476 5.0246 0.0380 0.0447 3.9315 0.0628 0.0365
1412.5 7.5 7.7638 0.0804 0.0374 4.1541 0.0497 0.0593 3.6006 0.0566 0.0732
1427.5 7.5 7.7783 0.0868 0.0578 4.0377 0.0581 0.0728 3.4620 0.0789 0.0631
1442.5 7.5 9.5649 0.1843 0.0000 5.1489 0.1052 0.0000 4.5131 0.1405 0.0000



542 Appendix E. Data Tables

E.3.2 Total Cross Sections as a Function of W

W ∆W σqfp ∆stat ∆sys σqfn ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1304.0 4.0 0.2813 0.0554 0.1714 0.1420 0.0364 0.1282
1312.0 4.0 0.4555 0.0534 0.2778 0.3018 0.0409 0.2789
1320.0 4.0 0.6057 0.0494 0.3229 0.3057 0.0427 0.2812
1328.0 4.0 0.7493 0.0475 0.2794 0.4777 0.0434 0.2465
1336.0 4.0 1.0644 0.0549 0.2169 0.7138 0.0377 0.4248
1344.0 4.0 1.3095 0.0431 0.2332 0.8302 0.0414 0.2391
1352.0 4.0 1.7044 0.0501 0.2964 1.2489 0.0421 0.3714
1360.0 4.0 2.2422 0.0387 0.3977 1.3730 0.0431 0.3258
1368.0 4.0 2.6381 0.0448 0.4416 1.7763 0.0409 0.3220
1376.0 4.0 3.0483 0.0398 0.3952 2.2476 0.0433 0.3970
1384.0 4.0 3.5068 0.0446 0.4499 2.5712 0.0423 0.4250
1392.0 4.0 4.0004 0.0443 0.5248 2.7218 0.0450 0.3283
1400.0 4.0 4.3266 0.0424 0.4917 3.3307 0.0420 0.4097
1408.0 4.0 4.8469 0.0410 0.4984 3.7640 0.0435 0.5604
1416.0 4.0 5.0684 0.0439 0.4492 4.0329 0.0515 0.3967
1424.0 4.0 5.3062 0.0395 0.4046 4.3072 0.0591 0.3959
1432.0 4.0 5.7241 0.0454 0.3552 4.7436 0.0576 0.3919
1440.0 4.0 5.9806 0.0448 0.4476 4.9329 0.0576 0.2750
1448.0 4.0 6.2155 0.0453 0.4434 5.6739 0.0514 0.3888
1456.0 4.0 6.6670 0.0416 0.4703 6.0329 0.0531 0.3781
1464.0 4.0 6.9574 0.0476 0.4295 6.6080 0.0521 0.4033
1472.0 4.0 7.4021 0.0453 0.4347 6.5138 0.0556 0.3386
1480.0 4.0 7.4106 0.0433 0.4512 7.3762 0.0591 0.4283
1488.0 4.0 7.7123 0.0448 0.4566 7.6395 0.0638 0.4659
1496.0 4.0 7.7261 0.0483 0.5196 7.8720 0.0660 0.5909
1504.0 4.0 7.6086 0.0422 0.4191 8.1514 0.0674 0.5391
1512.0 4.0 7.4352 0.0416 0.4404 8.2495 0.0682 0.5321
1520.0 4.0 6.9798 0.0429 0.4576 8.1010 0.0601 0.4866
1528.0 4.0 6.7698 0.0394 0.4099 8.1550 0.0628 0.5130
1536.0 4.0 6.4530 0.0410 0.3779 7.7222 0.0672 0.4813
1544.0 4.0 6.1733 0.0383 0.3587 7.6574 0.0604 0.4542
1552.0 4.0 5.9217 0.0398 0.3333 7.3699 0.0623 0.4134
1560.0 4.0 5.6386 0.0399 0.3526 7.2033 0.0614 0.3807
1568.0 4.0 5.5385 0.0391 0.3497 7.1023 0.0627 0.4554
1576.0 4.0 5.3239 0.0390 0.3343 7.0728 0.0652 0.4063
1584.0 4.0 5.2793 0.0373 0.3339 7.0028 0.0625 0.3818
1592.0 4.0 5.3381 0.0356 0.4198 7.0679 0.0619 0.4323
1600.0 4.0 5.2991 0.0374 0.3130 7.1586 0.0629 0.4035
1608.0 4.0 5.4304 0.0348 0.2933 7.2622 0.0595 0.4057
1616.0 4.0 5.5757 0.0347 0.2709 7.2904 0.0579 0.2820
1624.0 4.0 5.7659 0.0341 0.3174 7.4067 0.0598 0.3598
1632.0 4.0 6.0280 0.0329 0.2616 7.5163 0.0579 0.3593
1640.0 4.0 6.1253 0.0344 0.3296 7.6954 0.0568 0.3882
1648.0 4.0 6.4698 0.0350 0.2871 7.6685 0.0566 0.3076
1656.0 4.0 6.5851 0.0358 0.2497 7.7096 0.0589 0.2613
1664.0 4.0 6.9602 0.0349 0.2896 7.8713 0.0603 0.3364
1672.0 4.0 7.1577 0.0352 0.2735 7.8338 0.0599 0.2913
1680.0 4.0 7.3533 0.0368 0.2506 7.8784 0.0567 0.3242
1688.0 4.0 7.3518 0.0338 0.2650 7.9459 0.0596 0.3005
1696.0 4.0 7.5606 0.0325 0.2880 7.7651 0.0555 0.2915
1704.0 4.0 7.5558 0.0341 0.2597 7.4757 0.0545 0.2756
1712.0 4.0 7.3787 0.0321 0.2527 7.0762 0.0543 0.2300
1720.0 4.0 7.3256 0.0338 0.2447 7.0687 0.0536 0.2669
1728.0 4.0 6.9657 0.0313 0.2537 6.7884 0.0493 0.2556
1736.0 4.0 6.7005 0.0311 0.2013 6.4298 0.0499 0.2468
1744.0 4.0 6.5019 0.0301 0.1967 6.1294 0.0481 0.2655
1752.0 4.0 6.1810 0.0292 0.2065 5.8488 0.0524 0.2263
1760.0 4.0 5.9508 0.0285 0.2188 5.5497 0.0465 0.2102
1768.0 4.0 5.7099 0.0275 0.2007 4.9866 0.0458 0.2063
1776.0 4.0 5.4750 0.0273 0.1970 5.0838 0.0446 0.2143
1784.0 4.0 5.3379 0.0281 0.2049 4.8664 0.0487 0.2014
1792.0 4.0 5.1732 0.0299 0.1710 4.5230 0.0442 0.2469
1800.0 4.0 5.1162 0.0294 0.1416 4.3391 0.0434 0.1937
1808.0 4.0 4.9933 0.0277 0.1324 4.3795 0.0447 0.1893
1816.0 4.0 4.8984 0.0309 0.1673 4.0593 0.0432 0.2023
1824.0 4.0 4.8503 0.0316 0.1602 3.9289 0.0447 0.2172
1832.0 4.0 4.7472 0.0347 0.1726 4.0513 0.0486 0.2218
1840.0 4.0 4.7954 0.0347 0.1469 3.8405 0.0493 0.1742
1848.0 4.0 4.8905 0.0367 0.1853 3.8187 0.0597 0.2528
1856.0 4.0 4.5430 0.0421 0.1698 3.5869 0.0514 0.2187
1864.0 4.0 4.7088 0.0427 0.2120 3.5135 0.0625 0.2563
1872.0 4.0 4.5911 0.0481 0.2130 3.4838 0.0643 0.2242
1880.0 4.0 4.3316 0.0539 0.2415 3.3253 0.0627 0.0948
1888.0 4.0 4.5074 0.0571 0.2175 3.2658 0.0736 0.2327
1896.0 4.0 4.4030 0.0656 0.2218 3.2257 0.0927 0.3290



E.3. Unpolarized Results for Double π0 from the A2 Data 543

W ∆W σp ∆stat ∆sys σn ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1282.6 5.5 0.0000 0.0000 0.0000 0.2455 0.0264 0.2232
1293.5 5.5 0.3424 0.0765 0.0504 0.3795 0.0519 0.3085
1304.4 5.4 0.1807 0.0246 0.0274 −0.0014 0.0540 0.3057
1315.1 5.3 0.4047 0.0318 0.0581 0.5670 0.0510 0.3444
1325.8 5.3 0.7040 0.0328 0.0800 0.8325 0.0672 0.4340
1336.3 5.3 1.0554 0.0330 0.2198 1.0636 0.0453 0.2167
1346.8 5.3 1.5039 0.0255 0.2115 1.4926 0.0539 0.3415
1357.2 5.2 2.0791 0.0266 0.3184 1.8105 0.0467 0.3525
1367.6 5.2 2.9113 0.0266 0.3786 2.1082 0.0584 0.3429
1377.8 5.2 3.5748 0.0260 0.4486 2.7525 0.0604 0.3952
1388.0 5.1 4.1588 0.0174 0.4111 3.0233 0.0628 0.3779
1398.1 5.1 4.8706 0.0194 0.4019 3.3432 0.0542 0.3466
1408.1 5.0 5.4323 0.0192 0.3056 4.1020 0.0515 0.3520
1418.1 5.0 6.2076 0.0243 0.3641 4.5650 0.0514 0.5305
1428.0 4.9 6.5794 0.0215 0.3223 4.7986 0.0690 0.3894
1437.8 4.9 7.2945 0.0208 0.3208 5.0499 0.0784 0.3798
1447.6 4.9 7.8367 0.0252 0.3231 5.7968 0.0692 0.4087
1457.2 4.8 8.2982 0.0234 0.3079 5.8501 0.0741 0.3828
1466.9 4.8 8.9666 0.0257 0.3097 6.5816 0.0710 0.4287
1476.4 4.8 9.3851 0.0224 0.2918 7.4480 0.0592 0.4326
1485.9 4.7 9.7973 0.0264 0.2958 8.0638 0.0591 0.4594
1495.4 4.7 9.5822 0.0255 0.2973 8.1588 0.0587 0.4000
1504.8 4.7 9.6794 0.0355 0.2966 9.0044 0.0637 0.4990
1514.1 4.7 9.4512 0.0228 0.3163 9.3488 0.0685 0.5335
1523.4 4.6 8.8995 0.0398 0.2858 9.6804 0.0705 0.6614
1532.6 4.6 8.0947 0.0216 0.2597 9.9477 0.0698 0.5972
1541.7 4.6 7.5394 0.0197 0.2348 10.0367 0.0724 0.6004
1550.8 4.5 7.0091 0.0211 0.1979 9.8665 0.0666 0.5676
1559.9 4.5 6.5890 0.0262 0.1888 9.8971 0.0693 0.6112
1568.9 4.5 6.5248 0.0220 0.1854 9.3294 0.0692 0.5668
1577.8 4.5 6.2649 0.0197 0.1637 9.1537 0.0660 0.5108
1586.7 4.5 6.1175 0.0217 0.1618 8.8824 0.0657 0.5017
1595.6 4.4 5.9816 0.0383 0.1577 8.6505 0.0659 0.4727
1604.3 4.4 6.3010 0.0177 0.1448 8.4363 0.0681 0.4747
1613.1 4.4 6.3425 0.0188 0.1502 8.3596 0.0712 0.4722
1621.8 4.4 6.5600 0.0218 0.1528 8.3652 0.0666 0.4684
1630.5 4.3 6.7890 0.0182 0.1478 8.3160 0.0666 0.4718
1639.1 4.3 7.0280 0.0185 0.1137 8.3268 0.0705 0.5391
1647.6 4.3 7.3996 0.0184 0.1236 8.4696 0.0650 0.4804
1656.1 4.3 7.9895 0.0242 0.1147 8.4851 0.0654 0.3726
1664.6 4.2 8.1630 0.0183 0.1143 8.5977 0.0670 0.4305
1673.1 4.2 8.6983 0.0192 0.1373 8.7582 0.0643 0.4320
1681.4 4.2 8.8495 0.0192 0.1155 8.9647 0.0630 0.4930
1689.8 4.2 9.0749 0.0187 0.1322 8.8327 0.0625 0.3999
1698.1 4.1 9.3666 0.0235 0.1055 8.8342 0.0671 0.3342
1706.4 4.1 9.3922 0.0200 0.0961 8.9679 0.0680 0.4114
1714.6 4.1 9.3761 0.0193 0.1083 8.9015 0.0681 0.3736
1722.8 4.1 9.2192 0.0184 0.0996 9.0166 0.0644 0.4136
1730.9 4.1 8.6882 0.0190 0.0743 9.1399 0.0668 0.3504
1739.1 4.0 8.1013 0.0182 0.0555 8.8393 0.0619 0.3250
1747.1 4.0 7.5886 0.0181 0.0530 8.4177 0.0610 0.3356
1755.2 4.0 7.1763 0.0174 0.0719 8.0148 0.0607 0.3161
1763.2 4.0 6.9467 0.0176 0.0731 8.0697 0.0590 0.3330
1771.1 4.0 6.5116 0.0159 0.0576 7.7165 0.0543 0.2904
1779.1 3.9 6.4037 0.0170 0.0601 7.3193 0.0554 0.3132
1787.0 3.9 6.0447 0.0170 0.0450 6.9284 0.0535 0.3270
1794.8 3.9 5.9218 0.0205 0.0614 6.5823 0.0572 0.2655
1802.6 3.9 5.9046 0.0173 0.1231 6.2448 0.0516 0.2438
1810.4 3.9 5.6197 0.0186 0.0557 5.6589 0.0495 0.2573
1818.2 3.9 5.6019 0.0179 0.0529 5.6826 0.0497 0.2456
1825.9 3.8 5.4351 0.0165 0.0507 5.4492 0.0527 0.2452
1833.6 3.8 5.2820 0.0171 0.0355 5.0515 0.0477 0.2873
1841.3 3.8 5.2133 0.0197 0.0486 4.8476 0.0466 0.2106
1848.9 3.8 5.2019 0.0164 0.0663 4.8526 0.0484 0.2115
1856.5 3.8 5.0649 0.0183 0.0338 4.4843 0.0480 0.2420
1864.0 3.8 5.1553 0.0220 0.0420 4.3531 0.0490 0.2347
1871.6 3.7 5.2126 0.0190 0.0467 4.5118 0.0520 0.2621
1879.1 3.7 5.0755 0.0163 0.0407 4.2484 0.0533 0.2209
1886.6 3.7 4.7896 0.0186 0.0534 4.2149 0.0598 0.1861
1894.0 3.7 6.2185 0.0346 0.0727 3.9570 0.0558 0.2926
1901.4 3.7 0.0000 0.0000 0.0000 3.9567 0.0639 0.2620
1908.8 3.6 0.0000 0.0000 0.0000 3.8698 0.0667 0.2945
1916.2 3.6 0.0000 0.0000 0.0000 3.6481 0.0676 0.2804
1923.5 3.6 0.0000 0.0000 0.0000 3.6813 0.0800 0.3553
1930.8 3.6 0.0000 0.0000 0.0000 3.5984 0.1079 0.3863

E.3.3 γd→ π0π0p(n) as a Function of W

Angular Distributions

W=(1304.0±4.0)MeV W=(1312.0±4.0)MeV W=(1320.0±4.0)MeV W=(1328.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0182 0.0016 0.0211 0.0271 0.0015 0.0274 0.0350 0.0018 0.0324 0.0433 0.0019 0.0343
−0.70 0.0219 0.0017 0.0226 0.0293 0.0018 0.0258 0.0471 0.0019 0.0353 0.0542 0.0017 0.0330
−0.50 0.0203 0.0025 0.0177 0.0326 0.0025 0.0244 0.0514 0.0022 0.0347 0.0642 0.0026 0.0298
−0.30 0.0212 0.0022 0.0195 0.0325 0.0023 0.0234 0.0465 0.0029 0.0354 0.0789 0.0027 0.0268
−0.10 0.0191 0.0018 0.0210 0.0375 0.0025 0.0178 0.0599 0.0030 0.0233 0.0858 0.0034 0.0250

0.10 0.0213 0.0028 0.0200 0.0428 0.0027 0.0154 0.0692 0.0029 0.0208 0.0869 0.0028 0.0220
0.30 0.0184 0.0037 0.0116 0.0341 0.0039 0.0142 0.0734 0.0037 0.0298 0.0888 0.0042 0.0197
0.50 0.0084 0.0079 0.0028 0.0225 0.0068 0.0081 0.0342 0.0075 0.0090 0.0548 0.0050 0.0184
0.70 0.0064 0.0162 0.0020 0.0431 0.0168 0.0192 0.0420 0.0143 0.0285 0.0366 0.0147 0.0103
0.90 0.0448 0.0568 0.0062 0.0528 0.0495 0.0500 0.0450 0.0443 0.0307 0.0022 0.0449 0.0040
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W=(1336.0±4.0)MeV W=(1344.0±4.0)MeV W=(1352.0±4.0)MeV W=(1360.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0498 0.0021 0.0431 0.0691 0.0020 0.0305 0.0987 0.0028 0.0369 0.1214 0.0024 0.0356
−0.70 0.0809 0.0024 0.0195 0.1029 0.0022 0.0253 0.1328 0.0025 0.0305 0.1736 0.0026 0.0378
−0.50 0.0912 0.0027 0.0148 0.1277 0.0025 0.0208 0.1523 0.0036 0.0287 0.1936 0.0037 0.0367
−0.30 0.1115 0.0037 0.0218 0.1341 0.0029 0.0236 0.1834 0.0032 0.0346 0.2241 0.0045 0.0334
−0.10 0.1181 0.0029 0.0237 0.1579 0.0032 0.0273 0.1919 0.0033 0.0308 0.2387 0.0044 0.0312

0.10 0.1208 0.0034 0.0178 0.1507 0.0031 0.0251 0.1993 0.0041 0.0303 0.2373 0.0041 0.0280
0.30 0.1192 0.0044 0.0148 0.1413 0.0045 0.0233 0.1814 0.0046 0.0243 0.2213 0.0044 0.0245
0.50 0.0759 0.0073 0.0200 0.1259 0.0055 0.0320 0.1429 0.0068 0.0216 0.1959 0.0060 0.0315
0.70 0.0303 0.0168−0.0003 0.0719 0.0116 0.0228 0.0929 0.0137 0.0332 0.1066 0.0126 0.0378
0.90 0.0265 0.0467 0.0089 −0.0351 0.0424−0.0779 −0.0062 0.0476−0.0179 0.0673 0.0258 0.0240

W=(1368.0±4.0)MeV W=(1376.0±4.0)MeV W=(1384.0±4.0)MeV W=(1392.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1419 0.0030 0.0749 0.1654 0.0034 0.0563 0.1988 0.0037 0.0815 0.2287 0.0038 0.0790
−0.70 0.1982 0.0033 0.0353 0.2407 0.0033 0.0440 0.2693 0.0029 0.0336 0.3127 0.0039 0.0479
−0.50 0.2272 0.0045 0.0246 0.2857 0.0045 0.0322 0.3272 0.0049 0.0232 0.3650 0.0055 0.0321
−0.30 0.2563 0.0046 0.0302 0.3183 0.0048 0.0341 0.3642 0.0042 0.0303 0.3783 0.0057 0.0319
−0.10 0.2810 0.0048 0.0332 0.3311 0.0043 0.0339 0.3641 0.0049 0.0314 0.4006 0.0053 0.0313

0.10 0.2749 0.0049 0.0256 0.3207 0.0052 0.0246 0.3642 0.0051 0.0293 0.3939 0.0052 0.0256
0.30 0.2800 0.0046 0.0244 0.3109 0.0049 0.0189 0.3392 0.0057 0.0248 0.3690 0.0060 0.0240
0.50 0.2389 0.0066 0.0318 0.2634 0.0071 0.0293 0.3007 0.0070 0.0282 0.3360 0.0069 0.0401
0.70 0.1383 0.0118 0.0427 0.1690 0.0109 0.0496 0.2015 0.0118 0.0426 0.2455 0.0120 0.0528
0.90 0.0569 0.0366 0.0438 0.0306 0.0290 0.0196 0.0798 0.0354 0.0472 0.1603 0.0323 0.0625

W=(1400.0±4.0)MeV W=(1408.0±4.0)MeV W=(1416.0±4.0)MeV W=(1424.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2524 0.0039 0.0842 0.2976 0.0041 0.0937 0.3231 0.0044 0.0694 0.3510 0.0046 0.0709
−0.70 0.3294 0.0042 0.0411 0.3903 0.0046 0.0442 0.4176 0.0047 0.0370 0.4295 0.0051 0.0424
−0.50 0.3985 0.0049 0.0265 0.4431 0.0054 0.0250 0.4635 0.0056 0.0230 0.5057 0.0065 0.0197
−0.30 0.4276 0.0053 0.0263 0.4594 0.0056 0.0279 0.4998 0.0059 0.0288 0.5141 0.0061 0.0214
−0.10 0.4383 0.0058 0.0266 0.4793 0.0056 0.0305 0.4940 0.0064 0.0310 0.5364 0.0063 0.0267

0.10 0.4325 0.0058 0.0273 0.4648 0.0060 0.0301 0.4903 0.0062 0.0305 0.5222 0.0064 0.0259
0.30 0.3905 0.0059 0.0242 0.4324 0.0061 0.0273 0.4689 0.0063 0.0223 0.4836 0.0067 0.0202
0.50 0.3591 0.0075 0.0273 0.3902 0.0073 0.0332 0.4230 0.0078 0.0171 0.4503 0.0076 0.0196
0.70 0.3053 0.0112 0.0500 0.3033 0.0134 0.0433 0.3266 0.0122 0.0426 0.3633 0.0116 0.0460
0.90 0.1416 0.0306 0.0638 0.2028 0.0247 0.0495 0.1486 0.0292 0.0621 0.1141 0.0233 0.0450

W=(1432.0±4.0)MeV W=(1440.0±4.0)MeV W=(1448.0±4.0)MeV W=(1456.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3898 0.0052 0.0668 0.4196 0.0058 0.0779 0.4619 0.0055 0.0698 0.5074 0.0063 0.0736
−0.70 0.4567 0.0046 0.0373 0.5006 0.0050 0.0450 0.5277 0.0053 0.0369 0.5506 0.0058 0.0378
−0.50 0.5176 0.0067 0.0182 0.5323 0.0069 0.0210 0.5566 0.0069 0.0229 0.6117 0.0066 0.0223
−0.30 0.5590 0.0061 0.0217 0.5575 0.0066 0.0218 0.5869 0.0068 0.0241 0.6148 0.0071 0.0212
−0.10 0.5504 0.0068 0.0258 0.5773 0.0067 0.0231 0.6042 0.0067 0.0254 0.6151 0.0072 0.0220

0.10 0.5771 0.0066 0.0263 0.5804 0.0068 0.0233 0.6174 0.0068 0.0245 0.6208 0.0071 0.0229
0.30 0.5175 0.0066 0.0212 0.5460 0.0068 0.0210 0.5749 0.0071 0.0246 0.5743 0.0074 0.0231
0.50 0.4734 0.0076 0.0171 0.4830 0.0074 0.0195 0.5336 0.0078 0.0306 0.5510 0.0079 0.0252
0.70 0.3837 0.0122 0.0664 0.3936 0.0125 0.0463 0.4075 0.0122 0.0542 0.4537 0.0117 0.0517
0.90 0.1755 0.0305 0.0284 0.1900 0.0283 0.0635 0.1146 0.0294 0.0510 0.2304 0.0236 0.0763

W=(1464.0±4.0)MeV W=(1472.0±4.0)MeV W=(1480.0±4.0)MeV W=(1488.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5720 0.0065 0.0796 0.6029 0.0068 0.0728 0.6397 0.0073 0.0765 0.6895 0.0076 0.0740
−0.70 0.5878 0.0058 0.0366 0.6418 0.0062 0.0338 0.6514 0.0071 0.0367 0.6895 0.0072 0.0329
−0.50 0.6393 0.0078 0.0214 0.6477 0.0079 0.0196 0.6743 0.0079 0.0205 0.7058 0.0084 0.0161
−0.30 0.6211 0.0074 0.0206 0.6510 0.0073 0.0198 0.6624 0.0077 0.0168 0.6716 0.0078 0.0160
−0.10 0.6565 0.0073 0.0246 0.6608 0.0072 0.0219 0.6611 0.0076 0.0180 0.6501 0.0076 0.0233

0.10 0.6530 0.0071 0.0235 0.6519 0.0074 0.0242 0.6525 0.0076 0.0222 0.6464 0.0075 0.0282
0.30 0.5976 0.0073 0.0190 0.6278 0.0073 0.0243 0.6466 0.0076 0.0271 0.6643 0.0076 0.0292
0.50 0.5685 0.0082 0.0252 0.5734 0.0085 0.0179 0.5750 0.0089 0.0213 0.5816 0.0080 0.0294
0.70 0.4532 0.0122 0.0484 0.4973 0.0121 0.0347 0.5156 0.0115 0.0487 0.5096 0.0116 0.0453
0.90 0.2262 0.0311 0.0544 0.3400 0.0273 0.0783 0.2547 0.0240 0.0766 0.3554 0.0260 0.0684

W=(1496.0±4.0)MeV W=(1504.0±4.0)MeV W=(1512.0±4.0)MeV W=(1520.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7083 0.0080 0.0704 0.7230 0.0077 0.0691 0.7115 0.0082 0.0653 0.7001 0.0082 0.0538
−0.70 0.6894 0.0075 0.0305 0.6983 0.0077 0.0242 0.6895 0.0073 0.0282 0.6758 0.0078 0.0266
−0.50 0.7069 0.0088 0.0216 0.6869 0.0088 0.0173 0.6662 0.0084 0.0189 0.6277 0.0081 0.0184
−0.30 0.6649 0.0079 0.0202 0.6677 0.0079 0.0180 0.6115 0.0076 0.0154 0.5807 0.0077 0.0203
−0.10 0.6489 0.0079 0.0223 0.6350 0.0073 0.0209 0.6013 0.0074 0.0197 0.5479 0.0072 0.0272

0.10 0.6572 0.0073 0.0266 0.6180 0.0077 0.0268 0.6065 0.0074 0.0281 0.5579 0.0071 0.0327
0.30 0.6383 0.0078 0.0292 0.6041 0.0080 0.0338 0.5895 0.0075 0.0330 0.5344 0.0075 0.0326
0.50 0.6074 0.0086 0.0261 0.5779 0.0089 0.0396 0.5802 0.0085 0.0408 0.5255 0.0081 0.0347
0.70 0.5430 0.0113 0.0608 0.5188 0.0114 0.0443 0.5147 0.0111 0.0500 0.4921 0.0102 0.0483
0.90 0.3158 0.0314 0.1115 0.3591 0.0220 0.0477 0.3616 0.0217 0.0540 0.3276 0.0253 0.0697
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W=(1528.0±4.0)MeV W=(1536.0±4.0)MeV W=(1544.0±4.0)MeV W=(1552.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7104 0.0086 0.0506 0.6808 0.0085 0.0482 0.6519 0.0081 0.0443 0.6463 0.0088 0.0424
−0.70 0.6477 0.0078 0.0201 0.6139 0.0078 0.0208 0.6118 0.0075 0.0199 0.5808 0.0076 0.0138
−0.50 0.6265 0.0084 0.0118 0.5762 0.0079 0.0127 0.5443 0.0083 0.0155 0.5199 0.0081 0.0110
−0.30 0.5487 0.0075 0.0145 0.5049 0.0069 0.0124 0.4737 0.0069 0.0153 0.4437 0.0074 0.0131
−0.10 0.5205 0.0069 0.0198 0.4927 0.0071 0.0185 0.4534 0.0067 0.0194 0.4143 0.0068 0.0159

0.10 0.4987 0.0069 0.0255 0.4794 0.0067 0.0282 0.4483 0.0066 0.0255 0.4256 0.0065 0.0211
0.30 0.5240 0.0072 0.0336 0.4764 0.0070 0.0354 0.4508 0.0068 0.0294 0.4397 0.0071 0.0285
0.50 0.5147 0.0074 0.0363 0.4851 0.0070 0.0347 0.4610 0.0081 0.0357 0.4376 0.0077 0.0361
0.70 0.4990 0.0106 0.0488 0.4575 0.0105 0.0356 0.4434 0.0102 0.0410 0.4421 0.0103 0.0448
0.90 0.3327 0.0198 0.0660 0.3847 0.0228 0.0589 0.3752 0.0194 0.0416 0.3704 0.0208 0.0462

W=(1560.0±4.0)MeV W=(1568.0±4.0)MeV W=(1576.0±4.0)MeV W=(1584.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6330 0.0087 0.0359 0.6306 0.0087 0.0366 0.5995 0.0089 0.0271 0.5823 0.0092 0.0284
−0.70 0.5444 0.0074 0.0145 0.5429 0.0073 0.0147 0.5273 0.0076 0.0193 0.5200 0.0078 0.0168
−0.50 0.4705 0.0078 0.0113 0.4662 0.0076 0.0095 0.4547 0.0079 0.0158 0.4620 0.0077 0.0133
−0.30 0.4229 0.0068 0.0140 0.4098 0.0069 0.0136 0.3881 0.0070 0.0149 0.3665 0.0068 0.0138
−0.10 0.3907 0.0066 0.0188 0.3649 0.0068 0.0185 0.3536 0.0067 0.0161 0.3383 0.0063 0.0176

0.10 0.3949 0.0071 0.0245 0.3738 0.0070 0.0215 0.3677 0.0067 0.0197 0.3587 0.0066 0.0243
0.30 0.4159 0.0068 0.0312 0.3921 0.0067 0.0227 0.3807 0.0069 0.0240 0.3939 0.0067 0.0251
0.50 0.4214 0.0077 0.0317 0.4310 0.0079 0.0288 0.4183 0.0079 0.0309 0.4233 0.0071 0.0239
0.70 0.4229 0.0103 0.0385 0.4302 0.0080 0.0432 0.4424 0.0085 0.0479 0.4243 0.0089 0.0374
0.90 0.3742 0.0216 0.0623 0.3710 0.0241 0.0687 0.3209 0.0225 0.0521 0.3647 0.0196 0.0704

W=(1592.0±4.0)MeV W=(1600.0±4.0)MeV W=(1608.0±4.0)MeV W=(1616.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5757 0.0086 0.0323 0.5791 0.0090 0.0350 0.5982 0.0093 0.0351 0.5862 0.0090 0.0289
−0.70 0.5039 0.0074 0.0160 0.5114 0.0078 0.0175 0.5186 0.0075 0.0167 0.5306 0.0074 0.0125
−0.50 0.4608 0.0077 0.0115 0.4376 0.0079 0.0103 0.4433 0.0072 0.0113 0.4266 0.0071 0.0090
−0.30 0.3640 0.0065 0.0133 0.3481 0.0066 0.0097 0.3623 0.0055 0.0105 0.3844 0.0061 0.0099
−0.10 0.3424 0.0066 0.0172 0.3509 0.0062 0.0138 0.3408 0.0059 0.0136 0.3474 0.0051 0.0116

0.10 0.3733 0.0061 0.0194 0.3475 0.0054 0.0160 0.3562 0.0058 0.0152 0.3519 0.0058 0.0141
0.30 0.3973 0.0063 0.0219 0.4052 0.0065 0.0182 0.3996 0.0059 0.0160 0.4235 0.0065 0.0169
0.50 0.4275 0.0075 0.0279 0.4473 0.0061 0.0208 0.4485 0.0065 0.0196 0.4675 0.0066 0.0208
0.70 0.4334 0.0091 0.0628 0.4510 0.0082 0.0393 0.4686 0.0075 0.0363 0.4950 0.0081 0.0318
0.90 0.4145 0.0175 0.1151 0.3620 0.0220 0.0700 0.3997 0.0195 0.0595 0.4255 0.0190 0.0612

W=(1624.0±4.0)MeV W=(1632.0±4.0)MeV W=(1640.0±4.0)MeV W=(1648.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6024 0.0090 0.0409 0.6164 0.0086 0.0339 0.6100 0.0085 0.0426 0.6243 0.0082 0.0351
−0.70 0.5324 0.0065 0.0204 0.5465 0.0068 0.0179 0.5524 0.0066 0.0175 0.5867 0.0067 0.0194
−0.50 0.4694 0.0073 0.0134 0.4825 0.0069 0.0117 0.4978 0.0063 0.0111 0.4895 0.0061 0.0112
−0.30 0.3825 0.0061 0.0133 0.3928 0.0057 0.0100 0.3971 0.0057 0.0105 0.4179 0.0054 0.0092
−0.10 0.3472 0.0059 0.0126 0.3678 0.0055 0.0125 0.3749 0.0061 0.0133 0.3858 0.0053 0.0108

0.10 0.3711 0.0055 0.0129 0.3742 0.0062 0.0147 0.4009 0.0057 0.0151 0.4189 0.0056 0.0145
0.30 0.4281 0.0058 0.0158 0.4458 0.0058 0.0168 0.4681 0.0059 0.0159 0.4953 0.0061 0.0186
0.50 0.4927 0.0059 0.0196 0.5283 0.0063 0.0208 0.5519 0.0061 0.0199 0.5864 0.0061 0.0235
0.70 0.5317 0.0074 0.0356 0.5578 0.0076 0.0293 0.5846 0.0079 0.0391 0.6251 0.0079 0.0373
0.90 0.4495 0.0188 0.0686 0.5019 0.0170 0.0406 0.4693 0.0193 0.0780 0.5345 0.0216 0.0491

W=(1656.0±4.0)MeV W=(1664.0±4.0)MeV W=(1672.0±4.0)MeV W=(1680.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6254 0.0081 0.0324 0.6602 0.0085 0.0386 0.6856 0.0076 0.0423 0.6534 0.0077 0.0427
−0.70 0.5966 0.0062 0.0166 0.5978 0.0058 0.0183 0.6155 0.0064 0.0247 0.6235 0.0060 0.0177
−0.50 0.5113 0.0062 0.0089 0.5323 0.0062 0.0101 0.5547 0.0061 0.0152 0.5745 0.0072 0.0107
−0.30 0.4279 0.0055 0.0064 0.4507 0.0056 0.0088 0.4670 0.0054 0.0091 0.4882 0.0057 0.0101
−0.10 0.3893 0.0057 0.0087 0.4235 0.0054 0.0117 0.4293 0.0058 0.0092 0.4377 0.0057 0.0089

0.10 0.4370 0.0059 0.0117 0.4527 0.0058 0.0124 0.4670 0.0063 0.0096 0.4924 0.0063 0.0082
0.30 0.5179 0.0060 0.0181 0.5318 0.0063 0.0127 0.5533 0.0069 0.0112 0.5784 0.0070 0.0103
0.50 0.6080 0.0074 0.0212 0.6416 0.0067 0.0136 0.6530 0.0070 0.0178 0.6864 0.0070 0.0189
0.70 0.6613 0.0085 0.0248 0.6820 0.0080 0.0318 0.6981 0.0080 0.0316 0.7326 0.0086 0.0316
0.90 0.4738 0.0211 0.0581 0.5719 0.0205 0.0764 0.5952 0.0215 0.0474 0.6237 0.0225 0.0451

W=(1688.0±4.0)MeV W=(1696.0±4.0)MeV W=(1704.0±4.0)MeV W=(1712.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6740 0.0078 0.0462 0.6699 0.0075 0.0427 0.6628 0.0076 0.0357 0.6433 0.0071 0.0476
−0.70 0.6102 0.0061 0.0225 0.6256 0.0060 0.0238 0.6069 0.0060 0.0236 0.5948 0.0060 0.0289
−0.50 0.5617 0.0068 0.0158 0.5743 0.0061 0.0161 0.5490 0.0063 0.0156 0.5561 0.0061 0.0192
−0.30 0.4860 0.0052 0.0105 0.4930 0.0056 0.0101 0.5086 0.0057 0.0088 0.5059 0.0052 0.0100
−0.10 0.4502 0.0057 0.0079 0.4563 0.0064 0.0084 0.4802 0.0060 0.0079 0.4839 0.0056 0.0054

0.10 0.4925 0.0066 0.0088 0.5060 0.0070 0.0088 0.5237 0.0069 0.0094 0.5232 0.0064 0.0067
0.30 0.5835 0.0068 0.0110 0.5948 0.0069 0.0114 0.6087 0.0075 0.0104 0.6036 0.0076 0.0094
0.50 0.6908 0.0071 0.0130 0.7135 0.0074 0.0212 0.7184 0.0075 0.0148 0.7043 0.0071 0.0136
0.70 0.7425 0.0087 0.0277 0.7533 0.0088 0.0387 0.7435 0.0081 0.0311 0.7171 0.0081 0.0253
0.90 0.5951 0.0177 0.0497 0.6576 0.0150 0.0502 0.6165 0.0183 0.0513 0.5668 0.0166 0.0359
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W=(1720.0±4.0)MeV W=(1728.0±4.0)MeV W=(1736.0±4.0)MeV W=(1744.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6054 0.0070 0.0441 0.5665 0.0071 0.0457 0.5376 0.0063 0.0458 0.5016 0.0064 0.0364
−0.70 0.5608 0.0055 0.0226 0.5120 0.0054 0.0204 0.4891 0.0060 0.0183 0.4673 0.0051 0.0156
−0.50 0.5372 0.0067 0.0146 0.4989 0.0057 0.0147 0.4786 0.0059 0.0091 0.4686 0.0055 0.0084
−0.30 0.4956 0.0052 0.0095 0.4833 0.0049 0.0115 0.4606 0.0051 0.0053 0.4716 0.0049 0.0070
−0.10 0.4740 0.0058 0.0073 0.4758 0.0063 0.0066 0.4523 0.0057 0.0050 0.4343 0.0051 0.0065

0.10 0.5197 0.0068 0.0081 0.5207 0.0067 0.0053 0.4972 0.0072 0.0064 0.5004 0.0068 0.0070
0.30 0.6119 0.0072 0.0115 0.5989 0.0074 0.0105 0.5914 0.0079 0.0094 0.5637 0.0063 0.0088
0.50 0.7037 0.0077 0.0176 0.6807 0.0074 0.0223 0.6692 0.0074 0.0181 0.6274 0.0077 0.0147
0.70 0.7117 0.0081 0.0262 0.6812 0.0075 0.0306 0.6492 0.0081 0.0241 0.6679 0.0077 0.0200
0.90 0.6415 0.0189 0.0348 0.5754 0.0158 0.0426 0.5606 0.0150 0.0257 0.5207 0.0155 0.0342

W=(1752.0±4.0)MeV W=(1760.0±4.0)MeV W=(1768.0±4.0)MeV W=(1776.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4684 0.0062 0.0346 0.4414 0.0062 0.0366 0.3935 0.0065 0.0250 0.3642 0.0057 0.0273
−0.70 0.4412 0.0052 0.0162 0.4219 0.0050 0.0164 0.3823 0.0049 0.0107 0.3704 0.0046 0.0136
−0.50 0.4225 0.0061 0.0091 0.4263 0.0056 0.0103 0.4025 0.0053 0.0067 0.3828 0.0055 0.0084
−0.30 0.4103 0.0045 0.0072 0.4035 0.0045 0.0087 0.3905 0.0049 0.0064 0.3904 0.0049 0.0065
−0.10 0.4505 0.0057 0.0088 0.3939 0.0052 0.0077 0.3978 0.0051 0.0095 0.3871 0.0046 0.0059

0.10 0.4705 0.0067 0.0113 0.4699 0.0055 0.0083 0.4439 0.0054 0.0147 0.4228 0.0057 0.0081
0.30 0.5350 0.0066 0.0122 0.5376 0.0062 0.0074 0.5283 0.0064 0.0137 0.4987 0.0062 0.0105
0.50 0.6027 0.0076 0.0132 0.6087 0.0065 0.0085 0.5711 0.0070 0.0099 0.5638 0.0061 0.0088
0.70 0.6179 0.0072 0.0199 0.5973 0.0065 0.0210 0.5780 0.0070 0.0194 0.5666 0.0078 0.0217
0.90 0.5072 0.0144 0.0318 0.4862 0.0158 0.0508 0.4885 0.0129 0.0550 0.4040 0.0130 0.0549

W=(1784.0±4.0)MeV W=(1792.0±4.0)MeV W=(1800.0±4.0)MeV W=(1808.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3433 0.0059 0.0286 0.3129 0.0056 0.0222 0.3092 0.0053 0.0162 0.2960 0.0063 0.0211
−0.70 0.3583 0.0047 0.0144 0.3259 0.0044 0.0121 0.3226 0.0042 0.0109 0.3095 0.0046 0.0120
−0.50 0.3785 0.0058 0.0091 0.3397 0.0055 0.0093 0.3547 0.0058 0.0104 0.3479 0.0056 0.0091
−0.30 0.3754 0.0048 0.0097 0.3757 0.0050 0.0106 0.3541 0.0055 0.0094 0.3465 0.0049 0.0066
−0.10 0.3653 0.0051 0.0084 0.3636 0.0054 0.0092 0.3706 0.0046 0.0076 0.3559 0.0050 0.0046

0.10 0.4112 0.0057 0.0063 0.4263 0.0058 0.0077 0.4131 0.0056 0.0081 0.4128 0.0059 0.0058
0.30 0.4904 0.0055 0.0065 0.4925 0.0063 0.0081 0.4756 0.0064 0.0092 0.4684 0.0069 0.0082
0.50 0.5665 0.0063 0.0095 0.5437 0.0063 0.0135 0.5420 0.0064 0.0108 0.5379 0.0074 0.0077
0.70 0.5227 0.0072 0.0214 0.5318 0.0079 0.0196 0.5546 0.0072 0.0134 0.5304 0.0078 0.0112
0.90 0.4918 0.0145 0.0491 0.4318 0.0160 0.0265 0.4021 0.0170 0.0172 0.3955 0.0121 0.0214

W=(1816.0±4.0)MeV W=(1824.0±4.0)MeV W=(1832.0±4.0)MeV W=(1840.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2789 0.0052 0.0224 0.2624 0.0055 0.0192 0.2496 0.0051 0.0173 0.2548 0.0053 0.0127
−0.70 0.3098 0.0045 0.0110 0.3141 0.0052 0.0098 0.2957 0.0047 0.0115 0.3043 0.0047 0.0103
−0.50 0.3309 0.0054 0.0083 0.3417 0.0060 0.0074 0.3135 0.0059 0.0096 0.3117 0.0064 0.0098
−0.30 0.3362 0.0057 0.0086 0.3433 0.0050 0.0088 0.3375 0.0054 0.0079 0.3245 0.0053 0.0088
−0.10 0.3632 0.0048 0.0078 0.3429 0.0055 0.0079 0.3508 0.0052 0.0070 0.3477 0.0056 0.0064

0.10 0.3938 0.0058 0.0091 0.3813 0.0063 0.0071 0.3680 0.0061 0.0074 0.3807 0.0071 0.0048
0.30 0.4787 0.0068 0.0128 0.4428 0.0069 0.0083 0.4480 0.0074 0.0085 0.4433 0.0077 0.0066
0.50 0.5275 0.0081 0.0119 0.5381 0.0087 0.0130 0.5099 0.0093 0.0080 0.5262 0.0099 0.0062
0.70 0.5310 0.0085 0.0152 0.5130 0.0086 0.0181 0.5094 0.0105 0.0187 0.5350 0.0095 0.0167
0.90 0.3700 0.0164 0.0286 0.4167 0.0163 0.0291 0.3731 0.0184 0.0484 0.3570 0.0186 0.0387

W=(1848.0±4.0)MeV W=(1856.0±4.0)MeV W=(1864.0±4.0)MeV W=(1872.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2424 0.0058 0.0216 0.2356 0.0053 0.0221 0.2414 0.0058 0.0327 0.2465 0.0073 0.0179
−0.70 0.2862 0.0051 0.0111 0.2692 0.0055 0.0106 0.2855 0.0057 0.0133 0.2752 0.0063 0.0145
−0.50 0.3401 0.0070 0.0060 0.2872 0.0070 0.0087 0.3029 0.0083 0.0087 0.2976 0.0086 0.0130
−0.30 0.3274 0.0067 0.0072 0.3331 0.0058 0.0109 0.3255 0.0063 0.0105 0.2923 0.0066 0.0099
−0.10 0.3462 0.0057 0.0127 0.3316 0.0058 0.0097 0.3325 0.0063 0.0084 0.3139 0.0075 0.0099

0.10 0.3894 0.0073 0.0139 0.3550 0.0078 0.0104 0.3758 0.0089 0.0061 0.3507 0.0097 0.0115
0.30 0.4675 0.0083 0.0120 0.4568 0.0079 0.0131 0.4577 0.0096 0.0101 0.4732 0.0108 0.0136
0.50 0.5367 0.0100 0.0133 0.5184 0.0106 0.0104 0.5245 0.0118 0.0153 0.5120 0.0135 0.0112
0.70 0.5326 0.0108 0.0216 0.4885 0.0123 0.0133 0.5276 0.0142 0.0269 0.5239 0.0152 0.0244
0.90 0.4418 0.0183 0.0299 0.3829 0.0245 0.0286 0.4167 0.0208 0.0417 0.3960 0.0240 0.0507

W=(1880.0±4.0)MeV W=(1888.0±4.0)MeV W=(1896.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1933 0.0065 0.0077 0.2311 0.0070 0.0136 0.1998 0.0099 0.0077
−0.70 0.2585 0.0060 0.0063 0.2848 0.0077 0.0102 0.2542 0.0080 0.0109
−0.50 0.2947 0.0081 0.0070 0.2976 0.0115 0.0060 0.3138 0.0140 0.0130
−0.30 0.3017 0.0093 0.0058 0.2982 0.0101 0.0059 0.3113 0.0111 0.0112
−0.10 0.3320 0.0081 0.0060 0.3111 0.0102 0.0091 0.3022 0.0106 0.0079

0.10 0.3676 0.0111 0.0070 0.3588 0.0127 0.0098 0.3767 0.0105 0.0088
0.30 0.4655 0.0121 0.0086 0.4492 0.0126 0.0086 0.4523 0.0160 0.0097
0.50 0.4645 0.0150 0.0150 0.5305 0.0161 0.0143 0.5394 0.0213 0.0156
0.70 0.5451 0.0156 0.0494 0.4818 0.0206 0.0326 0.5185 0.0187 0.0336
0.90 0.2408 0.0291 0.0933 0.3349 0.0247 0.0708 0.2409 0.0339 0.0599
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Decomposed Total Cross Sections

W ∆W σPhaseSpace ∆stat σ∆(1232) ∆stat σN(1520) ∆stat

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1308.0 8.0 0.0290 0.0068 0.0253 0.0051 0.0193 0.0067
1324.0 8.0 0.1782 0.0165 0.1909 0.0162 0.0615 0.0151
1340.0 8.0 0.5143 0.0335 0.5879 0.0245 0.0489 0.0281
1356.0 8.0 0.6369 0.0525 1.3818 0.0355 0.0858 0.0465
1372.0 8.0 0.3520 0.0780 2.4025 0.0443 0.1003 0.0727
1388.0 8.0 0.0872 0.0974 3.3601 0.0622 0.0839 0.1097
1404.0 8.0 0.0078 0.1127 4.0574 0.0846 0.2060 0.1318
1420.0 8.0 0.0876 0.1500 4.7790 0.1010 0.1701 0.1593
1436.0 8.0 0.0000 0.1553 5.4220 0.1109 0.0535 0.1454
1452.0 8.0 0.3000 0.1913 5.9866 0.1283 0.0148 0.1689
1468.0 8.0 0.0560 0.1784 6.6745 0.1427 0.0309 0.1901
1484.0 8.0 0.0567 0.2082 7.2241 0.1310 0.0210 0.2104
1500.0 8.0 0.0422 0.2069 7.3646 0.1313 0.0016 0.2058
1516.0 8.0 0.0253 0.2097 6.8364 0.1172 0.0006 0.2044
1532.0 8.0 0.0040 0.1884 6.3899 0.1086 0.0000 0.1829
1548.0 8.0 0.0000 0.1671 5.8617 0.0873 0.0001 0.1626
1564.0 8.0 0.0605 0.1346 5.1280 0.0921 0.0010 0.1351
1580.0 8.0 0.1461 0.1500 4.7126 0.0906 0.0000 0.1295
1596.0 8.0 0.3717 0.1467 4.5948 0.1096 0.0024 0.1209
1612.0 8.0 0.5808 0.1585 4.7697 0.1260 0.0000 0.1578
1628.0 8.0 1.1652 0.1603 4.1666 0.1446 0.0041 0.1660
1644.0 8.0 1.7046 0.1816 4.5487 0.1660 0.0000 0.1739
1660.0 8.0 1.9976 0.1912 4.5770 0.1806 0.0419 0.2067
1676.0 8.0 2.9608 0.2066 4.2633 0.1853 0.1267 0.2147
1692.0 8.0 2.6619 0.2246 4.1930 0.1989 0.2924 0.2151
1708.0 8.0 2.1616 0.2207 4.0910 0.1853 0.6147 0.2067
1724.0 8.0 1.9846 0.2091 4.2517 0.1878 0.8695 0.1901
1740.0 8.0 1.8437 0.1923 3.6501 0.1858 0.9408 0.1942
1756.0 8.0 1.8689 0.1908 3.0127 0.1738 1.1853 0.1723
1772.0 8.0 1.4978 0.1715 2.6545 0.1627 1.4348 0.1555
1788.0 8.0 1.3617 0.1612 2.4075 0.1570 1.5100 0.1541
1804.0 8.0 1.2188 0.1501 2.5430 0.1476 1.3518 0.1519
1820.0 8.0 1.1627 0.1416 2.6853 0.1367 1.1513 0.1430
1836.0 8.0 1.3450 0.1439 2.4481 0.1317 0.8889 0.1365
1852.0 8.0 1.1953 0.1373 2.6128 0.1265 1.0466 0.1315
1868.0 8.0 1.2942 0.1256 2.6246 0.1250 0.6083 0.1271
1888.0 10.0 1.1688 0.0905 2.3377 0.0971 0.6304 0.0961

E.3.4 γd→ π0π0n(p) as a Function of W

Angular Distributions

W=(1304.0±4.0)MeV W=(1312.0±4.0)MeV W=(1320.0±4.0)MeV W=(1328.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0246 0.0049 0.0428 0.0365 0.0047 0.0308 0.0437 0.0068 0.0616 0.0622 0.0063 0.0696
−0.70 0.0179 0.0031 0.0202 0.0342 0.0034 0.0296 0.0440 0.0045 0.0535 0.0296 0.0043 0.0277
−0.50 0.0067 0.0032 0.0077 0.0205 0.0039 0.0280 0.0432 0.0033 0.0395 0.0516 0.0041 0.0339
−0.30 0.0116 0.0031 0.0123 0.0263 0.0031 0.0302 0.0319 0.0032 0.0222 0.0630 0.0033 0.0257
−0.10 0.0149 0.0036 0.0205 0.0237 0.0040 0.0225 0.0289 0.0036 0.0216 0.0631 0.0044 0.0199

0.10 0.0202 0.0036 0.0173 0.0247 0.0037 0.0255 0.0261 0.0042 0.0172 0.0614 0.0043 0.0218
0.30 0.0142 0.0042 0.0128 0.0217 0.0043 0.0135 0.0285 0.0046 0.0158 0.0496 0.0045 0.0205
0.50 0.0025 0.0068−0.0087 0.0302 0.0053 0.0256 0.0155 0.0070 0.0090 0.0200 0.0082 0.0110
0.70 0.0241 0.0093 0.0171 0.0077 0.0108 0.0062 0.0404 0.0100 0.0265 0.0052 0.0125 0.0116
0.90 −0.0001 0.0291−0.0079 0.0566 0.0346 0.0510 −0.0267 0.0394−0.0213 −0.0276 0.0306−0.0563

W=(1336.0±4.0)MeV W=(1344.0±4.0)MeV W=(1352.0±4.0)MeV W=(1360.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0623 0.0047 0.0668 0.0728 0.0055 0.0481 0.1048 0.0054 0.0846 0.1211 0.0064 0.0930
−0.70 0.0671 0.0044 0.0507 0.0847 0.0045 0.0533 0.0979 0.0050 0.0314 0.1165 0.0050 0.0476
−0.50 0.0649 0.0042 0.0417 0.0735 0.0048 0.0304 0.1077 0.0048 0.0349 0.1347 0.0065 0.0286
−0.30 0.0562 0.0036 0.0314 0.0870 0.0034 0.0162 0.1130 0.0052 0.0226 0.1455 0.0044 0.0221
−0.10 0.0725 0.0045 0.0216 0.0932 0.0046 0.0134 0.1294 0.0045 0.0239 0.1318 0.0051 0.0219

0.10 0.0701 0.0037 0.0156 0.0901 0.0038 0.0166 0.1339 0.0055 0.0223 0.1518 0.0054 0.0231
0.30 0.0685 0.0041 0.0132 0.0773 0.0062 0.0147 0.0954 0.0054 0.0177 0.1315 0.0066 0.0234
0.50 0.0674 0.0060 0.0198 0.0649 0.0057 0.0203 0.0950 0.0079 0.0231 0.1226 0.0062 0.0175
0.70 0.0257 0.0098 0.0226 0.0273 0.0124 0.0010 0.0655 0.0099 0.0342 0.0881 0.0098 0.0308
0.90 0.0392 0.0292 0.0659 0.0064 0.0295 0.0125 0.0572 0.0348 0.0287 −0.0258 0.0376−0.0295

W=(1368.0±4.0)MeV W=(1376.0±4.0)MeV W=(1384.0±4.0)MeV W=(1392.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1592 0.0068 0.0260 0.1734 0.0071 0.0498 0.1816 0.0061 0.0719 0.1963 0.0085 0.0830
−0.70 0.1610 0.0042 0.0646 0.1749 0.0049 0.0478 0.2094 0.0052 0.0675 0.2227 0.0049 0.0404
−0.50 0.1627 0.0060 0.0514 0.1966 0.0065 0.0376 0.2318 0.0053 0.0355 0.2669 0.0063 0.0251
−0.30 0.1878 0.0045 0.0308 0.2120 0.0063 0.0275 0.2511 0.0063 0.0234 0.2556 0.0059 0.0251
−0.10 0.1957 0.0063 0.0259 0.2283 0.0061 0.0257 0.2765 0.0076 0.0320 0.2793 0.0069 0.0248

0.10 0.1884 0.0060 0.0185 0.2198 0.0069 0.0182 0.2678 0.0065 0.0277 0.3090 0.0073 0.0239
0.30 0.1648 0.0070 0.0128 0.2203 0.0058 0.0158 0.2443 0.0076 0.0237 0.2853 0.0067 0.0211
0.50 0.1236 0.0081 0.0124 0.1650 0.0083 0.0168 0.2194 0.0090 0.0248 0.2209 0.0094 0.0247
0.70 0.1419 0.0082 0.0483 0.1012 0.0116 0.0270 0.1153 0.0108 0.0212 0.1587 0.0103 0.0434
0.90 −0.0101 0.0379 0.0058 0.1085 0.0273 0.0520 0.0594 0.0267 0.0227 −0.0203 0.0310−0.0155
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W=(1400.0±4.0)MeV W=(1408.0±4.0)MeV W=(1416.0±4.0)MeV W=(1424.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2363 0.0076 0.0531 0.3358 0.0083 0.1385 0.3397 0.0076 0.0552 0.3840 0.0094 0.0743
−0.70 0.2497 0.0062 0.0381 0.2880 0.0068 0.0704 0.3181 0.0068 0.0415 0.3618 0.0079 0.0397
−0.50 0.2681 0.0059 0.0351 0.3169 0.0061 0.0384 0.3582 0.0070 0.0312 0.3869 0.0077 0.0280
−0.30 0.2959 0.0059 0.0265 0.3375 0.0070 0.0259 0.3783 0.0062 0.0256 0.4003 0.0080 0.0269
−0.10 0.3169 0.0060 0.0270 0.3718 0.0084 0.0259 0.3972 0.0084 0.0245 0.4350 0.0081 0.0246

0.10 0.3408 0.0079 0.0298 0.3624 0.0091 0.0239 0.4036 0.0089 0.0218 0.4332 0.0088 0.0221
0.30 0.3168 0.0081 0.0238 0.3413 0.0096 0.0243 0.3668 0.0096 0.0174 0.4049 0.0096 0.0206
0.50 0.2746 0.0106 0.0207 0.3159 0.0099 0.0380 0.3318 0.0096 0.0219 0.3609 0.0106 0.0233
0.70 0.2142 0.0105 0.0347 0.2077 0.0113 0.0400 0.2044 0.0130 0.0374 0.2674 0.0146 0.0484
0.90 0.1415 0.0260 0.0420 0.1308 0.0231 0.0333 0.1093 0.0348 0.0429 0.0365 0.0410 0.0286

W=(1432.0±4.0)MeV W=(1440.0±4.0)MeV W=(1448.0±4.0)MeV W=(1456.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4405 0.0095 0.0698 0.4721 0.0111 0.0495 0.5747 0.0114 0.0739 0.5792 0.0123 0.0563
−0.70 0.3786 0.0072 0.0353 0.4451 0.0092 0.0289 0.4623 0.0089 0.0326 0.5306 0.0088 0.0297
−0.50 0.4263 0.0074 0.0224 0.4448 0.0080 0.0263 0.4560 0.0082 0.0231 0.5023 0.0096 0.0207
−0.30 0.4497 0.0083 0.0215 0.4714 0.0081 0.0275 0.4964 0.0091 0.0224 0.5467 0.0098 0.0214
−0.10 0.4663 0.0090 0.0240 0.4945 0.0091 0.0233 0.5107 0.0094 0.0248 0.5438 0.0102 0.0212

0.10 0.4574 0.0098 0.0234 0.4827 0.0099 0.0218 0.5261 0.0108 0.0235 0.5563 0.0105 0.0222
0.30 0.4490 0.0097 0.0243 0.4790 0.0106 0.0215 0.4956 0.0108 0.0206 0.5337 0.0122 0.0221
0.50 0.3617 0.0110 0.0157 0.3985 0.0118 0.0186 0.4743 0.0121 0.0222 0.5051 0.0121 0.0259
0.70 0.2908 0.0146 0.0423 0.2894 0.0147 0.0455 0.3521 0.0137 0.0288 0.3777 0.0132 0.0468
0.90 0.0954 0.0368 0.0457 −0.0012 0.0350−0.0100 0.1911 0.0251 0.0418 0.1492 0.0260 0.0436

W=(1464.0±4.0)MeV W=(1472.0±4.0)MeV W=(1480.0±4.0)MeV W=(1488.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6937 0.0129 0.0398 0.7098 0.0130 0.0828 0.8418 0.0147 0.0674 0.9606 0.0168 0.0666
−0.70 0.5493 0.0098 0.0287 0.6065 0.0105 0.0298 0.6713 0.0106 0.0393 0.7207 0.0125 0.0339
−0.50 0.5593 0.0093 0.0250 0.5902 0.0104 0.0235 0.6437 0.0103 0.0252 0.6650 0.0109 0.0247
−0.30 0.5565 0.0096 0.0212 0.5901 0.0100 0.0247 0.6251 0.0104 0.0207 0.6534 0.0105 0.0239
−0.10 0.5607 0.0109 0.0187 0.5995 0.0100 0.0255 0.6422 0.0113 0.0217 0.6271 0.0119 0.0261

0.10 0.5900 0.0108 0.0211 0.5977 0.0116 0.0255 0.6142 0.0120 0.0230 0.6437 0.0117 0.0308
0.30 0.5548 0.0117 0.0219 0.5853 0.0114 0.0224 0.5920 0.0131 0.0201 0.6175 0.0126 0.0289
0.50 0.4815 0.0140 0.0277 0.5179 0.0125 0.0198 0.5130 0.0145 0.0197 0.5386 0.0142 0.0161
0.70 0.3642 0.0141 0.0417 0.4076 0.0156 0.0396 0.4171 0.0162 0.0360 0.4566 0.0149 0.0536
0.90 0.3622 0.0217 0.0770 0.0672 0.0257 0.0111 0.3022 0.0264 0.0678 0.2147 0.0326 0.0805

W=(1496.0±4.0)MeV W=(1504.0±4.0)MeV W=(1512.0±4.0)MeV W=(1520.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0020 0.0193 0.1246 1.0557 0.0180 0.1035 1.1457 0.0192 0.0940 1.1784 0.0192 0.0641
−0.70 0.7875 0.0124 0.0477 0.7754 0.0132 0.0355 0.8641 0.0147 0.0406 0.8287 0.0145 0.0376
−0.50 0.6761 0.0123 0.0270 0.6941 0.0118 0.0260 0.6936 0.0117 0.0252 0.6870 0.0129 0.0253
−0.30 0.6372 0.0113 0.0203 0.6485 0.0120 0.0254 0.6530 0.0109 0.0204 0.6085 0.0113 0.0214
−0.10 0.6377 0.0120 0.0246 0.6686 0.0122 0.0309 0.6322 0.0121 0.0198 0.5829 0.0115 0.0223

0.10 0.6163 0.0126 0.0355 0.6491 0.0123 0.0322 0.6108 0.0128 0.0301 0.6095 0.0122 0.0322
0.30 0.6251 0.0140 0.0420 0.6365 0.0135 0.0384 0.6104 0.0140 0.0373 0.5650 0.0126 0.0373
0.50 0.5521 0.0149 0.0309 0.5723 0.0143 0.0497 0.5493 0.0145 0.0321 0.5582 0.0140 0.0384
0.70 0.4451 0.0177 0.0428 0.4471 0.0187 0.0472 0.4712 0.0171 0.0492 0.4805 0.0151 0.0489
0.90 0.2800 0.0288 0.0813 0.3468 0.0308 0.0561 0.3160 0.0323 0.0814 0.3381 0.0222 0.0610

W=(1528.0±4.0)MeV W=(1536.0±4.0)MeV W=(1544.0±4.0)MeV W=(1552.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2307 0.0189 0.0867 1.1773 0.0200 0.0849 1.1941 0.0199 0.0720 1.1471 0.0194 0.0606
−0.70 0.8713 0.0139 0.0341 0.8489 0.0136 0.0335 0.8314 0.0139 0.0289 0.8011 0.0143 0.0226
−0.50 0.6835 0.0125 0.0230 0.6509 0.0129 0.0172 0.6363 0.0125 0.0204 0.6143 0.0130 0.0145
−0.30 0.6084 0.0113 0.0229 0.6179 0.0117 0.0206 0.5476 0.0117 0.0229 0.5691 0.0109 0.0188
−0.10 0.5964 0.0116 0.0321 0.5593 0.0111 0.0234 0.5416 0.0113 0.0283 0.5249 0.0115 0.0264

0.10 0.5824 0.0130 0.0395 0.5277 0.0118 0.0294 0.5283 0.0115 0.0334 0.5091 0.0113 0.0339
0.30 0.5458 0.0130 0.0360 0.5100 0.0117 0.0353 0.5107 0.0128 0.0352 0.5069 0.0115 0.0388
0.50 0.5293 0.0131 0.0377 0.4758 0.0147 0.0365 0.4932 0.0133 0.0345 0.4705 0.0142 0.0401
0.70 0.4645 0.0163 0.0427 0.4347 0.0185 0.0485 0.4098 0.0157 0.0334 0.4044 0.0141 0.0386
0.90 0.3605 0.0258 0.0564 0.3392 0.0303 0.0583 0.3747 0.0227 0.0547 0.3001 0.0277 0.0365

W=(1560.0±4.0)MeV W=(1568.0±4.0)MeV W=(1576.0±4.0)MeV W=(1584.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1207 0.0195 0.0553 1.1255 0.0186 0.0698 1.1172 0.0206 0.0535 1.0876 0.0194 0.0457
−0.70 0.7992 0.0136 0.0233 0.8276 0.0145 0.0285 0.7873 0.0133 0.0311 0.7713 0.0146 0.0267
−0.50 0.6145 0.0122 0.0168 0.6099 0.0123 0.0140 0.6014 0.0138 0.0222 0.6088 0.0122 0.0200
−0.30 0.5608 0.0114 0.0215 0.5297 0.0119 0.0191 0.5284 0.0113 0.0215 0.5423 0.0115 0.0209
−0.10 0.5270 0.0108 0.0257 0.5183 0.0119 0.0275 0.5487 0.0112 0.0240 0.5284 0.0114 0.0265

0.10 0.5049 0.0119 0.0290 0.4755 0.0127 0.0274 0.4817 0.0120 0.0234 0.4840 0.0115 0.0289
0.30 0.4550 0.0131 0.0294 0.4655 0.0124 0.0280 0.4803 0.0117 0.0310 0.4513 0.0118 0.0232
0.50 0.4544 0.0132 0.0289 0.4493 0.0140 0.0254 0.4392 0.0151 0.0275 0.4587 0.0126 0.0237
0.70 0.4170 0.0145 0.0385 0.4121 0.0143 0.0477 0.3980 0.0159 0.0739 0.3523 0.0139 0.0334
0.90 0.2790 0.0260 0.0388 0.2203 0.0272 0.0758 0.2610 0.0291 0.0451 0.2703 0.0284 0.0556
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W=(1592.0±4.0)MeV W=(1600.0±4.0)MeV W=(1608.0±4.0)MeV W=(1616.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1341 0.0195 0.0619 1.1230 0.0195 0.0629 1.1195 0.0196 0.0755 1.1288 0.0230 0.0463
−0.70 0.7575 0.0137 0.0290 0.7605 0.0155 0.0334 0.7885 0.0143 0.0301 0.7904 0.0150 0.0225
−0.50 0.6053 0.0128 0.0188 0.6346 0.0131 0.0223 0.6146 0.0132 0.0180 0.6145 0.0124 0.0152
−0.30 0.5471 0.0116 0.0189 0.5358 0.0123 0.0199 0.5543 0.0111 0.0172 0.5645 0.0111 0.0134
−0.10 0.5048 0.0113 0.0256 0.5266 0.0111 0.0257 0.5368 0.0103 0.0209 0.5502 0.0120 0.0156

0.10 0.4621 0.0117 0.0295 0.4720 0.0118 0.0215 0.4864 0.0110 0.0214 0.5324 0.0109 0.0172
0.30 0.4507 0.0126 0.0268 0.4577 0.0115 0.0177 0.4795 0.0127 0.0190 0.5063 0.0120 0.0129
0.50 0.4481 0.0133 0.0314 0.4274 0.0121 0.0286 0.4421 0.0118 0.0241 0.4442 0.0135 0.0150
0.70 0.3724 0.0145 0.0376 0.4079 0.0135 0.0468 0.4095 0.0129 0.0411 0.3939 0.0121 0.0294
0.90 0.3275 0.0262 0.0651 0.3556 0.0285 0.0529 0.3366 0.0255 0.0600 0.2623 0.0175 0.0401

W=(1624.0±4.0)MeV W=(1632.0±4.0)MeV W=(1640.0±4.0)MeV W=(1648.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1271 0.0208 0.0771 1.0545 0.0191 0.0630 1.1089 0.0183 0.0774 1.0372 0.0179 0.0592
−0.70 0.7755 0.0154 0.0301 0.7755 0.0139 0.0264 0.7923 0.0137 0.0269 0.7679 0.0136 0.0270
−0.50 0.6379 0.0117 0.0221 0.6256 0.0127 0.0163 0.6394 0.0120 0.0155 0.6525 0.0117 0.0178
−0.30 0.5824 0.0109 0.0226 0.5965 0.0108 0.0151 0.5921 0.0104 0.0164 0.6026 0.0103 0.0157
−0.10 0.5717 0.0116 0.0211 0.5964 0.0098 0.0203 0.5939 0.0104 0.0215 0.5895 0.0115 0.0154

0.10 0.5304 0.0114 0.0170 0.5678 0.0113 0.0236 0.5917 0.0125 0.0212 0.6168 0.0115 0.0207
0.30 0.5397 0.0122 0.0129 0.5561 0.0110 0.0216 0.5709 0.0118 0.0172 0.5799 0.0117 0.0221
0.50 0.4590 0.0116 0.0123 0.4949 0.0143 0.0254 0.5064 0.0121 0.0249 0.5123 0.0108 0.0206
0.70 0.4037 0.0140 0.0293 0.3720 0.0126 0.0323 0.3815 0.0117 0.0348 0.4209 0.0119 0.0234
0.90 0.2739 0.0226 0.0504 0.3108 0.0242 0.0439 0.3168 0.0238 0.0597 0.3096 0.0240 0.0249

W=(1656.0±4.0)MeV W=(1664.0±4.0)MeV W=(1672.0±4.0)MeV W=(1680.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0310 0.0183 0.0531 0.9959 0.0181 0.0610 0.9617 0.0193 0.0634 0.9668 0.0160 0.0634
−0.70 0.7602 0.0150 0.0243 0.7352 0.0127 0.0217 0.6984 0.0126 0.0305 0.7298 0.0128 0.0223
−0.50 0.6166 0.0131 0.0146 0.6132 0.0128 0.0118 0.6257 0.0115 0.0171 0.6618 0.0125 0.0122
−0.30 0.6537 0.0117 0.0126 0.6254 0.0121 0.0140 0.6588 0.0111 0.0140 0.6744 0.0121 0.0146
−0.10 0.6539 0.0121 0.0150 0.6711 0.0131 0.0186 0.6540 0.0133 0.0143 0.6802 0.0120 0.0138

0.10 0.6153 0.0137 0.0164 0.6552 0.0135 0.0172 0.6977 0.0130 0.0135 0.6696 0.0127 0.0101
0.30 0.5965 0.0130 0.0175 0.6050 0.0133 0.0127 0.6128 0.0122 0.0107 0.6550 0.0129 0.0099
0.50 0.5331 0.0134 0.0147 0.5480 0.0119 0.0101 0.5434 0.0136 0.0186 0.5792 0.0123 0.0181
0.70 0.4663 0.0114 0.0211 0.4755 0.0128 0.0315 0.3954 0.0134 0.0244 0.4416 0.0122 0.0352
0.90 0.2391 0.0229 0.0214 0.2855 0.0246 0.0678 0.3645 0.0234 0.0321 0.2391 0.0227 0.0647

W=(1688.0±4.0)MeV W=(1696.0±4.0)MeV W=(1704.0±4.0)MeV W=(1712.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9544 0.0189 0.0751 0.9100 0.0165 0.0587 0.8557 0.0181 0.0470 0.8012 0.0170 0.0439
−0.70 0.7227 0.0132 0.0264 0.6912 0.0135 0.0266 0.6543 0.0113 0.0267 0.5812 0.0138 0.0232
−0.50 0.6628 0.0116 0.0175 0.6078 0.0117 0.0164 0.6168 0.0120 0.0177 0.5738 0.0121 0.0149
−0.30 0.6427 0.0118 0.0145 0.6457 0.0107 0.0128 0.6406 0.0100 0.0123 0.5880 0.0099 0.0099
−0.10 0.7026 0.0135 0.0116 0.6875 0.0128 0.0142 0.6637 0.0118 0.0112 0.6374 0.0118 0.0103

0.10 0.6900 0.0127 0.0099 0.6695 0.0123 0.0146 0.6660 0.0116 0.0121 0.6359 0.0121 0.0100
0.30 0.6518 0.0137 0.0124 0.6523 0.0146 0.0137 0.6058 0.0133 0.0106 0.6030 0.0137 0.0092
0.50 0.5601 0.0119 0.0161 0.5556 0.0128 0.0164 0.5521 0.0133 0.0097 0.5106 0.0129 0.0136
0.70 0.4624 0.0130 0.0304 0.4589 0.0127 0.0262 0.4214 0.0120 0.0252 0.4017 0.0109 0.0230
0.90 0.2687 0.0229 0.0400 0.2946 0.0193 0.0352 0.2486 0.0198 0.0485 0.2909 0.0199 0.0277

W=(1720.0±4.0)MeV W=(1728.0±4.0)MeV W=(1736.0±4.0)MeV W=(1744.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8089 0.0161 0.0628 0.7552 0.0156 0.0566 0.6517 0.0152 0.0520 0.6101 0.0132 0.0531
−0.70 0.5828 0.0114 0.0284 0.5645 0.0094 0.0233 0.5011 0.0099 0.0224 0.4743 0.0095 0.0188
−0.50 0.5560 0.0099 0.0189 0.5445 0.0108 0.0143 0.5155 0.0096 0.0160 0.4686 0.0103 0.0094
−0.30 0.5623 0.0095 0.0118 0.5664 0.0092 0.0107 0.5235 0.0113 0.0127 0.5332 0.0094 0.0073
−0.10 0.6398 0.0118 0.0083 0.6234 0.0106 0.0115 0.5874 0.0108 0.0084 0.5596 0.0116 0.0081

0.10 0.6566 0.0115 0.0097 0.6189 0.0121 0.0126 0.6009 0.0109 0.0060 0.5671 0.0120 0.0099
0.30 0.5829 0.0138 0.0124 0.5691 0.0129 0.0117 0.5340 0.0111 0.0101 0.5183 0.0122 0.0093
0.50 0.4918 0.0122 0.0132 0.4591 0.0094 0.0114 0.4747 0.0128 0.0130 0.4557 0.0111 0.0111
0.70 0.3498 0.0122 0.0156 0.3883 0.0118 0.0173 0.3868 0.0109 0.0191 0.3882 0.0109 0.0225
0.90 0.3535 0.0212 0.0365 0.2838 0.0180 0.0353 0.2929 0.0189 0.0462 0.2451 0.0174 0.0685

W=(1752.0±4.0)MeV W=(1760.0±4.0)MeV W=(1768.0±4.0)MeV W=(1776.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5985 0.0128 0.0439 0.5452 0.0136 0.0413 0.5608 0.0121 0.0487 0.5021 0.0141 0.0338
−0.70 0.4481 0.0102 0.0160 0.4289 0.0090 0.0169 0.3957 0.0080 0.0169 0.3866 0.0081 0.0148
−0.50 0.4502 0.0092 0.0095 0.4398 0.0095 0.0097 0.3968 0.0092 0.0100 0.3852 0.0088 0.0084
−0.30 0.5127 0.0100 0.0082 0.4702 0.0084 0.0090 0.4373 0.0086 0.0091 0.4498 0.0082 0.0080
−0.10 0.5399 0.0112 0.0096 0.5237 0.0094 0.0103 0.4689 0.0093 0.0092 0.4767 0.0087 0.0121

0.10 0.5405 0.0110 0.0114 0.5057 0.0097 0.0114 0.4617 0.0100 0.0085 0.4579 0.0098 0.0142
0.30 0.5146 0.0111 0.0100 0.4877 0.0100 0.0118 0.4559 0.0107 0.0070 0.4259 0.0092 0.0120
0.50 0.4004 0.0125 0.0080 0.4400 0.0116 0.0124 0.3602 0.0092 0.0088 0.4041 0.0108 0.0099
0.70 0.3592 0.0116 0.0208 0.3587 0.0094 0.0241 0.3261 0.0097 0.0230 0.2860 0.0109 0.0143
0.90 0.2797 0.0253 0.0440 0.2332 0.0216 0.0256 0.1490 0.0220 0.0311 0.2678 0.0180 0.0509
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W=(1784.0±4.0)MeV W=(1792.0±4.0)MeV W=(1800.0±4.0)MeV W=(1808.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4122 0.0132 0.0325 0.3914 0.0120 0.0386 0.3984 0.0134 0.0302 0.4300 0.0127 0.0256
−0.70 0.3906 0.0079 0.0149 0.3413 0.0095 0.0144 0.3291 0.0082 0.0139 0.3397 0.0093 0.0122
−0.50 0.3792 0.0097 0.0084 0.3983 0.0082 0.0109 0.3705 0.0075 0.0110 0.3165 0.0091 0.0111
−0.30 0.4270 0.0081 0.0071 0.3751 0.0079 0.0108 0.3749 0.0077 0.0109 0.3696 0.0080 0.0105
−0.10 0.4674 0.0088 0.0074 0.4416 0.0086 0.0111 0.4143 0.0074 0.0108 0.3831 0.0077 0.0079

0.10 0.4202 0.0088 0.0094 0.4141 0.0079 0.0076 0.4085 0.0090 0.0082 0.4168 0.0074 0.0083
0.30 0.3837 0.0104 0.0094 0.3938 0.0088 0.0071 0.3462 0.0082 0.0068 0.3838 0.0105 0.0084
0.50 0.3271 0.0100 0.0076 0.3258 0.0103 0.0093 0.3429 0.0089 0.0083 0.3229 0.0091 0.0074
0.70 0.3174 0.0114 0.0185 0.2983 0.0111 0.0224 0.3262 0.0106 0.0229 0.2661 0.0102 0.0149
0.90 0.2670 0.0250 0.0497 0.2162 0.0203 0.0703 0.1605 0.0199 0.0340 0.2767 0.0221 0.0662

W=(1816.0±4.0)MeV W=(1824.0±4.0)MeV W=(1832.0±4.0)MeV W=(1840.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3584 0.0111 0.0335 0.3740 0.0110 0.0274 0.3468 0.0098 0.0267 0.3574 0.0104 0.0343
−0.70 0.3334 0.0075 0.0125 0.3300 0.0093 0.0125 0.3348 0.0083 0.0211 0.3100 0.0083 0.0125
−0.50 0.3259 0.0088 0.0080 0.3055 0.0088 0.0081 0.2852 0.0099 0.0100 0.2985 0.0079 0.0139
−0.30 0.3543 0.0071 0.0102 0.3411 0.0081 0.0094 0.3305 0.0080 0.0088 0.3273 0.0075 0.0104
−0.10 0.3980 0.0074 0.0125 0.3416 0.0079 0.0088 0.3986 0.0084 0.0080 0.3790 0.0074 0.0079

0.10 0.3782 0.0075 0.0123 0.3760 0.0092 0.0090 0.3588 0.0086 0.0093 0.3667 0.0085 0.0068
0.30 0.3320 0.0090 0.0113 0.3847 0.0099 0.0087 0.3140 0.0113 0.0109 0.3235 0.0118 0.0067
0.50 0.3065 0.0099 0.0089 0.3060 0.0118 0.0082 0.2886 0.0104 0.0086 0.2884 0.0119 0.0089
0.70 0.2812 0.0112 0.0207 0.2473 0.0110 0.0314 0.2779 0.0124 0.0240 0.2552 0.0133 0.0200
0.90 0.1568 0.0214 0.0329 0.1698 0.0207 0.0538 0.1967 0.0262 0.0625 0.1406 0.0265 0.0266

W=(1848.0±4.0)MeV W=(1856.0±4.0)MeV W=(1864.0±4.0)MeV W=(1872.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3587 0.0117 0.0347 0.2852 0.0128 0.0292 0.3323 0.0160 0.0382 0.3257 0.0173 0.0366
−0.70 0.3057 0.0105 0.0128 0.3497 0.0102 0.0140 0.2891 0.0090 0.0140 0.3231 0.0099 0.0259
−0.50 0.2993 0.0083 0.0055 0.2759 0.0080 0.0083 0.3241 0.0091 0.0097 0.3011 0.0101 0.0207
−0.30 0.3408 0.0081 0.0081 0.3004 0.0083 0.0104 0.3026 0.0092 0.0097 0.2966 0.0102 0.0126
−0.10 0.3512 0.0083 0.0139 0.3284 0.0097 0.0099 0.3529 0.0099 0.0121 0.3447 0.0100 0.0120

0.10 0.3410 0.0097 0.0135 0.3516 0.0104 0.0111 0.3513 0.0100 0.0098 0.3422 0.0107 0.0136
0.30 0.3428 0.0106 0.0095 0.3062 0.0092 0.0105 0.3283 0.0096 0.0123 0.2677 0.0131 0.0102
0.50 0.2790 0.0110 0.0110 0.2887 0.0118 0.0113 0.2427 0.0133 0.0096 0.2844 0.0124 0.0193
0.70 0.2562 0.0146 0.0447 0.2430 0.0114 0.0432 0.2339 0.0140 0.0418 0.2373 0.0133 0.0229
0.90 0.1651 0.0390 0.0569 0.1259 0.0280 0.0412 0.0999 0.0381 0.0583 0.1169 0.0395 0.0124

W=(1880.0±4.0)MeV W=(1888.0±4.0)MeV W=(1896.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2441 0.0156 0.0246 0.2831 0.0236 0.0329 0.2921 0.0305 0.0147
−0.70 0.3017 0.0115 0.0148 0.2122 0.0144 0.0169 0.2840 0.0164 0.0167
−0.50 0.3120 0.0137 0.0093 0.2494 0.0140 0.0149 0.2326 0.0154 0.0124
−0.30 0.3171 0.0101 0.0086 0.2982 0.0122 0.0130 0.2708 0.0138 0.0188
−0.10 0.3483 0.0107 0.0069 0.3462 0.0142 0.0198 0.3298 0.0162 0.0268

0.10 0.2822 0.0129 0.0099 0.3337 0.0134 0.0125 0.2725 0.0189 0.0297
0.30 0.2736 0.0159 0.0101 0.3084 0.0139 0.0070 0.2998 0.0165 0.0142
0.50 0.2910 0.0178 0.0165 0.2518 0.0137 0.0125 0.3433 0.0196 0.0234
0.70 0.2782 0.0157 0.0502 0.2083 0.0215 0.0324 0.1852 0.0226 0.0368
0.90 0.0389 0.0288−0.0445 0.1266 0.0309 0.0369 0.1175 0.0428 0.0832
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Decomposed Total Cross Sections

W ∆W σPhaseSpace ∆stat σ∆(1232) ∆stat σN(1520) ∆stat

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1308.0 8.0 0.0118 0.0050 0.0273 0.0050 0.0014 0.0021
1324.0 8.0 0.1152 0.0134 0.0476 0.0103 0.0303 0.0109
1340.0 8.0 0.2470 0.0216 0.2212 0.0207 0.0246 0.0169
1356.0 8.0 0.5098 0.0317 0.3954 0.0280 0.1290 0.0346
1372.0 8.0 0.8115 0.0505 1.3157 0.0406 0.1756 0.0525
1388.0 8.0 0.5053 0.0638 1.9285 0.0594 0.2171 0.0736
1404.0 8.0 0.2802 0.0872 2.9465 0.0740 0.2180 0.0957
1420.0 8.0 0.3223 0.1106 3.4516 0.0878 0.1036 0.1032
1436.0 8.0 0.2662 0.1446 4.3146 0.1117 0.2361 0.1251
1452.0 8.0 0.3945 0.1594 5.3003 0.1291 0.0878 0.1600
1468.0 8.0 0.3702 0.1816 6.0646 0.1382 0.0603 0.1702
1484.0 8.0 0.3201 0.2009 6.9874 0.1581 0.0056 0.1828
1500.0 8.0 0.2169 0.2134 7.5158 0.1668 0.0097 0.1966
1516.0 8.0 0.1565 0.2149 7.6840 0.1946 0.0002 0.2340
1532.0 8.0 0.2208 0.2190 7.5522 0.2016 0.0001 0.2109
1548.0 8.0 0.0546 0.1779 7.2451 0.1331 0.0082 0.2222
1564.0 8.0 0.1249 0.1613 6.6932 0.1839 0.0218 0.1769
1580.0 8.0 0.2751 0.1786 6.5595 0.1599 0.0071 0.2104
1596.0 8.0 0.2888 0.1601 6.5204 0.1644 0.0031 0.2081
1612.0 8.0 0.3052 0.1742 6.6373 0.1639 0.0075 0.1883
1628.0 8.0 0.5026 0.1899 6.7090 0.1733 0.0225 0.2073
1644.0 8.0 0.9938 0.2166 6.5812 0.1783 0.0565 0.2184
1660.0 8.0 0.6748 0.2011 6.8168 0.1969 0.0310 0.2262
1676.0 8.0 1.0906 0.2207 6.6165 0.2214 0.0547 0.2258
1692.0 8.0 1.1057 0.2289 6.2666 0.2094 0.0733 0.2201
1708.0 8.0 0.8562 0.2082 5.8431 0.2017 0.2191 0.2006
1724.0 8.0 1.4680 0.2039 5.3697 0.1831 0.3720 0.1974
1740.0 8.0 1.3853 0.1649 4.5495 0.1655 0.0782 0.1764
1756.0 8.0 1.5181 0.1437 3.6130 0.1710 0.1845 0.1529
1772.0 8.0 1.5871 0.1358 2.9800 0.1494 0.3008 0.1434
1788.0 8.0 1.9516 0.1059 2.0064 0.1373 0.3947 0.1115
1804.0 8.0 1.9728 0.1133 1.8545 0.1287 0.3610 0.1098
1820.0 8.0 1.3912 0.1052 1.2926 0.1176 1.2036 0.1001
1836.0 8.0 1.1926 0.0993 1.4123 0.1083 0.9058 0.0990
1852.0 8.0 1.2103 0.0884 1.2387 0.1077 0.9460 0.0885
1868.0 8.0 1.2457 0.0951 1.2632 0.0980 0.8945 0.0895
1888.0 10.0 0.8355 0.0576 1.0027 0.0691 0.6531 0.0652

E.3.5 γp→ π0π0p as a Function of W

Angular Distributions

W=(1282.6±5.5)MeV W=(1293.5±5.4)MeV W=(1304.4±5.4)MeV W=(1315.1±5.4)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0000 0.0000 0.0000 0.0026 0.0008 0.0212 0.0046 0.0004 0.0186 0.0111 0.0007 0.0111
−0.70 0.0000 0.0000 0.0000 0.0063 0.0008−0.0133 0.0078 0.0005 0.0214 0.0165 0.0009 0.0150
−0.50 0.0000 0.0000 0.0000 0.0123 0.0013 0.0139 0.0176 0.0009 0.0105 0.0294 0.0013 0.0086
−0.30 0.0000 0.0000 0.0000 0.0224 0.0021 0.0110 0.0244 0.0011 0.0005 0.0418 0.0012 0.0051
−0.10 0.0000 0.0000 0.0000 0.0173 0.0018 0.0149 0.0233 0.0010 0.0018 0.0414 0.0014 0.0098

0.10 0.0000 0.0000 0.0000 0.0169 0.0025 0.0192 0.0241 0.0013 0.0058 0.0394 0.0012 0.0100
0.30 0.0000 0.0000 0.0000 0.0175 0.0053 0.0082 0.0218 0.0022 0.0091 0.0395 0.0023 0.0039
0.50 0.0000 0.0000 0.0000 0.0217 0.0216 0.0339 0.0380 0.0076 0.0179 0.0431 0.0071 0.0065
0.70 0.0000 0.0000 0.0000 0.0396 0.0212 0.0693 0.0088 0.0056−0.0036 0.0240 0.0086 0.0370
0.90 0.0000 0.0000 0.0000 0.1020 0.0776−0.0656 0.0007 0.0504−0.0970 −0.0212 0.0313−0.0637

W=(1325.8±5.3)MeV W=(1336.3±5.3)MeV W=(1346.8±5.2)MeV W=(1357.2±5.2)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0253 0.0009 0.0691 0.0401 0.0011 0.0915 0.0645 0.0011 0.0599 0.0908 0.0014 0.1041
−0.70 0.0332 0.0011 0.0262 0.0550 0.0010 0.0303 0.0905 0.0008 0.0395 0.1348 0.0017 0.0530
−0.50 0.0583 0.0014 0.0037 0.0917 0.0018 0.0032 0.1370 0.0014 0.0171 0.1902 0.0017 0.0223
−0.30 0.0764 0.0017 0.0066 0.1119 0.0019 0.0113 0.1705 0.0014 0.0252 0.2370 0.0023 0.0315
−0.10 0.0784 0.0012 0.0138 0.1111 0.0018 0.0193 0.1718 0.0014 0.0294 0.2295 0.0022 0.0365

0.10 0.0776 0.0018 0.0127 0.1047 0.0017 0.0160 0.1592 0.0018 0.0184 0.2175 0.0021 0.0263
0.30 0.0777 0.0017 0.0064 0.1047 0.0015 0.0058 0.1506 0.0016 0.0080 0.1934 0.0023 0.0090
0.50 0.0826 0.0058 0.0137 0.1034 0.0034 0.0081 0.1542 0.0027 0.0058 0.1973 0.0040 0.0108
0.70 0.0789 0.0133−0.0220 0.0886 0.0149 0.0218 0.1226 0.0137 0.0140 0.1639 0.0103 0.0310
0.90 0.0121 0.0217−0.0428 0.0579 0.0246−0.0972 0.0151 0.0175−0.0476 0.1006 0.0174 0.0086

W=(1367.6±5.1)MeV W=(1377.8±5.1)MeV W=(1388.0±5.1)MeV W=(1398.1±5.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1284 0.0017 0.1224 0.1656 0.0018 0.1021 0.2112 0.0018 0.1016 0.2635 0.0021 0.0957
−0.70 0.1911 0.0021 0.0540 0.2474 0.0017 0.0458 0.3126 0.0019 0.0401 0.3755 0.0023 0.0315
−0.50 0.2683 0.0021 0.0218 0.3378 0.0017 0.0317 0.3992 0.0025 0.0308 0.4639 0.0030 0.0301
−0.30 0.3083 0.0027 0.0372 0.3751 0.0027 0.0458 0.4565 0.0030 0.0468 0.5296 0.0033 0.0516
−0.10 0.3110 0.0025 0.0468 0.3842 0.0027 0.0435 0.4566 0.0029 0.0420 0.5292 0.0033 0.0447

0.10 0.2929 0.0025 0.0354 0.3566 0.0025 0.0322 0.4303 0.0027 0.0323 0.5044 0.0033 0.0327
0.30 0.2804 0.0027 0.0149 0.3375 0.0022 0.0188 0.3887 0.0027 0.0214 0.4427 0.0032 0.0227
0.50 0.2656 0.0040 0.0079 0.3044 0.0038 0.0135 0.3583 0.0037 0.0045 0.4040 0.0041 0.0119
0.70 0.2094 0.0073 0.0140 0.3091 0.0096 0.0149 0.3602 0.0075 0.0124 0.3869 0.0066 0.0216
0.90 0.1149 0.0213 0.0159 0.1376 0.0169 0.0311 0.1469 0.0087 0.0285 0.1565 0.0103 0.0254
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W=(1408.1±5.0)MeV W=(1418.1±5.0)MeV W=(1428.0±4.9)MeV W=(1437.8±4.9)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3171 0.0019 0.0726 0.3618 0.0020 0.0578 0.4112 0.0022 0.0556 0.4636 0.0025 0.0420
−0.70 0.4326 0.0026 0.0168 0.4849 0.0022 0.0191 0.5286 0.0028 0.0175 0.5836 0.0031 0.0195
−0.50 0.5307 0.0032 0.0284 0.5807 0.0034 0.0297 0.6328 0.0035 0.0300 0.6859 0.0038 0.0304
−0.30 0.5880 0.0033 0.0498 0.6514 0.0035 0.0459 0.6873 0.0036 0.0433 0.7422 0.0039 0.0383
−0.10 0.5929 0.0033 0.0417 0.6583 0.0035 0.0381 0.6971 0.0037 0.0351 0.7526 0.0039 0.0308

0.10 0.5555 0.0032 0.0307 0.6206 0.0034 0.0299 0.6734 0.0036 0.0300 0.7125 0.0038 0.0269
0.30 0.4967 0.0031 0.0214 0.5450 0.0033 0.0235 0.5831 0.0034 0.0237 0.6327 0.0036 0.0242
0.50 0.4302 0.0037 0.0117 0.4722 0.0039 0.0078 0.5166 0.0038 0.0133 0.5525 0.0041 0.0148
0.70 0.4211 0.0063 0.0095 0.4482 0.0065 0.0144 0.4855 0.0068 0.0088 0.5188 0.0075 0.0118
0.90 0.2040 0.0104 0.0158 0.1920 0.0168 0.0415 0.1900 0.0121 0.0218 0.2271 0.0103 0.0269

W=(1447.6±4.9)MeV W=(1457.2±4.8)MeV W=(1466.9±4.8)MeV W=(1476.4±4.8)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5182 0.0029 0.0350 0.5773 0.0034 0.0291 0.6435 0.0034 0.0273 0.7272 0.0037 0.0268
−0.70 0.6233 0.0030 0.0245 0.6880 0.0033 0.0230 0.7441 0.0036 0.0272 0.7963 0.0039 0.0268
−0.50 0.7321 0.0041 0.0326 0.7713 0.0042 0.0305 0.8269 0.0043 0.0312 0.8706 0.0043 0.0269
−0.30 0.7848 0.0042 0.0355 0.8155 0.0043 0.0331 0.8754 0.0044 0.0288 0.9170 0.0046 0.0255
−0.10 0.7927 0.0042 0.0309 0.8449 0.0044 0.0294 0.8965 0.0045 0.0260 0.9251 0.0046 0.0256

0.10 0.7512 0.0040 0.0298 0.7978 0.0042 0.0294 0.8439 0.0043 0.0287 0.8660 0.0043 0.0292
0.30 0.6713 0.0039 0.0276 0.7182 0.0040 0.0309 0.7486 0.0041 0.0319 0.7804 0.0041 0.0341
0.50 0.5728 0.0041 0.0146 0.6147 0.0042 0.0163 0.6476 0.0042 0.0185 0.6833 0.0043 0.0239
0.70 0.5145 0.0074 0.0086 0.5498 0.0070 0.0076 0.5936 0.0069 0.0117 0.6173 0.0065 0.0100
0.90 0.3098 0.0150 0.0210 0.2329 0.0125 0.0210 0.2772 0.0154 0.0242 0.2140 0.0110 0.0150

W=(1485.9±4.7)MeV W=(1495.4±4.7)MeV W=(1504.8±4.7)MeV W=(1514.1±4.6)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7934 0.0040 0.0243 0.8119 0.0050 0.0201 0.8539 0.0066 0.0150 0.8651 0.0046 0.0140
−0.70 0.8692 0.0037 0.0212 0.8524 0.0048 0.0251 0.8699 0.0065 0.0229 0.8935 0.0045 0.0211
−0.50 0.9057 0.0047 0.0223 0.8954 0.0056 0.0245 0.9087 0.0075 0.0212 0.8982 0.0050 0.0194
−0.30 0.9501 0.0047 0.0228 0.9111 0.0056 0.0216 0.9222 0.0073 0.0211 0.8835 0.0049 0.0186
−0.10 0.9449 0.0047 0.0248 0.9177 0.0056 0.0255 0.9169 0.0073 0.0277 0.8829 0.0049 0.0268

0.10 0.8822 0.0044 0.0319 0.8541 0.0053 0.0357 0.8311 0.0068 0.0350 0.8049 0.0046 0.0364
0.30 0.7929 0.0042 0.0387 0.7804 0.0051 0.0424 0.7693 0.0066 0.0433 0.7260 0.0044 0.0428
0.50 0.6830 0.0043 0.0263 0.6567 0.0051 0.0314 0.6563 0.0065 0.0328 0.6371 0.0044 0.0305
0.70 0.6480 0.0066 0.0147 0.6192 0.0071 0.0144 0.6140 0.0086 0.0160 0.6069 0.0061 0.0235
0.90 0.2521 0.0160 0.0202 0.2035 0.0112 0.0208 0.2337 0.0183 0.0264 0.2464 0.0103 0.0415

W=(1523.4±4.6)MeV W=(1532.6±4.6)MeV W=(1541.7±4.6)MeV W=(1550.8±4.5)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8712 0.0087 0.0119 0.8215 0.0046 0.0081 0.7953 0.0044 0.0045 0.7443 0.0044 0.0037
−0.70 0.8740 0.0084 0.0266 0.8136 0.0044 0.0156 0.7537 0.0041 0.0120 0.7297 0.0042 0.0126
−0.50 0.8299 0.0087 0.0205 0.7600 0.0047 0.0140 0.7018 0.0043 0.0109 0.6564 0.0043 0.0101
−0.30 0.8263 0.0090 0.0154 0.7282 0.0045 0.0145 0.6719 0.0042 0.0129 0.5934 0.0041 0.0108
−0.10 0.8183 0.0090 0.0259 0.6971 0.0045 0.0224 0.6254 0.0040 0.0201 0.5731 0.0040 0.0177

0.10 0.7727 0.0086 0.0375 0.6633 0.0043 0.0323 0.5896 0.0039 0.0285 0.5601 0.0039 0.0270
0.30 0.6647 0.0079 0.0399 0.5880 0.0040 0.0379 0.5486 0.0038 0.0345 0.5140 0.0038 0.0341
0.50 0.5967 0.0084 0.0334 0.5369 0.0041 0.0346 0.5040 0.0040 0.0322 0.4743 0.0038 0.0308
0.70 0.5520 0.0110 0.0192 0.5230 0.0053 0.0219 0.4916 0.0049 0.0215 0.4789 0.0050 0.0170
0.90 0.1307 0.0162 0.0478 0.2730 0.0104 0.0196 0.2770 0.0090 0.0213 0.2295 0.0111 0.0111

W=(1559.9±4.5)MeV W=(1568.9±4.5)MeV W=(1577.8±4.5)MeV W=(1586.7±4.4)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7172 0.0061 0.0044 0.7071 0.0048 0.0074 0.6925 0.0050 0.0106 0.6734 0.0054 0.0058
−0.70 0.6749 0.0056 0.0087 0.6535 0.0045 0.0077 0.6302 0.0043 0.0069 0.6201 0.0048 0.0078
−0.50 0.6148 0.0057 0.0091 0.5854 0.0045 0.0072 0.5543 0.0044 0.0052 0.5354 0.0049 0.0059
−0.30 0.5532 0.0054 0.0110 0.5264 0.0043 0.0086 0.4950 0.0041 0.0073 0.4696 0.0046 0.0065
−0.10 0.5164 0.0052 0.0147 0.4966 0.0042 0.0128 0.4655 0.0041 0.0117 0.4368 0.0044 0.0101

0.10 0.4969 0.0052 0.0220 0.4847 0.0041 0.0196 0.4615 0.0040 0.0171 0.4461 0.0043 0.0160
0.30 0.4832 0.0050 0.0288 0.4700 0.0040 0.0265 0.4651 0.0039 0.0227 0.4567 0.0043 0.0220
0.50 0.4648 0.0052 0.0262 0.4708 0.0041 0.0254 0.4561 0.0039 0.0232 0.4692 0.0044 0.0222
0.70 0.4396 0.0058 0.0171 0.4590 0.0052 0.0176 0.4690 0.0049 0.0166 0.4665 0.0049 0.0175
0.90 0.2770 0.0130 0.0170 0.3317 0.0115 0.0238 0.2906 0.0084 0.0108 0.2991 0.0100 0.0202

W=(1595.6±4.4)MeV W=(1604.3±4.4)MeV W=(1613.1±4.4)MeV W=(1621.8±4.3)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6544 0.0091 0.0072 0.6591 0.0044 0.0064 0.6707 0.0048 0.0069 0.6814 0.0048 0.0106
−0.70 0.5997 0.0087 0.0087 0.6043 0.0039 0.0066 0.6114 0.0041 0.0067 0.6224 0.0042 0.0078
−0.50 0.5082 0.0088 0.0072 0.5212 0.0039 0.0044 0.5231 0.0041 0.0042 0.5226 0.0041 0.0035
−0.30 0.4533 0.0078 0.0073 0.4618 0.0037 0.0059 0.4665 0.0040 0.0052 0.4695 0.0039 0.0036
−0.10 0.4210 0.0082 0.0100 0.4357 0.0036 0.0089 0.4304 0.0038 0.0080 0.4392 0.0037 0.0071

0.10 0.4335 0.0077 0.0147 0.4374 0.0035 0.0126 0.4383 0.0037 0.0117 0.4510 0.0035 0.0119
0.30 0.4522 0.0077 0.0205 0.4741 0.0033 0.0182 0.4789 0.0034 0.0176 0.4887 0.0034 0.0180
0.50 0.4815 0.0067 0.0246 0.5007 0.0033 0.0221 0.5218 0.0036 0.0209 0.5298 0.0037 0.0228
0.70 0.4622 0.0088 0.0148 0.5134 0.0041 0.0166 0.5275 0.0040 0.0184 0.5593 0.0042 0.0184
0.90 0.2983 0.0177 0.0187 0.4136 0.0081 0.0158 0.3872 0.0089 0.0219 0.4594 0.0146 0.0199
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W=(1630.5±4.3)MeV W=(1639.1±4.3)MeV W=(1647.6±4.3)MeV W=(1656.1±4.2)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6874 0.0047 0.0092 0.6902 0.0047 0.0106 0.7159 0.0048 0.0097 0.7456 0.0052 0.0089
−0.70 0.6474 0.0042 0.0072 0.6577 0.0042 0.0055 0.6744 0.0043 0.0049 0.7099 0.0041 0.0046
−0.50 0.5403 0.0041 0.0040 0.5556 0.0037 0.0027 0.5697 0.0037 0.0027 0.5964 0.0040 0.0032
−0.30 0.4768 0.0037 0.0042 0.4966 0.0038 0.0035 0.5115 0.0036 0.0042 0.5363 0.0038 0.0039
−0.10 0.4452 0.0037 0.0079 0.4661 0.0036 0.0065 0.4865 0.0038 0.0065 0.4941 0.0041 0.0045

0.10 0.4701 0.0035 0.0127 0.4984 0.0037 0.0096 0.5124 0.0037 0.0090 0.5421 0.0040 0.0067
0.30 0.5202 0.0035 0.0175 0.5466 0.0034 0.0143 0.5850 0.0036 0.0145 0.6275 0.0041 0.0141
0.50 0.5581 0.0034 0.0226 0.6012 0.0036 0.0207 0.6608 0.0039 0.0214 0.6984 0.0044 0.0231
0.70 0.5967 0.0041 0.0197 0.6495 0.0041 0.0171 0.6992 0.0044 0.0185 0.7501 0.0050 0.0216
0.90 0.4699 0.0085 0.0126 0.4481 0.0090 0.0023 0.4999 0.0082 0.0100 0.6569 0.0162 0.0101

W=(1664.6±4.2)MeV W=(1673.1±4.2)MeV W=(1681.4±4.2)MeV W=(1689.8±4.2)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7622 0.0040 0.0073 0.7836 0.0042 0.0085 0.7899 0.0041 0.0105 0.7791 0.0039 0.0082
−0.70 0.7328 0.0033 0.0043 0.7512 0.0034 0.0045 0.7567 0.0034 0.0040 0.7741 0.0035 0.0029
−0.50 0.6272 0.0033 0.0030 0.6429 0.0033 0.0024 0.6585 0.0033 0.0020 0.6702 0.0034 0.0019
−0.30 0.5408 0.0032 0.0030 0.5690 0.0032 0.0030 0.5772 0.0033 0.0033 0.5892 0.0031 0.0032
−0.10 0.5162 0.0038 0.0040 0.5371 0.0038 0.0050 0.5634 0.0038 0.0057 0.5834 0.0037 0.0053

0.10 0.5637 0.0039 0.0068 0.5953 0.0036 0.0074 0.6083 0.0038 0.0083 0.6344 0.0041 0.0077
0.30 0.6650 0.0036 0.0126 0.7032 0.0037 0.0128 0.7279 0.0039 0.0137 0.7548 0.0042 0.0130
0.50 0.7308 0.0038 0.0201 0.7776 0.0039 0.0215 0.7968 0.0041 0.0221 0.8447 0.0042 0.0224
0.70 0.7949 0.0044 0.0213 0.8319 0.0045 0.0245 0.8554 0.0048 0.0210 0.8982 0.0049 0.0216
0.90 0.5798 0.0094 0.0131 0.7328 0.0106 0.0226 0.7111 0.0100 0.0081 0.6986 0.0091 0.0229

W=(1698.1±4.1)MeV W=(1706.4±4.1)MeV W=(1714.6±4.1)MeV W=(1722.8±4.1)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7873 0.0042 0.0095 0.7844 0.0041 0.0075 0.7793 0.0040 0.0076 0.7379 0.0038 0.0052
−0.70 0.7593 0.0038 0.0041 0.7447 0.0037 0.0032 0.7260 0.0038 0.0036 0.6945 0.0036 0.0030
−0.50 0.6841 0.0039 0.0022 0.6686 0.0037 0.0026 0.6641 0.0035 0.0027 0.6240 0.0035 0.0020
−0.30 0.6064 0.0035 0.0033 0.6162 0.0033 0.0041 0.6186 0.0031 0.0030 0.6075 0.0031 0.0021
−0.10 0.6052 0.0042 0.0053 0.6145 0.0039 0.0050 0.6473 0.0038 0.0036 0.6489 0.0038 0.0023

0.10 0.6818 0.0046 0.0077 0.6952 0.0047 0.0070 0.6971 0.0043 0.0071 0.7248 0.0042 0.0063
0.30 0.7720 0.0044 0.0131 0.7892 0.0047 0.0122 0.8067 0.0048 0.0146 0.7906 0.0047 0.0146
0.50 0.8805 0.0048 0.0239 0.8999 0.0050 0.0212 0.8769 0.0046 0.0240 0.8674 0.0049 0.0277
0.70 0.9182 0.0052 0.0233 0.9156 0.0050 0.0216 0.8970 0.0046 0.0243 0.8616 0.0044 0.0302
0.90 0.7587 0.0152 0.0036 0.7604 0.0098 0.0045 0.7521 0.0098 0.0082 0.7067 0.0087 0.0087

W=(1730.9±4.1)MeV W=(1739.1±4.0)MeV W=(1747.1±4.0)MeV W=(1755.2±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6636 0.0038 0.0051 0.6034 0.0038 0.0050 0.5459 0.0035 0.0067 0.5026 0.0034 0.0031
−0.70 0.6445 0.0034 0.0018 0.5772 0.0034 0.0029 0.5240 0.0032 0.0025 0.4889 0.0031 0.0021
−0.50 0.5900 0.0036 0.0014 0.5425 0.0032 0.0020 0.5082 0.0032 0.0016 0.4778 0.0030 0.0020
−0.30 0.5930 0.0032 0.0013 0.5462 0.0029 0.0014 0.5269 0.0030 0.0025 0.4988 0.0028 0.0026
−0.10 0.6215 0.0037 0.0018 0.5975 0.0034 0.0014 0.5565 0.0035 0.0022 0.5414 0.0034 0.0019

0.10 0.6949 0.0043 0.0055 0.6530 0.0043 0.0024 0.6359 0.0044 0.0024 0.5963 0.0036 0.0025
0.30 0.7649 0.0048 0.0114 0.7447 0.0049 0.0064 0.7096 0.0047 0.0077 0.6763 0.0045 0.0079
0.50 0.8402 0.0050 0.0181 0.7767 0.0046 0.0161 0.7380 0.0048 0.0179 0.7114 0.0045 0.0165
0.70 0.8194 0.0049 0.0186 0.7780 0.0046 0.0179 0.7297 0.0047 0.0195 0.7089 0.0048 0.0187
0.90 0.6660 0.0089 0.0070 0.6334 0.0087 0.0045 0.5658 0.0084 0.0049 0.5506 0.0082 0.0130

W=(1763.2±4.0)MeV W=(1771.1±4.0)MeV W=(1779.1±4.0)MeV W=(1787.0±3.9)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4585 0.0033 0.0063 0.4131 0.0031 0.0058 0.3909 0.0032 0.0058 0.3650 0.0032 0.0046
−0.70 0.4664 0.0031 0.0023 0.4361 0.0031 0.0030 0.4104 0.0028 0.0021 0.3814 0.0030 0.0012
−0.50 0.4481 0.0032 0.0013 0.4286 0.0027 0.0010 0.4035 0.0026 0.0013 0.3985 0.0027 0.0007
−0.30 0.4675 0.0029 0.0015 0.4454 0.0026 0.0022 0.4180 0.0025 0.0023 0.4135 0.0026 0.0017
−0.10 0.5138 0.0030 0.0012 0.4779 0.0028 0.0041 0.4661 0.0029 0.0019 0.4577 0.0037 0.0023

0.10 0.5815 0.0042 0.0033 0.5556 0.0036 0.0025 0.5482 0.0032 0.0023 0.5156 0.0035 0.0025
0.30 0.6572 0.0040 0.0079 0.6121 0.0037 0.0061 0.6006 0.0039 0.0069 0.5727 0.0039 0.0064
0.50 0.7002 0.0046 0.0140 0.6867 0.0045 0.0147 0.6396 0.0043 0.0136 0.6207 0.0042 0.0138
0.70 0.6637 0.0044 0.0158 0.6303 0.0039 0.0158 0.6331 0.0046 0.0137 0.5942 0.0046 0.0134
0.90 0.5546 0.0092 0.0122 0.4950 0.0083 0.0069 0.5250 0.0092 0.0094 0.4996 0.0085 0.0044

W=(1794.8±3.9)MeV W=(1802.6±3.9)MeV W=(1810.4±3.9)MeV W=(1818.2±3.9)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3234 0.0027 0.0046 0.3079 0.0028 0.0059 0.3133 0.0034 0.0051 0.2934 0.0031 0.0036
−0.70 0.3667 0.0031 0.0013 0.3589 0.0026 0.0016 0.3453 0.0028 0.0017 0.3393 0.0025 0.0010
−0.50 0.3756 0.0028 0.0012 0.3671 0.0027 0.0005 0.3595 0.0027 0.0012 0.3532 0.0028 0.0008
−0.30 0.4086 0.0027 0.0018 0.4100 0.0026 0.0009 0.3925 0.0028 0.0021 0.3834 0.0027 0.0014
−0.10 0.4356 0.0031 0.0018 0.4370 0.0030 0.0014 0.4217 0.0031 0.0021 0.4188 0.0036 0.0020

0.10 0.4968 0.0038 0.0028 0.5017 0.0034 0.0024 0.4807 0.0036 0.0030 0.4989 0.0035 0.0029
0.30 0.5664 0.0040 0.0064 0.5672 0.0040 0.0062 0.5561 0.0042 0.0053 0.5448 0.0041 0.0061
0.50 0.5840 0.0044 0.0138 0.5997 0.0045 0.0079 0.5975 0.0045 0.0113 0.5946 0.0047 0.0142
0.70 0.5941 0.0054 0.0174 0.5827 0.0044 0.0237 0.5793 0.0052 0.0146 0.5738 0.0054 0.0153
0.90 0.5387 0.0130 0.0104 0.4634 0.0099 0.0619 0.4564 0.0099 0.0074 0.4440 0.0086 0.0076
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W=(1825.9±3.9)MeV W=(1833.6±3.8)MeV W=(1841.3±3.8)MeV W=(1848.9±3.8)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2755 0.0029 0.0074 0.2473 0.0025 0.0038 0.2323 0.0025 0.0019 0.2405 0.0020 0.0024
−0.70 0.3293 0.0023 0.0018 0.3268 0.0024 0.0019 0.3159 0.0026 0.0017 0.3239 0.0022 0.0010
−0.50 0.3548 0.0027 0.0004 0.3468 0.0024 0.0012 0.3407 0.0030 0.0031 0.3313 0.0024 0.0024
−0.30 0.3795 0.0027 0.0012 0.3764 0.0025 0.0009 0.3631 0.0032 0.0046 0.3660 0.0026 0.0041
−0.10 0.4121 0.0028 0.0011 0.4141 0.0028 0.0009 0.4024 0.0035 0.0031 0.4026 0.0028 0.0020

0.10 0.4829 0.0037 0.0026 0.4664 0.0034 0.0017 0.4576 0.0040 0.0022 0.4510 0.0036 0.0012
0.30 0.5352 0.0037 0.0077 0.5412 0.0039 0.0055 0.5225 0.0055 0.0058 0.5353 0.0042 0.0052
0.50 0.5694 0.0045 0.0140 0.5718 0.0049 0.0108 0.5787 0.0061 0.0105 0.5880 0.0047 0.0112
0.70 0.5683 0.0052 0.0143 0.5818 0.0054 0.0111 0.5608 0.0067 0.0101 0.5471 0.0054 0.0137
0.90 0.4275 0.0077 0.0060 0.3894 0.0085 0.0015 0.3993 0.0085 0.0060 0.3903 0.0076 0.0178

W=(1856.5±3.8)MeV W=(1864.0±3.8)MeV W=(1871.6±3.8)MeV W=(1879.1±3.7)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2437 0.0022 0.0018 0.2263 0.0028 0.0020 0.2429 0.0022 0.0056 0.2338 0.0021 0.0095
−0.70 0.3104 0.0023 0.0017 0.3135 0.0025 0.0024 0.3195 0.0023 0.0024 0.3048 0.0022 0.0025
−0.50 0.3287 0.0026 0.0014 0.3419 0.0029 0.0024 0.3375 0.0027 0.0021 0.3305 0.0027 0.0011
−0.30 0.3578 0.0026 0.0013 0.3665 0.0030 0.0012 0.3520 0.0027 0.0022 0.3464 0.0025 0.0016
−0.10 0.3726 0.0029 0.0011 0.3920 0.0032 0.0015 0.3814 0.0029 0.0011 0.3578 0.0027 0.0006

0.10 0.4296 0.0034 0.0015 0.4479 0.0038 0.0026 0.4447 0.0037 0.0016 0.4546 0.0037 0.0018
0.30 0.5231 0.0043 0.0040 0.5288 0.0047 0.0047 0.5263 0.0047 0.0043 0.4903 0.0039 0.0051
0.50 0.5582 0.0047 0.0094 0.5661 0.0055 0.0079 0.5648 0.0053 0.0119 0.5400 0.0050 0.0146
0.70 0.5643 0.0059 0.0108 0.5529 0.0065 0.0062 0.5705 0.0061 0.0157 0.5311 0.0057 0.0190
0.90 0.4028 0.0095 0.0027 0.3935 0.0127 0.0035 0.4163 0.0098 0.0058 0.3776 0.0071 0.0029

W=(1886.6±3.7)MeV W=(1894.0±3.7)MeV W=(1901.4±3.7)MeV W=(1908.8±3.7)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2148 0.0022 0.0072 0.3050 0.0050 0.0030 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
−0.70 0.2956 0.0023 0.0027 0.3857 0.0048 0.0023 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
−0.50 0.3100 0.0027 0.0025 0.4271 0.0063 0.0044 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
−0.30 0.3295 0.0028 0.0015 0.4301 0.0048 0.0041 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
−0.10 0.3487 0.0029 0.0010 0.4639 0.0060 0.0027 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.10 0.4215 0.0038 0.0026 0.5504 0.0068 0.0049 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.30 0.4788 0.0045 0.0050 0.6207 0.0077 0.0080 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.5294 0.0053 0.0140 0.6745 0.0099 0.0202 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.70 0.5198 0.0061 0.0194 0.6773 0.0121 0.0274 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.90 0.3692 0.0092 0.0045 0.4624 0.0159 0.0064 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

W=(1916.2±3.7)MeV W=(1923.5±3.7)MeV W=(1930.8±3.6)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
−0.70 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
−0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
−0.30 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
−0.10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.30 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.70 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.90 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

E.3.6 γn→ π0π0n as a Function of W

Angular Distributions

W=(1304.0±4.0)MeV W=(1312.0±4.0)MeV W=(1320.0±4.0)MeV W=(1328.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0105 0.0021 0.0417 0.0463 0.0059 0.0367 0.0553 0.0087 0.0608 0.0501 0.0051 0.0688
−0.70 0.0111 0.0019 0.0142 0.0434 0.0043 0.0444 0.0557 0.0057 0.0529 0.0246 0.0035 0.0322
−0.50 0.0092 0.0044 0.0079 0.0261 0.0049 0.0292 0.0547 0.0042 0.0365 0.0613 0.0049 0.0370
−0.30 0.0209 0.0056 0.0118 0.0334 0.0039 0.0267 0.0403 0.0041 0.0196 0.0871 0.0045 0.0252
−0.10 0.0276 0.0067 0.0216 0.0301 0.0051 0.0169 0.0366 0.0046 0.0209 0.0816 0.0057 0.0173

0.10 0.0353 0.0063 0.0186 0.0314 0.0047 0.0213 0.0330 0.0054 0.0195 0.0687 0.0049 0.0206
0.30 0.0242 0.0071 0.0142 0.0276 0.0054 0.0129 0.0361 0.0059 0.0164 0.0600 0.0054 0.0212
0.50 0.0042 0.0112 0.0117 0.0383 0.0068 0.0237 0.0196 0.0089 0.0105 0.0345 0.0142 0.0123
0.70 0.0319 0.0123 0.0088 0.0098 0.0137 0.0140 0.0511 0.0126 0.0268 0.0114 0.0273 0.0116
0.90 −0.0000 0.0068 0.0297 0.0719 0.0439 0.0607 −0.0338 0.0499 0.0019 −0.0238 0.0263 0.0651



E.3. Unpolarized Results for Double π0 from the A2 Data 555

W=(1336.0±4.0)MeV W=(1344.0±4.0)MeV W=(1352.0±4.0)MeV W=(1360.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0549 0.0042 0.0662 0.0756 0.0058 0.0381 0.0963 0.0050 0.0853 0.1196 0.0063 0.0559
−0.70 0.0530 0.0035 0.0593 0.0913 0.0048 0.0385 0.0964 0.0049 0.0356 0.1328 0.0057 0.0345
−0.50 0.0710 0.0046 0.0437 0.0990 0.0064 0.0261 0.1405 0.0063 0.0402 0.1855 0.0089 0.0296
−0.30 0.0675 0.0044 0.0320 0.1240 0.0048 0.0181 0.1595 0.0073 0.0237 0.2144 0.0065 0.0244
−0.10 0.0790 0.0049 0.0215 0.1249 0.0061 0.0130 0.1696 0.0059 0.0206 0.1861 0.0072 0.0194

0.10 0.0675 0.0036 0.0142 0.1140 0.0048 0.0172 0.1607 0.0067 0.0194 0.1971 0.0070 0.0217
0.30 0.0705 0.0042 0.0130 0.1018 0.0082 0.0142 0.1201 0.0068 0.0168 0.1666 0.0084 0.0217
0.50 0.0916 0.0081 0.0200 0.0935 0.0082 0.0198 0.1410 0.0117 0.0240 0.1668 0.0085 0.0164
0.70 0.0477 0.0181 0.0236 0.0384 0.0174 0.0013 0.1047 0.0158 0.0331 0.1222 0.0135 0.0328
0.90 0.0906 0.0675 0.0615 0.0056 0.0258 0.0270 0.0583 0.0354 0.0058 −0.0194 0.0282 0.0321

W=(1368.0±4.0)MeV W=(1376.0±4.0)MeV W=(1384.0±4.0)MeV W=(1392.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1566 0.0067 0.0361 0.1780 0.0073 0.0832 0.1879 0.0063 0.0533 0.2072 0.0089 0.0754
−0.70 0.1729 0.0045 0.0653 0.1961 0.0055 0.0408 0.2309 0.0057 0.0559 0.2571 0.0057 0.0357
−0.50 0.1996 0.0073 0.0521 0.2439 0.0080 0.0303 0.2717 0.0063 0.0310 0.3372 0.0080 0.0257
−0.30 0.2420 0.0058 0.0290 0.2688 0.0080 0.0280 0.3033 0.0076 0.0225 0.3414 0.0079 0.0266
−0.10 0.2413 0.0078 0.0239 0.2788 0.0075 0.0219 0.3279 0.0090 0.0265 0.3685 0.0091 0.0224

0.10 0.2126 0.0067 0.0200 0.2564 0.0081 0.0168 0.3007 0.0073 0.0259 0.3833 0.0091 0.0216
0.30 0.1800 0.0076 0.0121 0.2562 0.0068 0.0156 0.2647 0.0083 0.0237 0.3421 0.0081 0.0193
0.50 0.1506 0.0099 0.0108 0.2039 0.0103 0.0191 0.2546 0.0104 0.0260 0.2840 0.0121 0.0229
0.70 0.2119 0.0122 0.0468 0.1392 0.0159 0.0244 0.1642 0.0154 0.0223 0.2235 0.0145 0.0419
0.90 −0.0170 0.0637 0.0180 0.1697 0.0426 0.0414 0.1098 0.0494 0.0230 −0.0212 0.0324 0.0122

W=(1400.0±4.0)MeV W=(1408.0±4.0)MeV W=(1416.0±4.0)MeV W=(1424.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2635 0.0085 0.0319 0.3810 0.0094 0.1435 0.3636 0.0081 0.0547 0.4266 0.0104 0.0657
−0.70 0.2988 0.0074 0.0324 0.3473 0.0081 0.0701 0.3658 0.0078 0.0405 0.4200 0.0091 0.0428
−0.50 0.3326 0.0073 0.0302 0.3989 0.0076 0.0367 0.4279 0.0083 0.0341 0.4570 0.0090 0.0329
−0.30 0.3859 0.0076 0.0237 0.4501 0.0094 0.0248 0.4791 0.0078 0.0275 0.4893 0.0098 0.0268
−0.10 0.4166 0.0078 0.0232 0.5000 0.0112 0.0252 0.5132 0.0109 0.0249 0.5418 0.0101 0.0232

0.10 0.4241 0.0098 0.0249 0.4572 0.0115 0.0240 0.4933 0.0109 0.0211 0.5247 0.0106 0.0207
0.30 0.3702 0.0094 0.0231 0.3977 0.0112 0.0211 0.4054 0.0106 0.0164 0.4578 0.0109 0.0196
0.50 0.3313 0.0128 0.0214 0.3740 0.0117 0.0273 0.3567 0.0103 0.0218 0.3913 0.0115 0.0225
0.70 0.2879 0.0141 0.0327 0.2704 0.0147 0.0322 0.2563 0.0163 0.0364 0.3218 0.0176 0.0455
0.90 0.1609 0.0296 0.0394 0.1369 0.0241 0.0291 0.1719 0.0547 0.0376 0.0591 0.0663 0.0200

W=(1432.0±4.0)MeV W=(1440.0±4.0)MeV W=(1448.0±4.0)MeV W=(1456.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4877 0.0106 0.0619 0.5086 0.0120 0.0345 0.6005 0.0119 0.0785 0.6727 0.0143 0.0689
−0.70 0.4602 0.0087 0.0356 0.5136 0.0106 0.0246 0.5094 0.0098 0.0390 0.6804 0.0113 0.0367
−0.50 0.5314 0.0093 0.0238 0.5454 0.0098 0.0258 0.5438 0.0098 0.0264 0.6369 0.0122 0.0234
−0.30 0.5801 0.0107 0.0214 0.6047 0.0104 0.0274 0.6101 0.0111 0.0242 0.7246 0.0130 0.0195
−0.10 0.6073 0.0117 0.0238 0.6326 0.0116 0.0231 0.6163 0.0114 0.0234 0.7455 0.0140 0.0183

0.10 0.5718 0.0122 0.0248 0.5827 0.0119 0.0248 0.5990 0.0123 0.0223 0.7317 0.0138 0.0232
0.30 0.5265 0.0114 0.0297 0.5350 0.0118 0.0311 0.5165 0.0112 0.0205 0.6351 0.0145 0.0284
0.50 0.4186 0.0127 0.0150 0.4383 0.0130 0.0234 0.4634 0.0118 0.0237 0.5661 0.0136 0.0367
0.70 0.3578 0.0179 0.0459 0.3546 0.0180 0.0569 0.4010 0.0156 0.0324 0.4317 0.0151 0.0475
0.90 0.1111 0.0429 0.0593 −0.0017 0.0502 0.0504 0.3822 0.0501 0.0529 0.1288 0.0224 0.0449

W=(1464.0±4.0)MeV W=(1472.0±4.0)MeV W=(1480.0±4.0)MeV W=(1488.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7805 0.0146 0.0519 0.8551 0.0157 0.0934 0.9486 0.0166 0.0820 1.0950 0.0191 0.0713
−0.70 0.6901 0.0123 0.0357 0.7501 0.0130 0.0399 0.8167 0.0129 0.0409 0.8700 0.0151 0.0429
−0.50 0.7136 0.0119 0.0307 0.7733 0.0136 0.0287 0.8255 0.0132 0.0268 0.8321 0.0136 0.0332
−0.30 0.7471 0.0129 0.0221 0.8240 0.0140 0.0242 0.8647 0.0144 0.0219 0.9017 0.0145 0.0284
−0.10 0.7665 0.0150 0.0194 0.8402 0.0140 0.0247 0.9101 0.0161 0.0239 0.9015 0.0171 0.0288

0.10 0.7564 0.0139 0.0234 0.7802 0.0152 0.0288 0.8179 0.0160 0.0317 0.8567 0.0156 0.0357
0.30 0.6383 0.0135 0.0306 0.6965 0.0135 0.0325 0.7091 0.0157 0.0343 0.7103 0.0145 0.0381
0.50 0.5373 0.0156 0.0359 0.6001 0.0144 0.0262 0.5864 0.0165 0.0360 0.5884 0.0155 0.0288
0.70 0.4347 0.0169 0.0432 0.4679 0.0178 0.0526 0.4788 0.0186 0.0454 0.5367 0.0175 0.0566
0.90 0.3262 0.0196 0.0787 0.0422 0.0162 0.0017 0.2123 0.0186 0.0553 0.1621 0.0246 0.0701

W=(1496.0±4.0)MeV W=(1504.0±4.0)MeV W=(1512.0±4.0)MeV W=(1520.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1592 0.0224 0.1400 1.2187 0.0208 0.1056 1.3314 0.0223 0.1109 1.4366 0.0234 0.0829
−0.70 0.9752 0.0154 0.0544 0.9479 0.0161 0.0427 1.0787 0.0183 0.0447 1.0467 0.0183 0.0432
−0.50 0.8619 0.0157 0.0262 0.8800 0.0150 0.0270 0.8896 0.0150 0.0271 0.8821 0.0166 0.0275
−0.30 0.8768 0.0155 0.0214 0.8859 0.0164 0.0230 0.8988 0.0150 0.0212 0.8403 0.0156 0.0223
−0.10 0.9113 0.0172 0.0253 0.9468 0.0173 0.0290 0.8952 0.0172 0.0226 0.8314 0.0163 0.0254

0.10 0.8339 0.0170 0.0371 0.8785 0.0167 0.0385 0.8077 0.0169 0.0357 0.8152 0.0163 0.0373
0.30 0.7506 0.0168 0.0497 0.7815 0.0166 0.0512 0.7066 0.0162 0.0461 0.6666 0.0149 0.0465
0.50 0.6111 0.0165 0.0413 0.6580 0.0164 0.0569 0.5878 0.0155 0.0444 0.6126 0.0154 0.0484
0.70 0.4828 0.0192 0.0513 0.4914 0.0206 0.0506 0.5096 0.0184 0.0566 0.5177 0.0163 0.0555
0.90 0.1877 0.0193 0.0858 0.2100 0.0186 0.0567 0.2267 0.0232 0.0751 0.1830 0.0120 0.0635
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W=(1528.0±4.0)MeV W=(1536.0±4.0)MeV W=(1544.0±4.0)MeV W=(1552.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.4310 0.0220 0.1131 1.3415 0.0228 0.0932 1.4132 0.0235 0.0916 1.3413 0.0227 0.0806
−0.70 1.1305 0.0180 0.0395 1.1024 0.0177 0.0413 1.0169 0.0170 0.0365 1.0135 0.0181 0.0308
−0.50 0.8731 0.0160 0.0248 0.8513 0.0168 0.0232 0.8220 0.0161 0.0228 0.7885 0.0166 0.0179
−0.30 0.8141 0.0151 0.0229 0.8509 0.0161 0.0243 0.7569 0.0161 0.0234 0.7792 0.0149 0.0194
−0.10 0.8267 0.0161 0.0320 0.7900 0.0156 0.0278 0.7567 0.0158 0.0305 0.7398 0.0162 0.0295

0.10 0.7648 0.0171 0.0462 0.6990 0.0156 0.0377 0.6874 0.0149 0.0387 0.6729 0.0149 0.0390
0.30 0.6242 0.0149 0.0525 0.5914 0.0136 0.0489 0.5942 0.0149 0.0430 0.5910 0.0134 0.0469
0.50 0.5400 0.0134 0.0559 0.5034 0.0155 0.0491 0.5385 0.0145 0.0437 0.5104 0.0154 0.0486
0.70 0.4749 0.0167 0.0535 0.4534 0.0193 0.0539 0.4349 0.0167 0.0358 0.4333 0.0151 0.0476
0.90 0.2950 0.0212 0.0535 0.2144 0.0192 0.0545 0.2366 0.0144 0.0433 0.1682 0.0155 0.0411

W=(1560.0±4.0)MeV W=(1568.0±4.0)MeV W=(1576.0±4.0)MeV W=(1584.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2994 0.0226 0.0739 1.2751 0.0211 0.0784 1.2890 0.0237 0.0595 1.2932 0.0231 0.0603
−0.70 1.0073 0.0172 0.0269 0.9978 0.0175 0.0322 0.9523 0.0161 0.0347 0.9292 0.0175 0.0305
−0.50 0.7939 0.0158 0.0186 0.7463 0.0151 0.0174 0.7319 0.0168 0.0221 0.7412 0.0148 0.0229
−0.30 0.7497 0.0152 0.0224 0.6909 0.0155 0.0193 0.6710 0.0143 0.0204 0.7006 0.0148 0.0250
−0.10 0.7075 0.0146 0.0294 0.7026 0.0161 0.0277 0.7177 0.0146 0.0260 0.7023 0.0151 0.0336

0.10 0.6440 0.0152 0.0360 0.6192 0.0166 0.0330 0.6127 0.0152 0.0314 0.6149 0.0146 0.0356
0.30 0.5353 0.0154 0.0394 0.5495 0.0146 0.0369 0.5643 0.0137 0.0411 0.5267 0.0137 0.0339
0.50 0.5085 0.0147 0.0396 0.4950 0.0154 0.0307 0.4785 0.0164 0.0386 0.5163 0.0142 0.0297
0.70 0.4457 0.0155 0.0459 0.4471 0.0155 0.0493 0.4187 0.0167 0.0762 0.3951 0.0156 0.0322
0.90 0.1798 0.0168 0.0486 0.1672 0.0207 0.0572 0.2294 0.0256 0.0454 0.1850 0.0195 0.0723

W=(1592.0±4.0)MeV W=(1600.0±4.0)MeV W=(1608.0±4.0)MeV W=(1616.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.3766 0.0237 0.0709 1.2924 0.0224 0.0833 1.2631 0.0221 0.0789 1.2886 0.0263 0.0679
−0.70 0.9194 0.0167 0.0313 0.8882 0.0181 0.0452 0.9337 0.0169 0.0340 0.9236 0.0175 0.0309
−0.50 0.7216 0.0153 0.0216 0.7561 0.0156 0.0270 0.7382 0.0158 0.0213 0.7471 0.0150 0.0180
−0.30 0.6891 0.0147 0.0240 0.6681 0.0154 0.0254 0.7015 0.0140 0.0218 0.7080 0.0139 0.0176
−0.10 0.6572 0.0147 0.0314 0.6683 0.0141 0.0328 0.6996 0.0134 0.0261 0.6915 0.0150 0.0218

0.10 0.5748 0.0145 0.0367 0.5758 0.0144 0.0279 0.6119 0.0139 0.0294 0.6500 0.0133 0.0242
0.30 0.5172 0.0145 0.0359 0.5191 0.0131 0.0263 0.5578 0.0148 0.0273 0.5903 0.0140 0.0225
0.50 0.5120 0.0152 0.0412 0.4663 0.0132 0.0364 0.4901 0.0131 0.0307 0.4961 0.0151 0.0237
0.70 0.4428 0.0173 0.0397 0.4525 0.0150 0.0542 0.4505 0.0142 0.0475 0.4190 0.0129 0.0335
0.90 0.2206 0.0177 0.0446 0.3460 0.0278 0.0752 0.2755 0.0209 0.0675 0.2370 0.0158 0.0394

W=(1624.0±4.0)MeV W=(1632.0±4.0)MeV W=(1640.0±4.0)MeV W=(1648.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2659 0.0234 0.0742 1.2210 0.0221 0.0677 1.2831 0.0212 0.0915 1.1649 0.0201 0.0663
−0.70 0.9031 0.0179 0.0321 0.9189 0.0164 0.0273 0.9315 0.0161 0.0318 0.8735 0.0155 0.0351
−0.50 0.7642 0.0141 0.0235 0.7263 0.0148 0.0185 0.7386 0.0139 0.0199 0.7608 0.0137 0.0240
−0.30 0.7245 0.0135 0.0249 0.7249 0.0132 0.0213 0.7201 0.0127 0.0223 0.7390 0.0127 0.0227
−0.10 0.7210 0.0147 0.0265 0.7574 0.0124 0.0290 0.7543 0.0133 0.0301 0.7414 0.0145 0.0238

0.10 0.6472 0.0139 0.0238 0.7067 0.0141 0.0322 0.7322 0.0155 0.0301 0.7551 0.0141 0.0288
0.30 0.6148 0.0139 0.0209 0.6402 0.0127 0.0300 0.6528 0.0135 0.0242 0.6682 0.0135 0.0282
0.50 0.4917 0.0124 0.0179 0.5345 0.0155 0.0316 0.5523 0.0132 0.0262 0.5666 0.0120 0.0267
0.70 0.4252 0.0147 0.0374 0.4012 0.0136 0.0368 0.4233 0.0130 0.0371 0.4617 0.0131 0.0311
0.90 0.2767 0.0228 0.0643 0.2857 0.0222 0.0510 0.2806 0.0211 0.0821 0.2878 0.0223 0.0326

W=(1656.0±4.0)MeV W=(1664.0±4.0)MeV W=(1672.0±4.0)MeV W=(1680.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1643 0.0206 0.0650 1.0963 0.0199 0.0612 1.0354 0.0208 0.0699 1.0807 0.0179 0.0688
−0.70 0.8492 0.0168 0.0274 0.8552 0.0148 0.0262 0.7777 0.0141 0.0370 0.8335 0.0146 0.0279
−0.50 0.6961 0.0148 0.0169 0.6912 0.0144 0.0171 0.6797 0.0125 0.0214 0.7202 0.0136 0.0179
−0.30 0.7734 0.0138 0.0171 0.7118 0.0137 0.0199 0.7373 0.0124 0.0190 0.7490 0.0134 0.0197
−0.10 0.8013 0.0148 0.0216 0.7930 0.0155 0.0254 0.7721 0.0157 0.0188 0.7979 0.0141 0.0202

0.10 0.7450 0.0166 0.0246 0.7868 0.0162 0.0250 0.8419 0.0157 0.0212 0.8029 0.0152 0.0189
0.30 0.6816 0.0149 0.0249 0.7066 0.0155 0.0212 0.7190 0.0143 0.0187 0.7599 0.0150 0.0195
0.50 0.5731 0.0144 0.0214 0.6079 0.0132 0.0182 0.6071 0.0152 0.0215 0.6369 0.0135 0.0246
0.70 0.4989 0.0122 0.0274 0.5146 0.0138 0.0380 0.4386 0.0149 0.0285 0.4831 0.0133 0.0396
0.90 0.2669 0.0255 0.0242 0.3157 0.0271 0.0747 0.4279 0.0275 0.0421 0.2754 0.0261 0.0744

W=(1688.0±4.0)MeV W=(1696.0±4.0)MeV W=(1704.0±4.0)MeV W=(1712.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.0025 0.0199 0.0928 0.9752 0.0177 0.0662 0.9261 0.0196 0.0544 0.8706 0.0185 0.0565
−0.70 0.8487 0.0155 0.0302 0.7810 0.0153 0.0297 0.7418 0.0128 0.0298 0.6479 0.0154 0.0263
−0.50 0.7326 0.0128 0.0199 0.6762 0.0130 0.0202 0.6764 0.0131 0.0207 0.6165 0.0130 0.0180
−0.30 0.7133 0.0131 0.0182 0.7367 0.0122 0.0177 0.7051 0.0110 0.0188 0.6498 0.0109 0.0167
−0.10 0.8237 0.0158 0.0174 0.8178 0.0152 0.0170 0.7594 0.0135 0.0194 0.7470 0.0139 0.0185

0.10 0.8310 0.0152 0.0167 0.8076 0.0148 0.0166 0.7869 0.0137 0.0188 0.7664 0.0146 0.0173
0.30 0.7604 0.0160 0.0180 0.7673 0.0172 0.0173 0.7150 0.0157 0.0150 0.7103 0.0162 0.0153
0.50 0.6191 0.0131 0.0190 0.6285 0.0145 0.0195 0.6322 0.0153 0.0148 0.5750 0.0145 0.0158
0.70 0.5088 0.0143 0.0264 0.5070 0.0141 0.0266 0.4680 0.0133 0.0294 0.4439 0.0121 0.0271
0.90 0.3028 0.0258 0.0368 0.3042 0.0199 0.0327 0.2738 0.0218 0.0470 0.3170 0.0217 0.0418
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W=(1720.0±4.0)MeV W=(1728.0±4.0)MeV W=(1736.0±4.0)MeV W=(1744.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8791 0.0175 0.0637 0.8075 0.0167 0.0475 0.6847 0.0160 0.0460 0.6438 0.0140 0.0562
−0.70 0.6592 0.0129 0.0288 0.6557 0.0109 0.0249 0.5593 0.0110 0.0231 0.5149 0.0103 0.0213
−0.50 0.5956 0.0106 0.0216 0.5871 0.0116 0.0193 0.5459 0.0102 0.0201 0.4922 0.0108 0.0129
−0.30 0.6338 0.0107 0.0165 0.6239 0.0102 0.0169 0.5839 0.0125 0.0186 0.5889 0.0103 0.0130
−0.10 0.7835 0.0144 0.0153 0.7438 0.0127 0.0166 0.7134 0.0132 0.0154 0.6711 0.0139 0.0139

0.10 0.8203 0.0144 0.0160 0.7675 0.0150 0.0153 0.7454 0.0135 0.0134 0.7061 0.0150 0.0148
0.30 0.6881 0.0163 0.0152 0.6803 0.0154 0.0139 0.6257 0.0131 0.0149 0.6245 0.0147 0.0153
0.50 0.5413 0.0134 0.0140 0.5104 0.0105 0.0146 0.5201 0.0141 0.0136 0.5100 0.0124 0.0163
0.70 0.3803 0.0133 0.0203 0.4154 0.0126 0.0216 0.4252 0.0120 0.0231 0.4139 0.0116 0.0276
0.90 0.3462 0.0208 0.0606 0.2835 0.0180 0.0412 0.3041 0.0197 0.0712 0.2579 0.0183 0.0738

W=(1752.0±4.0)MeV W=(1760.0±4.0)MeV W=(1768.0±4.0)MeV W=(1776.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6170 0.0132 0.0532 0.5504 0.0137 0.0450 0.5906 0.0128 0.0534 0.5286 0.0148 0.0353
−0.70 0.4785 0.0109 0.0202 0.4647 0.0098 0.0199 0.4455 0.0090 0.0196 0.4257 0.0089 0.0165
−0.50 0.4934 0.0101 0.0128 0.4615 0.0100 0.0130 0.4287 0.0100 0.0131 0.3911 0.0089 0.0113
−0.30 0.5866 0.0114 0.0124 0.5189 0.0093 0.0123 0.4820 0.0095 0.0119 0.4761 0.0087 0.0114
−0.10 0.6434 0.0133 0.0139 0.6267 0.0113 0.0139 0.5492 0.0109 0.0122 0.5580 0.0102 0.0132

0.10 0.6547 0.0134 0.0145 0.6227 0.0120 0.0148 0.5606 0.0122 0.0124 0.5606 0.0120 0.0128
0.30 0.6124 0.0132 0.0125 0.5730 0.0118 0.0142 0.5438 0.0128 0.0114 0.5001 0.0108 0.0120
0.50 0.4558 0.0142 0.0107 0.4791 0.0126 0.0144 0.4073 0.0104 0.0128 0.4411 0.0118 0.0125
0.70 0.3872 0.0125 0.0219 0.3853 0.0101 0.0221 0.3501 0.0104 0.0294 0.3115 0.0119 0.0199
0.90 0.2844 0.0257 0.0408 0.2647 0.0246 0.0271 0.1468 0.0217 0.0369 0.3038 0.0205 0.0529

W=(1784.0±4.0)MeV W=(1792.0±4.0)MeV W=(1800.0±4.0)MeV W=(1808.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4415 0.0141 0.0335 0.4061 0.0125 0.0411 0.3989 0.0135 0.0322 0.4542 0.0134 0.0263
−0.70 0.4197 0.0085 0.0159 0.3897 0.0108 0.0160 0.3622 0.0090 0.0152 0.3747 0.0103 0.0136
−0.50 0.3938 0.0101 0.0113 0.4348 0.0090 0.0132 0.3970 0.0080 0.0130 0.3383 0.0097 0.0127
−0.30 0.4769 0.0091 0.0102 0.4192 0.0088 0.0128 0.4185 0.0086 0.0125 0.4004 0.0086 0.0130
−0.10 0.5675 0.0107 0.0112 0.5191 0.0101 0.0143 0.4965 0.0089 0.0128 0.4357 0.0088 0.0106

0.10 0.5153 0.0107 0.0132 0.4894 0.0094 0.0113 0.5023 0.0111 0.0114 0.4909 0.0087 0.0108
0.30 0.4425 0.0120 0.0115 0.4442 0.0099 0.0102 0.4071 0.0096 0.0098 0.4486 0.0123 0.0114
0.50 0.3574 0.0109 0.0114 0.3543 0.0112 0.0140 0.3729 0.0097 0.0104 0.3611 0.0102 0.0101
0.70 0.3527 0.0127 0.0234 0.3315 0.0123 0.0316 0.3411 0.0111 0.0207 0.2848 0.0109 0.0156
0.90 0.2662 0.0249 0.0557 0.2174 0.0204 0.0645 0.1661 0.0206 0.0316 0.2938 0.0235 0.0583

W=(1816.0±4.0)MeV W=(1824.0±4.0)MeV W=(1832.0±4.0)MeV W=(1840.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3747 0.0116 0.0388 0.4081 0.0120 0.0298 0.3533 0.0100 0.0306 0.3654 0.0106 0.0350
−0.70 0.3528 0.0080 0.0148 0.3433 0.0096 0.0153 0.3551 0.0089 0.0188 0.3147 0.0084 0.0150
−0.50 0.3432 0.0093 0.0104 0.3111 0.0089 0.0108 0.3049 0.0106 0.0107 0.3242 0.0086 0.0151
−0.30 0.3822 0.0077 0.0130 0.3714 0.0088 0.0103 0.3640 0.0088 0.0103 0.3689 0.0084 0.0123
−0.10 0.4498 0.0083 0.0165 0.4030 0.0094 0.0097 0.4583 0.0097 0.0112 0.4345 0.0085 0.0109

0.10 0.4430 0.0088 0.0154 0.4550 0.0112 0.0122 0.4250 0.0102 0.0117 0.4272 0.0099 0.0106
0.30 0.3863 0.0104 0.0129 0.4466 0.0114 0.0127 0.3713 0.0134 0.0125 0.3785 0.0138 0.0094
0.50 0.3372 0.0109 0.0097 0.3320 0.0128 0.0084 0.3289 0.0119 0.0092 0.3242 0.0134 0.0082
0.70 0.2941 0.0117 0.0223 0.2618 0.0116 0.0294 0.2985 0.0133 0.0247 0.2645 0.0138 0.0233
0.90 0.1853 0.0253 0.0400 0.1835 0.0224 0.0562 0.2002 0.0267 0.1013 0.1532 0.0289 0.0402

W=(1848.0±4.0)MeV W=(1856.0±4.0)MeV W=(1864.0±4.0)MeV W=(1872.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3666 0.0119 0.0359 0.3004 0.0135 0.0328 0.3565 0.0172 0.0460 0.3124 0.0166 0.0376
−0.70 0.3428 0.0118 0.0162 0.4017 0.0118 0.0173 0.3205 0.0100 0.0162 0.3710 0.0114 0.0363
−0.50 0.3252 0.0090 0.0085 0.2971 0.0086 0.0123 0.3577 0.0101 0.0129 0.3356 0.0113 0.0352
−0.30 0.3807 0.0091 0.0101 0.3206 0.0088 0.0126 0.3438 0.0104 0.0133 0.3371 0.0116 0.0203
−0.10 0.4153 0.0098 0.0147 0.3648 0.0107 0.0109 0.4151 0.0116 0.0143 0.4091 0.0118 0.0144

0.10 0.4121 0.0117 0.0142 0.3991 0.0119 0.0123 0.4146 0.0118 0.0136 0.4043 0.0126 0.0167
0.30 0.4027 0.0125 0.0111 0.3403 0.0102 0.0131 0.3742 0.0109 0.0149 0.2980 0.0146 0.0158
0.50 0.3132 0.0123 0.0123 0.3109 0.0127 0.0162 0.2629 0.0144 0.0155 0.3009 0.0131 0.0294
0.70 0.2751 0.0157 0.0482 0.2641 0.0123 0.0289 0.2412 0.0144 0.0499 0.2540 0.0143 0.0294
0.90 0.1414 0.0334 0.0145 0.1366 0.0304 0.0920 0.0904 0.0344 0.0375 0.1115 0.0377 0.0050

W=(1880.0±4.0)MeV W=(1888.0±4.0)MeV W=(1896.0±4.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2754 0.0176 0.0316 0.2678 0.0224 0.0269 0.3285 0.0343 0.0414
−0.70 0.3513 0.0134 0.0179 0.2263 0.0153 0.0227 0.3083 0.0178 0.0175
−0.50 0.3500 0.0154 0.0103 0.2742 0.0154 0.0156 0.2372 0.0157 0.0146
−0.30 0.3430 0.0110 0.0098 0.3437 0.0141 0.0145 0.2919 0.0149 0.0278
−0.10 0.3721 0.0114 0.0116 0.4098 0.0168 0.0182 0.3817 0.0188 0.0279

0.10 0.3032 0.0139 0.0148 0.3827 0.0154 0.0123 0.3098 0.0215 0.0363
0.30 0.2957 0.0172 0.0159 0.3276 0.0147 0.0115 0.3023 0.0167 0.0368
0.50 0.3125 0.0191 0.0189 0.2557 0.0139 0.0166 0.3091 0.0176 0.0200
0.70 0.2940 0.0166 0.0506 0.2241 0.0231 0.0434 0.1853 0.0226 0.0336
0.90 0.0411 0.0305 0.0522 0.1448 0.0354 0.1119 0.1606 0.0586 0.0590
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E.4 Polarized Results for Double π0 from the A2
Data

E.4.1 Observables for γd→ π0π0p(n) as a Function of Eγ

Eγ ∆Eγ E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

420.0 20.0 −1.8019 9.7435 1.8110 −0.0366 0.4469 0.1933 0.1279 0.4469 0.1105
460.0 20.0 1.1518 0.7080 0.1487 0.6496 0.2157 0.0861 −0.0458 0.2157 0.0251
500.0 20.0 −0.0510 0.1519 0.0310 1.1272 0.1824 0.1855 1.2483 0.1824 0.2457
540.0 20.0 −0.3060 0.0731 0.0558 1.9212 0.2043 0.3769 3.6158 0.2043 0.6747
580.0 20.0 −0.3121 0.0639 0.0478 2.5918 0.2424 0.4014 4.9437 0.2424 0.6208
620.0 20.0 −0.4561 0.0462 0.0733 2.8147 0.2419 0.5475 7.5346 0.2419 0.9808
660.0 20.0 −0.3766 0.0311 0.0569 3.9303 0.1994 0.6386 8.6797 0.1994 1.0768
700.0 20.0 −0.2657 0.0291 0.0412 5.1945 0.2084 0.7678 8.9528 0.2084 1.1109
740.0 20.0 −0.3318 0.0277 0.0445 4.9616 0.2098 0.6877 9.8897 0.2098 1.1758
780.0 20.0 −0.1873 0.0296 0.0230 5.4759 0.2014 0.6689 7.9991 0.2014 0.9357
820.0 20.0 −0.1162 0.0300 0.0196 5.3995 0.1856 0.7778 6.8198 0.1856 0.9142
860.0 20.0 0.0085 0.0332 0.0088 5.3833 0.1807 0.6177 5.2930 0.1807 0.5949
900.0 20.0 0.0985 0.0289 0.0130 5.9608 0.1598 0.7839 4.8921 0.1598 0.6401
940.0 20.0 0.0607 0.0267 0.0089 5.9210 0.1521 0.7989 5.2438 0.1521 0.6961
980.0 20.0 0.0900 0.0209 0.0135 6.7619 0.1325 1.0199 5.6454 0.1325 0.8290

1020.0 20.0 0.0506 0.0168 0.0076 7.2559 0.1198 0.9435 6.5568 0.1198 0.8309
1060.0 20.0 0.0918 0.0179 0.0121 7.9298 0.1335 1.0684 6.5961 0.1335 0.8775
1100.0 20.0 0.0958 0.0189 0.0167 8.0383 0.1413 1.0688 6.6327 0.1413 0.8497
1140.0 20.0 0.1432 0.0191 0.0181 8.0180 0.1367 1.0419 6.0094 0.1367 0.7790
1180.0 20.0 0.1702 0.0177 0.0221 7.4518 0.1160 0.9743 5.2843 0.1160 0.6992
1220.0 20.0 0.2056 0.0200 0.0239 6.8635 0.1168 0.7930 4.5223 0.1168 0.5365
1260.0 20.0 0.3273 0.0231 0.0395 6.9190 0.1231 0.7979 3.5068 0.1231 0.4405
1300.0 20.0 0.1642 0.0272 0.0205 5.8415 0.1390 0.7484 4.1938 0.1390 0.5325
1340.0 20.0 0.1949 0.0322 0.0260 5.6119 0.1542 0.7293 3.7810 0.1542 0.5231
1380.0 20.0 0.2207 0.0370 0.0294 5.4948 0.1686 0.6514 3.5081 0.1686 0.4355
1420.0 20.0 0.1055 0.0422 0.2005 4.6305 0.1836 2.9642 3.7468 0.1836 3.7242
1460.0 20.0 0.0000 0.0000 0.3852 0.0000 0.0000 2.8246 0.0000 0.0000 3.0375
1500.0 20.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1540.0 20.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1580.0 20.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

E.4.2 Observables for γd→ π0π0p(n) as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1310.0 10.0 0.5041 0.5876 0.0751 0.6698 0.2721 0.0949 0.2208 0.2721 0.0445
1330.0 10.0 −0.1145 0.3697 0.0446 0.6629 0.2834 0.0743 0.8343 0.2834 0.1059
1350.0 10.0 −0.1413 0.1423 0.0417 1.4778 0.2533 0.3452 1.9640 0.2533 0.4598
1370.0 10.0 −0.3395 0.0860 0.0447 1.7378 0.2326 0.2441 3.5241 0.2326 0.4299
1390.0 10.0 −0.1692 0.0608 0.0334 3.3304 0.2485 0.6161 4.6873 0.2485 0.8444
1410.0 10.0 −0.4099 0.0552 0.0785 2.8647 0.2716 0.6201 6.8443 0.2716 0.9882
1430.0 10.0 −0.3950 0.0491 0.0638 3.4980 0.2882 0.6662 8.0650 0.2882 1.1527
1450.0 10.0 −0.3320 0.0390 0.0496 4.1852 0.2491 0.6272 8.3446 0.2491 1.0076
1470.0 10.0 −0.2979 0.0332 0.0381 5.2010 0.2505 0.7040 9.6139 0.2505 1.1753
1490.0 10.0 −0.3095 0.0312 0.0473 5.3482 0.2466 0.8259 10.1434 0.2466 1.2743
1510.0 10.0 −0.2977 0.0324 0.0390 5.2355 0.2457 0.6863 9.6745 0.2457 1.1263
1530.0 10.0 −0.2523 0.0334 0.0333 5.0952 0.2311 0.6640 8.5340 0.2311 1.0110
1550.0 10.0 −0.1378 0.0343 0.0218 5.1147 0.2075 0.6725 6.7491 0.2075 0.8139
1570.0 10.0 0.0347 0.0353 0.0095 5.7375 0.2003 0.7627 5.3524 0.2003 0.6744
1590.0 10.0 0.1566 0.0343 0.0225 6.2393 0.1885 0.8740 4.5496 0.1885 0.6636
1610.0 10.0 0.0763 0.0311 0.0112 5.8641 0.1731 0.8676 5.0329 0.1731 0.7393
1630.0 10.0 0.1205 0.0241 0.0197 6.7784 0.1497 1.0485 5.3207 0.1497 0.8521
1650.0 10.0 0.0864 0.0207 0.0112 7.0508 0.1392 0.9282 5.9290 0.1392 0.7818
1670.0 10.0 0.0459 0.0187 0.0077 7.5159 0.1394 1.0228 6.8565 0.1394 0.9051
1690.0 10.0 0.0380 0.0186 0.0080 7.6787 0.1417 0.9576 7.1159 0.1417 0.8636
1710.0 10.0 0.1543 0.0206 0.0184 8.5567 0.1560 1.0458 6.2692 0.1560 0.7812
1730.0 10.0 0.1661 0.0192 0.0202 8.1961 0.1386 1.0047 5.8614 0.1386 0.7253
1750.0 10.0 0.2110 0.0212 0.0250 7.4968 0.1346 0.9062 4.8841 0.1346 0.5933
1770.0 10.0 0.1918 0.0204 0.0264 6.8540 0.1205 0.9274 4.6476 0.1205 0.6572
1790.0 10.0 0.2364 0.0224 0.0372 6.4382 0.1205 0.9846 3.9764 0.1205 0.6489
1810.0 10.0 0.2714 0.0266 0.0322 6.3919 0.1369 0.7425 3.6632 0.1369 0.4476
1830.0 10.0 0.2099 0.0328 0.0237 5.7097 0.1586 0.6636 3.7289 0.1586 0.4308
1850.0 10.0 0.1473 0.0366 0.0165 5.6376 0.1837 0.6406 4.1899 0.1837 0.4771
1870.0 10.0 0.2748 0.0463 0.0318 5.8971 0.2200 0.6776 3.3547 0.2200 0.4065
1890.0 10.0 0.1367 0.0710 0.0270 5.1111 0.3244 1.1020 3.8814 0.3244 0.8827

Angular Distributions

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.3407 0.5849 0.1568 −0.0180−0.4004 0.0240 0.8421 0.2036 0.2583 −0.3808−0.1446 0.0339
−0.40 1.1482 1.1356 0.3585 −0.8776−0.4226 0.0594 −0.0278−0.2017 0.0240 −0.4888−0.1488 0.0862

0.00 2.2253 2.0167 0.1297 0.8154 0.6643 0.1747 −0.3635−0.2296 0.1011 −0.3270−0.1534 0.0433
0.40 1.783213.0370 2.0748 −2.2252−3.7517 4.0712 −3.1900−0.8383 0.0938 −0.0696−0.4273 0.0475
0.80 13.387222.9475 41.3736 414.90528576.4903206.1452 −73.4583−578.9293 40.7483 41.341429.7194 32.6025
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W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2527 0.1035 0.0261 0.1390 0.0973 0.0333 0.2024 0.0711 0.0176 0.1356 0.0653 0.0161
−0.40 −0.1318−0.1008 0.0254 −0.3591−0.0764 0.1040 −0.3049−0.0737 0.0660 −0.2136−0.0616 0.0332

0.00 −0.3129−0.1054 0.0476 −0.5685−0.0976 0.0497 −0.6281−0.0750 0.1249 −0.5893−0.0676 0.0858
0.40 −0.3370−0.2101 0.1255 −1.1935−0.1755 0.2623 −0.5638−0.1248 0.0735 −0.3991−0.0937 0.0533
0.80 0.3494 3.2339 0.4781 0.5535 1.7602 0.2539 −5.1993−1.9903 10.7976 0.0451 1.9000 0.0442

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0562 0.0545 0.0090 0.0948 0.0473 0.0134 0.0702 0.0491 0.0154 0.0818 0.0487 0.0091
−0.40 −0.3244−0.0575 0.0192 −0.3259−0.0562 0.0299 −0.3821−0.0641 0.0187 −0.1930−0.0694 0.0129

0.00 −0.4504−0.0616 0.0348 −0.5525−0.0619 0.0550 −0.3958−0.0624 0.0355 −0.5824−0.0713 0.0260
0.40 −0.4438−0.0848 0.0750 −0.4577−0.0809 0.0426 −0.3985−0.0743 0.0348 −0.3690−0.0725 0.0413
0.80 −0.7754−0.4816 0.4357 −0.4825−0.4398 0.0469 −0.3618−0.3318 0.2347 0.6138 0.3042 0.0985

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0804 0.0513 0.0085 0.1054 0.0498 0.0201 0.3583 0.0544 0.0577 0.2036 0.0518 0.0500
−0.40 −0.2899−0.0749 0.0019 0.2167 0.0786 0.0032 0.2550 0.0782 0.0026 0.2318 0.0731 0.0090

0.00 −0.1848−0.0764 0.0226 −0.2760−0.0801 0.0173 −0.1586−0.0708 0.0220 −0.1078−0.0748 0.0083
0.40 −0.2781−0.0809 0.0279 −0.1568−0.0766 0.0285 0.0219 0.0716 0.0094 −0.2374−0.0598 0.0293
0.80 −0.4360−0.2304 0.1700 0.3156 0.2096 0.0989 0.1391 0.1604 0.0404 0.1003 0.1437 0.0118

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2953 0.0454 0.0549 0.1769 0.0409 0.0249 0.0835 0.0334 0.0127 0.0122 0.0341 0.0037
−0.40 0.1543 0.0576 0.0115 0.1573 0.0539 0.0192 0.0772 0.0525 0.0128 0.0228 0.0471 0.0181

0.00 0.0696 0.0606 0.0089 0.1343 0.0533 0.0137 0.0339 0.0484 0.0032 0.2986 0.0462 0.0118
0.40 −0.0646−0.0495 0.0212 −0.0696−0.0435 0.0089 −0.0627−0.0382 0.0033 −0.0784−0.0378 0.0206
0.80 0.0058 0.1115 0.0296 −0.1572−0.1054 0.0323 −0.1160−0.0906 0.0251 −0.1945−0.0938 0.0117

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.1392 0.0381 0.0168 0.1527 0.0420 0.0272 0.1305 0.0441 0.0212 0.2722 0.0477 0.0267
−0.40 0.2829 0.0511 0.0138 0.0681 0.0527 0.0103 0.2178 0.0528 0.0061 0.1120 0.0514 0.0053

0.00 0.3611 0.0461 0.0186 0.2853 0.0464 0.0158 0.2872 0.0482 0.0109 0.2508 0.0467 0.0427
0.40 −0.0741−0.0441 0.0232 0.1678 0.0417 0.0110 0.2179 0.0487 0.0149 0.1841 0.0479 0.0063
0.80 0.0773 0.0896 0.0160 −0.0908−0.0765 0.0369 0.1308 0.0824 0.0321 −0.0124−0.0856 0.0273

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.1657 0.0648 0.0069 0.1886 0.0759 0.0133 0.2750 0.0890 0.0176 −0.2656−0.1120 0.0215
−0.40 0.2859 0.0577 0.0609 0.1851 0.0725 0.0170 0.2122 0.0751 0.0184 0.2503 0.0943 0.0111

0.00 0.4652 0.0505 0.0956 0.4143 0.0590 0.0103 0.2474 0.0800 0.0108 0.3244 0.0842 0.0050
0.40 0.0219 0.0514 0.0300 0.2871 0.0582 0.0210 0.2745 0.0741 0.0167 0.0779 0.0808 0.0105
0.80 0.0916 0.1053 0.0130 0.2560 0.1267 0.0415 −0.1279−0.1490 0.0183 0.0537 0.1606 0.0161

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0226−0.1143 0.0270 0.0685 0.1508 0.0139
−0.40 0.3415 0.1287 0.0326 0.2139 0.1718 0.0156

0.00 0.4395 0.1160 0.0235 0.1627 0.1455 0.0359
0.40 0.1608 0.1143 0.0167 0.0782 0.1623 0.0302
0.80 0.3511 0.2088 0.0495 0.2810 0.3233 0.0590

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0364 0.0160 0.0097 0.0425 0.0174 0.0051 0.1819 0.0204 0.0443 0.0878 0.0208 0.0089
−0.40 0.0699 0.0371 0.0173 0.0097 0.0335 0.0047 0.1783 0.0371 0.0517 0.1310 0.0385 0.0327

0.00 0.1379 0.0865 0.0084 0.1578 0.0579 0.0324 0.1268 0.0460 0.0356 0.1850 0.0425 0.0105
0.40 0.0628 0.2943 0.0468 −0.0671 0.2060 0.2231 −0.3129 0.1219 0.0308 0.2223 0.1023 0.0337
0.80 0.7597 1.3818 1.0759 0.9048 26.3675 0.5655 0.4511 5.0216 0.2852 2.4076 2.2694 1.8573

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2865 0.0240 0.0295 0.3390 0.0292 0.0376 0.4687 0.0282 0.0440 0.5245 0.0307 0.0561
−0.40 0.3285 0.0386 0.0549 0.2944 0.0356 0.0771 0.3886 0.0417 0.0783 0.4616 0.0368 0.0612

0.00 0.2707 0.0419 0.0467 0.2005 0.0459 0.0343 0.2146 0.0440 0.0821 0.2536 0.0425 0.0673
0.40 0.2228 0.0710 0.0671 −0.0755 0.0694 0.0709 0.2065 0.0597 0.0511 0.3206 0.0507 0.0533
0.80 0.2163 0.5195 0.1671 0.3150 0.3580 0.0870 −0.7371 0.3850 0.1110 0.1198 0.2198 0.0468
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W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6368 0.0336 0.0664 0.7549 0.0335 0.1033 0.7615 0.0359 0.0927 0.7685 0.0357 0.0817
−0.40 0.4398 0.0382 0.0313 0.4528 0.0386 0.0485 0.3778 0.0401 0.0239 0.4428 0.0388 0.0253

0.00 0.3583 0.0410 0.0432 0.2893 0.0409 0.0509 0.3665 0.0387 0.0306 0.2082 0.0364 0.0176
0.40 0.3189 0.0495 0.0726 0.3154 0.0479 0.0457 0.3490 0.0441 0.0399 0.3248 0.0381 0.0411
0.80 0.0764 0.1673 0.1481 0.1839 0.1590 0.0226 0.2307 0.1222 0.1025 0.5370 0.1038 0.1310

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6983 0.0343 0.0662 0.6971 0.0326 0.1038 0.7820 0.0326 0.1059 0.7200 0.0324 0.1369
−0.40 0.3151 0.0341 0.0025 0.4986 0.0330 0.0076 0.4568 0.0293 0.0092 0.4463 0.0271 0.0023

0.00 0.3470 0.0332 0.0317 0.2706 0.0308 0.0194 0.3141 0.0271 0.0290 0.3178 0.0273 0.0247
0.40 0.3159 0.0363 0.0366 0.3634 0.0340 0.0376 0.4369 0.0315 0.0283 0.3420 0.0276 0.0392
0.80 0.2089 0.0883 0.0714 0.4881 0.0818 0.0451 0.4721 0.0688 0.0978 0.4398 0.0607 0.0531

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7984 0.0294 0.1160 0.7347 0.0269 0.0954 0.7428 0.0241 0.0982 0.6823 0.0243 0.0758
−0.40 0.4534 0.0234 0.0364 0.4836 0.0232 0.0102 0.5030 0.0251 0.0369 0.4970 0.0235 0.0127

0.00 0.4002 0.0235 0.0306 0.4752 0.0230 0.0277 0.4828 0.0234 0.0271 0.6396 0.0238 0.0288
0.40 0.4942 0.0269 0.0598 0.5456 0.0263 0.0524 0.6120 0.0259 0.0312 0.6366 0.0271 0.0375
0.80 0.5048 0.0585 0.0613 0.4505 0.0604 0.0470 0.5262 0.0581 0.0477 0.4794 0.0587 0.0166

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7328 0.0255 0.0754 0.6530 0.0249 0.0747 0.5295 0.0216 0.0507 0.5006 0.0199 0.0517
−0.40 0.6491 0.0264 0.0334 0.5162 0.0259 0.0171 0.4997 0.0222 0.0146 0.4342 0.0207 0.0189

0.00 0.7121 0.0251 0.0141 0.6693 0.0251 0.0346 0.6056 0.0237 0.0128 0.5552 0.0215 0.0428
0.40 0.6522 0.0319 0.0495 0.7949 0.0294 0.0413 0.7341 0.0304 0.0595 0.6762 0.0283 0.0301
0.80 0.6106 0.0534 0.0239 0.5231 0.0468 0.0280 0.5735 0.0442 0.0280 0.4824 0.0437 0.0512

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3647 0.0211 0.0165 0.3518 0.0234 0.0303 0.3182 0.0228 0.0133 0.1780 0.0278 0.0081
−0.40 0.4831 0.0223 0.0672 0.4107 0.0256 0.0286 0.4091 0.0260 0.0354 0.4093 0.0316 0.0139

0.00 0.6246 0.0224 0.0938 0.5838 0.0252 0.0064 0.4591 0.0301 0.0216 0.5157 0.0336 0.0078
0.40 0.5556 0.0287 0.0722 0.6923 0.0322 0.0491 0.6498 0.0390 0.0409 0.5785 0.0445 0.0126
0.80 0.4714 0.0482 0.0796 0.4967 0.0516 0.0538 0.3254 0.0586 0.0746 0.4655 0.0733 0.0138

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2409 0.0291 0.0256 0.2469 0.0356 0.0177
−0.40 0.3921 0.0383 0.0364 0.3620 0.0523 0.0373

0.00 0.5047 0.0420 0.0260 0.4172 0.0538 0.1183
0.40 0.5943 0.0601 0.0384 0.5721 0.0876 0.1057
0.80 0.5350 0.0865 0.0858 0.4290 0.1113 0.1408

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0179 0.0160 0.0063 0.0441 0.0174 0.0037 0.0156 0.0204 0.0255 0.1959 0.0208 0.0098
−0.40 −0.0048 0.0371 0.0099 0.1482 0.0335 0.0061 0.1885 0.0371 0.0550 0.3816 0.0385 0.0465

0.00 −0.0524 0.0865 0.0055 0.0161 0.0579 0.0177 0.2717 0.0460 0.0642 0.3648 0.0425 0.0157
0.40 −0.0177 0.2943 0.0666 0.1768 0.2060 0.2602 0.5987 0.1219 0.0510 0.2555 0.1023 0.0404
0.80 −0.6541 1.3818 1.0029 −0.9004 26.3675 0.4472 −0.4635 5.0216 0.2537 −2.2939 2.2694 1.9315

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1709 0.0240 0.0205 0.2562 0.0292 0.0279 0.3109 0.0282 0.0291 0.3993 0.0307 0.0358
−0.40 0.4282 0.0386 0.0797 0.6244 0.0356 0.0897 0.7294 0.0417 0.0964 0.7123 0.0368 0.0674

0.00 0.5172 0.0419 0.0665 0.7290 0.0459 0.0532 0.9395 0.0440 0.1426 0.9812 0.0425 0.1000
0.40 0.4492 0.0710 0.1027 0.8560 0.0694 0.1164 0.7404 0.0597 0.0964 0.7466 0.0507 0.0800
0.80 0.1043 0.5195 0.1828 0.0905 0.3580 0.1677 1.0881 0.3850 0.1352 0.1094 0.2198 0.0602

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.5690 0.0336 0.0533 0.6242 0.0335 0.0786 0.6615 0.0359 0.0714 0.6523 0.0357 0.0647
−0.40 0.8622 0.0382 0.0368 0.8905 0.0386 0.0598 0.8451 0.0401 0.0261 0.6546 0.0388 0.0307

0.00 0.9455 0.0410 0.0590 1.0036 0.0409 0.0666 0.8466 0.0387 0.0237 0.7891 0.0364 0.0177
0.40 0.8279 0.0495 0.1091 0.8478 0.0479 0.0777 0.8115 0.0441 0.0482 0.7047 0.0381 0.0434
0.80 0.6036 0.1673 0.2708 0.5269 0.1590 0.0064 0.4924 0.1222 0.1565 0.1285 0.1038 0.0472
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W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.5943 0.0343 0.0518 0.5641 0.0326 0.0871 0.3694 0.0326 0.0701 0.4764 0.0324 0.0985
−0.40 0.5724 0.0341 0.0061 0.3210 0.0330 0.0063 0.2712 0.0293 0.0065 0.2783 0.0271 0.0054

0.00 0.5043 0.0332 0.0298 0.4770 0.0308 0.0224 0.4325 0.0271 0.0297 0.3946 0.0273 0.0314
0.40 0.5593 0.0363 0.0488 0.4986 0.0340 0.0310 0.4181 0.0315 0.0324 0.5550 0.0276 0.0428
0.80 0.5319 0.0883 0.1074 0.2540 0.0818 0.0566 0.3568 0.0688 0.0762 0.3596 0.0607 0.0391

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4344 0.0294 0.0834 0.5138 0.0269 0.0747 0.6284 0.0241 0.0805 0.6658 0.0243 0.0707
−0.40 0.3322 0.0234 0.0273 0.3522 0.0232 0.0143 0.4309 0.0251 0.0252 0.4749 0.0235 0.0122

0.00 0.3482 0.0235 0.0303 0.3627 0.0230 0.0135 0.4512 0.0234 0.0233 0.3455 0.0238 0.0180
0.40 0.5624 0.0269 0.0558 0.6273 0.0263 0.0662 0.6939 0.0259 0.0334 0.7449 0.0271 0.0261
0.80 0.4990 0.0585 0.0466 0.6185 0.0604 0.0372 0.6643 0.0581 0.0494 0.7109 0.0587 0.0378

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.5537 0.0255 0.0626 0.4800 0.0249 0.0669 0.4072 0.0216 0.0478 0.2864 0.0199 0.0360
−0.40 0.3628 0.0264 0.0206 0.4504 0.0259 0.0099 0.3210 0.0222 0.0121 0.3467 0.0207 0.0168

0.00 0.3342 0.0251 0.0088 0.3721 0.0251 0.0276 0.3354 0.0237 0.0101 0.3325 0.0215 0.0426
0.40 0.7565 0.0319 0.0319 0.5665 0.0294 0.0372 0.4714 0.0304 0.0363 0.4659 0.0283 0.0172
0.80 0.5230 0.0534 0.0291 0.6276 0.0468 0.0207 0.4408 0.0442 0.0084 0.4946 0.0437 0.0377

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2610 0.0211 0.0120 0.2402 0.0234 0.0238 0.1809 0.0228 0.0110 0.3068 0.0278 0.0267
−0.40 0.2683 0.0223 0.0505 0.2824 0.0256 0.0187 0.2659 0.0260 0.0250 0.2454 0.0316 0.0133

0.00 0.2280 0.0224 0.0619 0.2418 0.0252 0.0075 0.2770 0.0301 0.0176 0.2631 0.0336 0.0058
0.40 0.5318 0.0287 0.0446 0.3835 0.0322 0.0343 0.3700 0.0390 0.0276 0.4949 0.0445 0.0203
0.80 0.3923 0.0482 0.0667 0.2942 0.0516 0.0445 0.4208 0.0586 0.0845 0.4181 0.0733 0.0121

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2521 0.0291 0.0330 0.2152 0.0356 0.0103
−0.40 0.1925 0.0383 0.0149 0.2344 0.0523 0.0305

0.00 0.1966 0.0420 0.0186 0.3004 0.0538 0.1079
0.40 0.4297 0.0601 0.0336 0.4890 0.0876 0.0748
0.80 0.2570 0.0865 0.0739 0.2408 0.1113 0.1210

E.4.3 Observables for γd→ π0π0n(p) as a Function of Eγ

Eγ ∆Eγ E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

420.0 20.0 1.1380 3.2302 0.4618 0.4167 0.6309 0.1177 −0.0269 0.6309 0.0865
460.0 20.0 −0.9155 0.9301 0.2155 0.0260 0.2884 0.0970 0.5891 0.2884 0.1230
500.0 20.0 0.5853 0.2747 0.0836 1.4138 0.2478 0.1987 0.3698 0.2478 0.0923
540.0 20.0 −0.0524 0.1075 0.0345 2.0037 0.2298 0.3401 2.2251 0.2298 0.3004
580.0 20.0 −0.3543 0.0961 0.0426 1.9223 0.2882 0.2177 4.0315 0.2882 0.4505
620.0 20.0 −0.5464 0.0767 0.0637 1.9545 0.3333 0.2561 6.6626 0.3333 0.7584
660.0 20.0 −0.4453 0.0535 0.0532 3.1966 0.3121 0.3917 8.3284 0.3121 0.9171
700.0 20.0 −0.4362 0.0458 0.0487 3.8097 0.3142 0.4298 9.7056 0.3142 1.0687
740.0 20.0 −0.2414 0.0431 0.0278 5.8231 0.3353 0.6747 9.5283 0.3353 1.0714
780.0 20.0 −0.1493 0.0446 0.0197 6.6187 0.3509 0.7605 8.9416 0.3509 0.9910
820.0 20.0 −0.1067 0.0437 0.0124 6.5777 0.3255 0.7346 8.1488 0.3255 0.9021
860.0 20.0 −0.1016 0.0487 0.0140 5.9392 0.3294 0.6669 7.2832 0.3294 0.8067
900.0 20.0 −0.1307 0.0418 0.0149 6.0221 0.2937 0.6697 7.8334 0.2937 0.8643
940.0 20.0 −0.0469 0.0398 0.0054 6.8590 0.2907 0.7963 7.5340 0.2907 0.8703
980.0 20.0 −0.1382 0.0362 0.0157 6.4803 0.2766 0.7293 8.5584 0.2766 0.9575

1020.0 20.0 −0.0814 0.0324 0.0142 7.1077 0.2560 0.8224 8.3675 0.2560 0.9617
1060.0 20.0 −0.1658 0.0346 0.0205 6.4529 0.2721 0.7336 9.0173 0.2721 1.0109
1100.0 20.0 −0.2077 0.0387 0.0257 5.5805 0.2772 0.7615 8.5068 0.2772 1.0772
1140.0 20.0 −0.0011 0.0422 0.0023 6.4280 0.2753 0.8554 6.4419 0.2753 0.8569
1180.0 20.0 −0.1864 0.0398 0.0216 4.6884 0.2329 0.5319 6.8369 0.2329 0.7675
1220.0 20.0 −0.1820 0.0451 0.0273 4.0386 0.2272 0.7714 5.8360 0.2272 0.9662
1260.0 20.0 −0.2422 0.0511 0.0305 3.2851 0.2254 0.4705 5.3850 0.2254 0.7071
1300.0 20.0 −0.2720 0.0589 0.0353 3.0066 0.2473 0.3635 5.2527 0.2473 0.6656
1340.0 20.0 −0.2109 0.0652 0.0291 3.0570 0.2573 0.5121 4.6907 0.2573 0.6873
1380.0 20.0 −0.0850 0.0723 0.0159 3.2933 0.2629 0.8625 3.9052 0.2629 0.9338
1420.0 20.0 −0.2172 0.0794 0.4186 2.9044 0.3003 4.0699 4.5164 0.3003 2.8499
1460.0 20.0 0.0000 0.0000 2.0664 0.0000 0.0000 2.9461 0.0000 0.0000 4.5731
1500.0 20.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1540.0 20.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1580.0 20.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000



562 Appendix E. Data Tables

E.4.4 Observables for γd→ π0π0n(p) as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1310.0 10.0 1.0126 0.9070 0.2679 0.7138 0.3288 0.1354 −0.0045 0.3288 0.1319
1330.0 10.0 −0.0479 0.7484 0.0190 0.4522 0.3584 0.1417 0.4977 0.3584 0.1751
1350.0 10.0 −0.6136 0.2540 0.0745 0.4854 0.3243 0.0897 2.0273 0.3243 0.2494
1370.0 10.0 0.3139 0.1858 0.0376 2.4355 0.3490 0.2888 1.2718 0.3490 0.1631
1390.0 10.0 −0.4289 0.1282 0.0584 1.5605 0.3541 0.2303 3.9044 0.3541 0.4614
1410.0 10.0 −0.1987 0.0975 0.0220 3.0290 0.3711 0.3504 4.5311 0.3711 0.5284
1430.0 10.0 −0.4302 0.0761 0.0555 2.7320 0.3706 0.3701 6.8580 0.3706 0.7745
1450.0 10.0 −0.4847 0.0638 0.0574 2.9396 0.3681 0.3742 8.4691 0.3681 0.9401
1470.0 10.0 −0.3900 0.0566 0.0430 4.0410 0.3795 0.4490 9.2084 0.3795 1.0233
1490.0 10.0 −0.4028 0.0514 0.0444 4.5764 0.3997 0.5082 10.7492 0.3997 1.1871
1510.0 10.0 −0.2663 0.0487 0.0348 6.0358 0.4068 0.8137 10.4163 0.4068 1.2697
1530.0 10.0 −0.2509 0.0496 0.0310 6.0931 0.4083 0.7216 10.1745 0.4083 1.1418
1550.0 10.0 −0.1305 0.0517 0.0145 6.3894 0.3851 0.7110 8.3068 0.3851 0.9217
1570.0 10.0 −0.0194 0.0489 0.0064 6.9421 0.3515 0.7742 7.2168 0.3515 0.7960
1590.0 10.0 −0.0800 0.0491 0.0088 6.4850 0.3515 0.7199 7.6135 0.3515 0.8444
1610.0 10.0 −0.0666 0.0440 0.0129 6.7656 0.3247 0.8978 7.7307 0.3247 0.9661
1630.0 10.0 −0.1203 0.0403 0.0134 6.5778 0.3066 0.7348 8.3760 0.3066 0.9294
1650.0 10.0 −0.1465 0.0396 0.0197 6.5311 0.3082 0.7674 8.7730 0.3082 1.0165
1670.0 10.0 −0.1648 0.0371 0.0187 6.5204 0.2957 0.7510 9.0933 0.2957 1.0329
1690.0 10.0 −0.1646 0.0370 0.0214 6.6333 0.2993 0.8268 9.2465 0.2993 1.1458
1710.0 10.0 0.0045 0.0411 0.0017 7.0988 0.2956 0.8940 7.0351 0.2956 0.8870
1730.0 10.0 −0.1863 0.0426 0.0228 5.4942 0.2922 0.7028 8.0105 0.2922 0.9757
1750.0 10.0 −0.1122 0.0455 0.0144 5.1805 0.2706 0.6216 6.4906 0.2706 0.7647
1770.0 10.0 −0.1320 0.0451 0.0196 4.3768 0.2322 0.5501 5.7074 0.2322 0.6949
1790.0 10.0 −0.2802 0.0469 0.0333 3.2526 0.2166 0.4208 5.7848 0.2166 0.6944
1810.0 10.0 −0.2367 0.0512 0.0294 3.3622 0.2303 0.4117 5.4476 0.2303 0.6385
1830.0 10.0 −0.1972 0.0636 0.0266 3.1595 0.2553 0.3876 4.7118 0.2553 0.5566
1850.0 10.0 −0.1872 0.0754 0.0245 3.1044 0.2951 0.4660 4.5348 0.2951 0.6199
1870.0 10.0 −0.1272 0.0930 0.0217 3.1146 0.3386 0.6902 4.0222 0.3386 0.7914
1890.0 10.0 −0.0357 0.1278 0.0203 3.1722 0.4267 1.2966 3.4070 0.4267 1.3280

Angular Distributions

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.1348 1.3180 0.3077 −0.4372−0.7651 0.2301 −0.1552−0.4445 0.0206 0.4898 0.2807 0.1437
−0.40 1.3064 1.9580 0.4064 0.7163 0.7834 0.4223 −0.2451−0.3899 0.1436 −0.1472−0.2477 0.0668

0.00 2.6564 2.2286 2.3046 0.2021 0.9135 0.0510 −0.8779−0.3831 0.0645 −0.2077−0.2701 0.0602
0.40 0.5382 2.2468 29.3644 −0.7423−3.8017 0.3688 −0.2120−0.7507 0.0719 1.0162 0.5754 0.0840
0.80 6.8396 6.4309 1.3498 6.357212.5922 4.3603 0.2727 3.6512 0.2976 26.5213101.3007156.0186

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2504 0.2771 0.0134 0.0574 0.1836 0.0368 −0.1180−0.1255 0.0279 −0.1039−0.0972 0.0460
−0.40 −0.2297−0.2029 0.0334 0.2207 0.1510 0.0266 −0.6090−0.1241 0.0360 −0.7055−0.1096 0.0175

0.00 −0.5364−0.1814 0.0367 −0.2982−0.1623 0.0306 −0.4800−0.1409 0.0511 −0.5287−0.1139 0.0775
0.40 −0.7417−0.3133 0.0380 −0.8971−0.2335 0.0346 −0.7661−0.2045 0.0523 −0.1724−0.1452 0.0161
0.80 7.146713.9382 4.1531 −2.5023−1.2902 0.4960 −0.5547−1.3670 0.0810 0.2347 0.5991 0.0350

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0085−0.0825 0.0068 −0.0444−0.0713 0.0060 −0.0011−0.0622 0.0029 −0.1228−0.0660 0.0236
−0.40 −0.4376−0.1002 0.0091 −0.5721−0.0954 0.0227 −0.5076−0.0983 0.0304 −0.4284−0.1065 0.0224

0.00 −0.4742−0.1056 0.0429 −0.2373−0.1014 0.0131 −0.4673−0.1055 0.0138 −0.2566−0.1015 0.0323
0.40 −0.5389−0.1267 0.0515 −0.7140−0.1350 0.0219 −0.2540−0.1324 0.0387 −0.3441−0.1208 0.0469
0.80 −2.5549−1.9375 0.9788 −1.2325−0.6066 0.2926 −0.0020−0.3716 0.0275 0.4504 0.2896 0.0379

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0056 0.0682 0.0006 0.1173 0.0647 0.0119 0.0369 0.0622 0.0103 −0.0416−0.0575 0.0237
−0.40 −0.2721−0.1009 0.0063 −0.0699−0.1049 0.0039 −0.1247−0.1050 0.0037 −0.1536−0.0945 0.0121

0.00 −0.0229−0.1126 0.0246 −0.4259−0.1123 0.0183 −0.1783−0.1116 0.0096 −0.1570−0.1068 0.0064
0.40 −0.3959−0.1284 0.0616 −0.2853−0.1367 0.0418 −0.0852−0.1282 0.0033 0.1138 0.1183 0.0189
0.80 −0.4189−0.2927 0.0381 1.4434 0.4323 0.1435 −0.4932−0.2610 0.0520 −0.3778−0.2541 0.3156

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2433 0.0609 0.0373 0.1418 0.0624 0.0149 0.1699 0.0581 0.0127 0.1334 0.0576 0.0275
−0.40 −0.1295−0.0850 0.0087 −0.2239−0.0866 0.0116 −0.3258−0.0704 0.0111 −0.1873−0.0760 0.0191

0.00 −0.4120−0.0831 0.0124 −0.5175−0.0766 0.0188 −0.4080−0.0718 0.0125 −0.1847−0.0730 0.0082
0.40 −0.2863−0.1060 0.0109 −0.1188−0.0946 0.0065 −0.1323−0.0884 0.0012 −0.3979−0.0914 0.0277
0.80 −0.7742−0.2750 0.0962 −0.2500−0.2404 0.0659 0.0309 0.1950 0.0223 −0.7597−0.2775 0.1726
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W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2181 0.0670 0.0182 0.1696 0.0709 0.0104 0.1215 0.0761 0.0242 0.0548 0.0796 0.0176
−0.40 −0.1347−0.0826 0.0046 −0.5584−0.0769 0.0398 −0.2341−0.0828 0.0059 −0.3712−0.0884 0.0292

0.00 −0.1982−0.0762 0.0042 −0.2099−0.0797 0.0269 −0.1121−0.0788 0.0073 −0.1030−0.0828 0.0090
0.40 −0.0285−0.0963 0.0213 −0.0954−0.1131 0.0091 −0.4054−0.1143 0.0377 −0.1351−0.1123 0.0132
0.80 0.2643 0.2394 0.0653 −0.2447−0.2097 0.0751 −0.3926−0.2296 0.0766 0.2250 0.4031 0.2714

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0303 0.0961 0.0336 0.2348 0.1004 0.0052 −0.0418−0.1434 0.0204 0.0282 0.1415 0.0513
−0.40 −0.3897−0.1066 0.0130 −0.4536−0.1042 0.0388 −0.3105−0.1279 0.0588 −0.0173−0.1329 0.0198

0.00 −0.5123−0.0911 0.0226 −0.1082−0.1023 0.0015 −0.7035−0.1224 0.0785 −0.2413−0.1551 0.0334
0.40 −0.2287−0.1362 0.0160 −0.4150−0.1435 0.0355 0.3951 0.1923 0.0494 −0.5831−0.2311 0.0949
0.80 0.6020 0.3507 0.0629 −0.4042−0.2641 2.6474 −1.0265−0.4952 0.2478 0.1695 0.6115 0.0563

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.4698−0.1629 0.0119 0.0722 0.2552 0.0080
−0.40 −0.3155−0.1754 0.0199 0.0530 0.2201 0.0954

0.00 −0.2439−0.1723 0.0376 −0.1936−0.2565 0.0161
0.40 0.1757 0.2632 0.0378 0.3688 0.3762 0.1052
0.80 0.7654 1.1381 0.1765 6.0910 2.0326 2.3320

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0779 0.0486 0.0051 0.0350 0.0481 0.0246 0.0885 0.0469 0.0085 0.2372 0.0453 0.0523
−0.40 0.0607 0.0518 0.0106 0.1081 0.0495 0.0020 0.0853 0.0444 0.0188 0.1602 0.0468 0.0089

0.00 0.0904 0.0561 0.0281 0.0738 0.0563 0.0078 0.0164 0.0518 0.0090 0.1493 0.0512 0.0125
0.40 0.0464 0.0681 0.6542 0.0051 0.0767 0.0074 0.0749 0.0718 0.0256 0.2492 0.0720 0.0226
0.80 0.4437 0.4355 0.0632 −0.2033 0.4000 0.1102 0.0728 0.2121 0.0130 −0.2787 1.4374 1.5801

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2454 0.0551 0.0076 0.3550 0.0622 0.0332 0.3885 0.0561 0.0342 0.5150 0.0570 0.0651
−0.40 0.1969 0.0522 0.0172 0.4120 0.0515 0.0413 0.1758 0.0566 0.0238 0.1462 0.0555 0.0117

0.00 0.1433 0.0567 0.0170 0.2543 0.0596 0.0201 0.2378 0.0654 0.0401 0.2479 0.0612 0.0547
0.40 0.0571 0.0702 0.0102 0.0325 0.0749 0.0113 0.0846 0.0753 0.0219 0.3925 0.0700 0.0374
0.80 −0.1656 0.3612 0.0836 −0.1965 0.1799 0.0649 0.0425 0.1370 0.0192 0.2359 0.1173 0.0404

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7038 0.0600 0.0780 0.9179 0.0705 0.0942 1.1444 0.0737 0.1908 1.0795 0.0834 0.1367
−0.40 0.3319 0.0602 0.0141 0.2796 0.0635 0.0255 0.3215 0.0654 0.0338 0.3478 0.0660 0.0234

0.00 0.3142 0.0644 0.0439 0.4910 0.0664 0.0396 0.3253 0.0660 0.0170 0.4330 0.0607 0.0270
0.40 0.2388 0.0671 0.0414 0.1541 0.0747 0.0176 0.4098 0.0742 0.0601 0.3472 0.0654 0.0498
0.80 −0.1045 0.1482 0.1102 −0.0499 0.1402 0.0991 0.3153 0.1218 0.0288 0.5228 0.1082 0.0570

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.1535 0.0806 0.0995 1.2574 0.0752 0.1216 1.1760 0.0732 0.1450 1.0729 0.0673 0.1528
−0.40 0.4142 0.0585 0.0123 0.4927 0.0568 0.0034 0.4788 0.0586 0.0104 0.4692 0.0536 0.0379

0.00 0.4975 0.0584 0.0209 0.2730 0.0552 0.0137 0.3797 0.0529 0.0197 0.4101 0.0531 0.0218
0.40 0.2842 0.0623 0.0508 0.3212 0.0631 0.0435 0.4099 0.0590 0.0129 0.4924 0.0537 0.0254
0.80 0.1744 0.0928 0.0333 0.5383 0.1065 0.0539 0.1660 0.0904 0.0285 0.2094 0.0898 0.1054

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.3111 0.0672 0.1631 1.1843 0.0672 0.1068 1.1251 0.0592 0.0890 1.0818 0.0582 0.0813
−0.40 0.5192 0.0519 0.0175 0.4677 0.0533 0.0349 0.4442 0.0479 0.0266 0.5224 0.0503 0.0241

0.00 0.3339 0.0487 0.0105 0.2976 0.0490 0.0140 0.4131 0.0520 0.0210 0.5625 0.0520 0.0327
0.40 0.3532 0.0545 0.0100 0.4515 0.0497 0.0317 0.4715 0.0500 0.0195 0.3372 0.0528 0.0453
0.80 0.0702 0.0908 0.0514 0.2322 0.0784 0.1023 0.3757 0.0748 0.0338 0.0646 0.0800 0.1120

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.9760 0.0564 0.0851 0.8833 0.0558 0.0149 0.6712 0.0473 0.1184 0.5916 0.0463 0.0702
−0.40 0.5088 0.0496 0.0213 0.2501 0.0448 0.0471 0.3927 0.0437 0.0127 0.2750 0.0398 0.0409

0.00 0.5099 0.0500 0.0127 0.4890 0.0509 0.0396 0.4800 0.0440 0.0119 0.4142 0.0395 0.0166
0.40 0.4961 0.0509 0.0568 0.4153 0.0528 0.0376 0.2381 0.0477 0.0458 0.3115 0.0415 0.0436
0.80 0.3678 0.0726 0.0513 0.2144 0.0623 0.0576 0.1699 0.0697 0.0462 0.1825 0.0642 0.0147
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W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4033 0.0395 0.0400 0.5309 0.0451 0.0199 0.3323 0.0507 0.0127 0.3688 0.0521 0.0113
−0.40 0.2290 0.0409 0.0095 0.2020 0.0395 0.0229 0.2279 0.0431 0.0355 0.3349 0.0460 0.0092

0.00 0.2020 0.0388 0.0146 0.3718 0.0433 0.0165 0.1064 0.0452 0.0312 0.2587 0.0538 0.0622
0.40 0.2513 0.0456 0.0227 0.1889 0.0474 0.0228 0.4027 0.0566 0.0668 0.1163 0.0657 0.0673
0.80 0.3463 0.0794 0.0395 0.1649 0.0769 0.4567 −0.0052 0.1044 0.0550 0.1931 0.1084 0.0347

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1727 0.0564 0.0038 0.3035 0.0760 0.0481
−0.40 0.2030 0.0531 0.0167 0.3140 0.0668 0.0194

0.00 0.2587 0.0600 0.0751 0.2691 0.0867 0.0333
0.40 0.3344 0.0759 0.1184 0.3446 0.0958 0.1939
0.80 0.2065 0.1421 0.1176 0.8975 0.3204 0.4780

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0049 0.0486 0.0081 0.0894 0.0481 0.0084 0.1210 0.0469 0.0082 0.0812 0.0453 0.0294
−0.40 −0.0081 0.0518 0.0115 0.0179 0.0495 0.0217 0.1407 0.0444 0.0110 0.2155 0.0468 0.0170

0.00 −0.0409 0.0561 0.0230 0.0490 0.0563 0.0112 0.2515 0.0518 0.0075 0.2275 0.0512 0.0242
0.40 0.0139 0.0681 0.6393 0.0348 0.0767 0.0075 0.1151 0.0718 0.0152 −0.0020 0.0720 0.0122
0.80 −0.3305 0.4355 0.0277 0.1481 0.4000 0.1783 0.0416 0.2121 0.0263 0.2585 1.4374 1.5885

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1471 0.0551 0.0090 0.3165 0.0622 0.0395 0.4924 0.0561 0.0217 0.6345 0.0570 0.0521
−0.40 0.3143 0.0522 0.0407 0.2630 0.0515 0.0232 0.7235 0.0566 0.0421 0.8467 0.0555 0.0261

0.00 0.4748 0.0567 0.0273 0.4705 0.0596 0.0460 0.6770 0.0654 0.0726 0.8042 0.0612 0.0528
0.40 0.3848 0.0702 0.0056 0.5993 0.0749 0.0197 0.6388 0.0753 0.0369 0.5561 0.0700 0.0546
0.80 0.1249 0.3612 0.1753 0.4582 0.1799 0.1079 0.1483 0.1370 0.0301 0.1462 0.1173 0.0147

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7158 0.0600 0.0724 1.0032 0.0705 0.0979 1.1470 0.0737 0.1872 1.3818 0.0834 0.1479
−0.40 0.8483 0.0602 0.0263 1.0271 0.0635 0.0436 0.9844 0.0654 0.0456 0.8690 0.0660 0.0302

0.00 0.8811 0.0644 0.0557 0.7965 0.0664 0.0546 0.8962 0.0660 0.0330 0.7319 0.0607 0.0113
0.40 0.7970 0.0671 0.0577 0.9232 0.0747 0.0308 0.6888 0.0742 0.0691 0.7113 0.0654 0.0527
0.80 0.2389 0.1482 0.1807 0.4793 0.1402 0.1638 0.3166 0.1218 0.0206 0.1981 0.1082 0.0406

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.1407 0.0806 0.0988 0.9935 0.0752 0.0950 1.0922 0.0732 0.1455 1.1660 0.0673 0.1547
−0.40 0.7240 0.0585 0.0130 0.5667 0.0568 0.0083 0.6153 0.0586 0.0116 0.6395 0.0536 0.0527

0.00 0.5208 0.0584 0.0082 0.6780 0.0552 0.0046 0.5445 0.0529 0.0198 0.5628 0.0531 0.0249
0.40 0.6568 0.0623 0.0455 0.5775 0.0631 0.0421 0.4863 0.0590 0.0120 0.3918 0.0537 0.0325
0.80 0.4258 0.0928 0.0447 −0.0977 0.1065 0.0263 0.4890 0.0904 0.0199 0.4638 0.0898 0.1398

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7980 0.0672 0.1237 0.8901 0.0672 0.0901 0.7982 0.0592 0.0720 0.8271 0.0582 0.0703
−0.40 0.6737 0.0519 0.0237 0.7375 0.0533 0.0419 0.8735 0.0479 0.0377 0.7631 0.0503 0.0069

0.00 0.8017 0.0487 0.0071 0.9361 0.0490 0.0098 0.9824 0.0520 0.0233 0.8175 0.0520 0.0382
0.40 0.6365 0.0545 0.0035 0.5732 0.0497 0.0351 0.6153 0.0500 0.0242 0.7830 0.0528 0.0608
0.80 0.5514 0.0908 0.0813 0.3870 0.0784 0.0998 0.3532 0.0748 0.0412 0.4729 0.0800 0.1583

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6264 0.0564 0.0617 0.6272 0.0558 0.0145 0.5258 0.0473 0.0948 0.5301 0.0463 0.0655
−0.40 0.6672 0.0496 0.0240 0.8826 0.0448 0.0697 0.6327 0.0437 0.0156 0.5997 0.0398 0.0640

0.00 0.7620 0.0500 0.0126 0.7488 0.0509 0.0260 0.6011 0.0440 0.0175 0.5093 0.0395 0.0163
0.40 0.5252 0.0509 0.0581 0.5029 0.0528 0.0499 0.5628 0.0477 0.0609 0.4088 0.0415 0.0484
0.80 0.2140 0.0726 0.0332 0.3533 0.0623 0.0270 0.3895 0.0697 0.0230 0.1155 0.0642 0.0514

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3796 0.0395 0.0276 0.3290 0.0451 0.0139 0.3612 0.0507 0.0129 0.3485 0.0521 0.0349
−0.40 0.5213 0.0409 0.0130 0.5373 0.0395 0.0151 0.4332 0.0431 0.0279 0.3467 0.0460 0.0049

0.00 0.6262 0.0388 0.0163 0.4619 0.0433 0.0197 0.6111 0.0452 0.0307 0.4232 0.0538 0.0701
0.40 0.4002 0.0456 0.0272 0.4569 0.0474 0.0312 0.1746 0.0566 0.0481 0.4416 0.0657 0.0938
0.80 0.0860 0.0794 0.0267 0.3886 0.0769 0.2845 0.3985 0.1044 0.0587 0.1371 0.1084 0.0309
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W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4787 0.0564 0.0048 0.2627 0.0760 0.0452
−0.40 0.3901 0.0531 0.0195 0.2824 0.0668 0.0624

0.00 0.4256 0.0600 0.0837 0.3983 0.0867 0.0387
0.40 0.2345 0.0759 0.1077 0.1589 0.0958 0.1674
0.80 0.0274 0.1421 0.0716 −0.6444 0.3204 0.2700

E.4.5 Observables for γp→ π0π0p as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1310.0 10.0 0.5041 0.4839 0.0751 0.5634 0.2289 0.0799 0.1858 0.2289 0.0374
1330.0 10.0 −0.1145 0.2694 0.0446 0.6249 0.2672 0.0700 0.7866 0.2672 0.0999
1350.0 10.0 −0.1413 0.1051 0.0417 1.2027 0.2061 0.2809 1.5985 0.2061 0.3742
1370.0 10.0 −0.3395 0.0660 0.0447 2.0083 0.2688 0.2821 4.0727 0.2688 0.4968
1390.0 10.0 −0.1692 0.0445 0.0334 3.6455 0.2721 0.6744 5.1309 0.2721 0.9243
1410.0 10.0 −0.4099 0.0428 0.0785 3.2846 0.3114 0.7110 7.8475 0.3114 1.1331
1430.0 10.0 −0.3950 0.0379 0.0638 4.0250 0.3317 0.7665 9.2802 0.3317 1.3264
1450.0 10.0 −0.3320 0.0296 0.0496 5.1691 0.3077 0.7747 10.3062 0.3077 1.2444
1470.0 10.0 −0.2979 0.0249 0.0381 6.1739 0.2973 0.8357 11.4122 0.2973 1.3951
1490.0 10.0 −0.3095 0.0236 0.0473 6.3792 0.2941 0.9851 12.0988 0.2941 1.5200
1510.0 10.0 −0.2977 0.0243 0.0390 6.2754 0.2945 0.8226 11.5961 0.2945 1.3500
1530.0 10.0 −0.2523 0.0247 0.0333 5.9171 0.2684 0.7711 9.9105 0.2684 1.1741
1550.0 10.0 −0.1378 0.0250 0.0218 5.8774 0.2384 0.7728 7.7556 0.2384 0.9353
1570.0 10.0 0.0347 0.0256 0.0095 6.5604 0.2290 0.8721 6.1200 0.2290 0.7711
1590.0 10.0 0.1566 0.0250 0.0225 6.8362 0.2065 0.9576 4.9849 0.2065 0.7271
1610.0 10.0 0.0763 0.0225 0.0112 6.6216 0.1955 0.9797 5.6831 0.1955 0.8348
1630.0 10.0 0.1205 0.0176 0.0197 7.5968 0.1678 1.1751 5.9631 0.1678 0.9550
1650.0 10.0 0.0864 0.0152 0.0112 8.0967 0.1599 1.0659 6.8085 0.1599 0.8977
1670.0 10.0 0.0459 0.0137 0.0077 9.0038 0.1670 1.2253 8.2138 0.1670 1.0843
1690.0 10.0 0.0380 0.0136 0.0080 9.3784 0.1730 1.1695 8.6910 0.1730 1.0547
1710.0 10.0 0.1543 0.0151 0.0184 10.5695 0.1927 1.2919 7.7439 0.1927 0.9649
1730.0 10.0 0.1661 0.0141 0.0202 9.8316 0.1663 1.2052 7.0311 0.1663 0.8701
1750.0 10.0 0.2110 0.0157 0.0250 8.6188 0.1547 1.0418 5.6151 0.1547 0.6821
1770.0 10.0 0.1918 0.0151 0.0264 7.6171 0.1340 1.0307 5.1651 0.1340 0.7304
1790.0 10.0 0.2364 0.0168 0.0372 7.0502 0.1319 1.0782 4.3544 0.1319 0.7106
1810.0 10.0 0.2714 0.0199 0.0322 7.0766 0.1515 0.8221 4.0556 0.1515 0.4955
1830.0 10.0 0.2099 0.0243 0.0237 6.3112 0.1753 0.7335 4.1218 0.1753 0.4762
1850.0 10.0 0.1473 0.0267 0.0165 6.0315 0.1966 0.6854 4.4827 0.1966 0.5104
1870.0 10.0 0.2748 0.0349 0.0318 6.3826 0.2381 0.7333 3.6309 0.2381 0.4400
1890.0 10.0 0.1367 0.0515 0.0270 5.7721 0.3664 1.2445 4.3833 0.3664 0.9968

Angular Distributions

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.3407 0.4393 0.1568 −0.0180−0.2848 0.0240 0.8421 0.1913 0.2583 −0.3808−0.1107 0.0339
−0.40 1.1482 1.2281 0.3585 −0.8776−0.3999 0.0594 −0.0278−0.1432 0.0240 −0.4888−0.1182 0.0862

0.00 2.2253 3.4893 0.1297 0.8154 0.6073 0.1747 −0.3635−0.1736 0.1011 −0.3270−0.1149 0.0433
0.40 1.783218.8680 2.0748 −2.2252−6.4833 4.0712 −3.1900−2.0168 0.0938 −0.0696−0.3035 0.0475
0.80 13.3872248.4042 41.3736 414.90523 556 064.3614206.1452 −73.4583−41 905.4753 40.7483 41.34141167.0657 32.6025

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2527 0.0765 0.0261 0.1390 0.0702 0.0333 0.2024 0.0522 0.0176 0.1356 0.0474 0.0161
−0.40 −0.1318−0.0727 0.0254 −0.3591−0.0583 0.1040 −0.3049−0.0551 0.0660 −0.2136−0.0453 0.0332

0.00 −0.3129−0.0788 0.0476 −0.5685−0.0803 0.0497 −0.6281−0.0636 0.1249 −0.5893−0.0564 0.0858
0.40 −0.3370−0.1576 0.1255 −1.1935−0.1958 0.2623 −0.5638−0.1024 0.0735 −0.3991−0.0724 0.0533
0.80 0.3494 2.4275 0.4781 0.5535 1.4270 0.2539 −5.1993−8.2107 10.7976 0.0451 1.3571 0.0442

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0562 0.0394 0.0090 0.0948 0.0345 0.0134 0.0702 0.0358 0.0154 0.0818 0.0356 0.0091
−0.40 −0.3244−0.0436 0.0192 −0.3259−0.0428 0.0299 −0.3821−0.0496 0.0187 −0.1930−0.0510 0.0129

0.00 −0.4504−0.0487 0.0348 −0.5525−0.0512 0.0550 −0.3958−0.0485 0.0355 −0.5824−0.0598 0.0260
0.40 −0.4438−0.0668 0.0750 −0.4577−0.0640 0.0426 −0.3985−0.0578 0.0348 −0.3690−0.0559 0.0413
0.80 −0.7754−0.4404 0.4357 −0.4825−0.3512 0.0469 −0.3618−0.2541 0.2347 0.6138 0.2590 0.0985

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0804 0.0377 0.0085 0.1054 0.0367 0.0201 0.3583 0.0426 0.0577 0.2036 0.0391 0.0500
−0.40 −0.2899−0.0566 0.0019 0.2167 0.0582 0.0032 0.2550 0.0587 0.0026 0.2318 0.0543 0.0090

0.00 −0.1848−0.0561 0.0226 −0.2760−0.0605 0.0173 −0.1586−0.0521 0.0220 −0.1078−0.0545 0.0083
0.40 −0.2781−0.0609 0.0279 −0.1568−0.0564 0.0285 0.0219 0.0522 0.0094 −0.2374−0.0448 0.0293
0.80 −0.4360−0.1839 0.1700 0.3156 0.1634 0.0989 0.1391 0.1184 0.0404 0.1003 0.1079 0.0118
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W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2953 0.0352 0.0549 0.1769 0.0309 0.0249 0.0835 0.0250 0.0127 0.0122 0.0255 0.0037
−0.40 0.1543 0.0426 0.0115 0.1573 0.0397 0.0192 0.0772 0.0381 0.0128 0.0228 0.0342 0.0181

0.00 0.0696 0.0445 0.0089 0.1343 0.0392 0.0137 0.0339 0.0355 0.0032 0.2986 0.0356 0.0118
0.40 −0.0646−0.0361 0.0212 −0.0696−0.0317 0.0089 −0.0627−0.0281 0.0033 −0.0784−0.0278 0.0206
0.80 0.0058 0.0824 0.0296 −0.1572−0.0809 0.0323 −0.1160−0.0695 0.0251 −0.1945−0.0710 0.0117

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.1392 0.0283 0.0168 0.1527 0.0314 0.0272 0.1305 0.0329 0.0212 0.2722 0.0371 0.0267
−0.40 0.2829 0.0384 0.0138 0.0681 0.0380 0.0103 0.2178 0.0391 0.0061 0.1120 0.0376 0.0053

0.00 0.3611 0.0360 0.0186 0.2853 0.0355 0.0158 0.2872 0.0371 0.0109 0.2508 0.0352 0.0427
0.40 −0.0741−0.0321 0.0232 0.1678 0.0309 0.0110 0.2179 0.0365 0.0149 0.1841 0.0356 0.0063
0.80 0.0773 0.0669 0.0160 −0.0908−0.0577 0.0369 0.1308 0.0622 0.0321 −0.0124−0.0633 0.0273

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.1657 0.0482 0.0069 0.1886 0.0568 0.0133 0.2750 0.0671 0.0176 −0.2656−0.0839 0.0215
−0.40 0.2859 0.0436 0.0609 0.1851 0.0531 0.0170 0.2122 0.0556 0.0184 0.2503 0.0704 0.0111

0.00 0.4652 0.0411 0.0956 0.4143 0.0467 0.0103 0.2474 0.0596 0.0108 0.3244 0.0642 0.0050
0.40 0.0219 0.0373 0.0300 0.2871 0.0441 0.0210 0.2745 0.0561 0.0167 0.0779 0.0588 0.0105
0.80 0.0916 0.0793 0.0130 0.2560 0.0953 0.0415 −0.1279−0.1120 0.0183 0.0537 0.1175 0.0161

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0226−0.0835 0.0270 0.0685 0.1091 0.0139
−0.40 0.3415 0.0978 0.0326 0.2139 0.1268 0.0156

0.00 0.4395 0.0926 0.0235 0.1627 0.1074 0.0359
0.40 0.1608 0.0841 0.0167 0.0782 0.1171 0.0302
0.80 0.3511 0.1637 0.0495 0.2810 0.2440 0.0590

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0306 0.0134 0.0081 0.0401 0.0164 0.0048 0.1480 0.0166 0.0360 0.1015 0.0240 0.0103
−0.40 0.0588 0.0312 0.0146 0.0091 0.0316 0.0044 0.1451 0.0302 0.0421 0.1514 0.0445 0.0377

0.00 0.1160 0.0728 0.0070 0.1488 0.0546 0.0305 0.1032 0.0374 0.0290 0.2138 0.0491 0.0122
0.40 0.0528 0.2476 0.0394 −0.0633 0.1942 0.2103 −0.2547 0.0992 0.0251 0.2569 0.1182 0.0390
0.80 0.6391 1.1624 0.9050 0.8530 24.8584 0.5332 0.3671 4.0870 0.2321 2.7824 2.6227 2.1465

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3136 0.0263 0.0323 0.3886 0.0335 0.0431 0.5393 0.0325 0.0507 0.6479 0.0379 0.0693
−0.40 0.3595 0.0422 0.0601 0.3376 0.0408 0.0884 0.4471 0.0480 0.0901 0.5701 0.0454 0.0756

0.00 0.2963 0.0458 0.0511 0.2299 0.0526 0.0393 0.2469 0.0506 0.0945 0.3132 0.0524 0.0831
0.40 0.2438 0.0777 0.0735 −0.0866 0.0796 0.0813 0.2376 0.0687 0.0588 0.3960 0.0626 0.0659
0.80 0.2368 0.5687 0.1829 0.3612 0.4105 0.0998 −0.8481 0.4430 0.1277 0.1479 0.2714 0.0578

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7559 0.0399 0.0788 0.9004 0.0400 0.1232 0.9127 0.0430 0.1111 0.8925 0.0414 0.0948
−0.40 0.5221 0.0453 0.0371 0.5400 0.0461 0.0578 0.4528 0.0480 0.0286 0.5142 0.0451 0.0294

0.00 0.4253 0.0486 0.0512 0.3450 0.0488 0.0607 0.4393 0.0464 0.0367 0.2418 0.0423 0.0204
0.40 0.3786 0.0588 0.0862 0.3762 0.0571 0.0545 0.4183 0.0528 0.0479 0.3772 0.0443 0.0477
0.80 0.0907 0.1986 0.1758 0.2194 0.1896 0.0269 0.2766 0.1464 0.1228 0.6236 0.1206 0.1521

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.8024 0.0394 0.0761 0.7970 0.0373 0.1187 0.8569 0.0358 0.1160 0.8130 0.0366 0.1546
−0.40 0.3621 0.0392 0.0029 0.5701 0.0377 0.0087 0.5005 0.0321 0.0100 0.5039 0.0306 0.0027

0.00 0.3987 0.0381 0.0364 0.3094 0.0352 0.0221 0.3442 0.0297 0.0318 0.3589 0.0308 0.0279
0.40 0.3630 0.0417 0.0420 0.4155 0.0389 0.0430 0.4787 0.0345 0.0310 0.3862 0.0312 0.0443
0.80 0.2400 0.1015 0.0821 0.5582 0.0935 0.0516 0.5173 0.0753 0.1071 0.4966 0.0685 0.0599

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.8948 0.0329 0.1300 0.8437 0.0308 0.1095 0.8899 0.0289 0.1176 0.8333 0.0296 0.0926
−0.40 0.5082 0.0262 0.0408 0.5554 0.0266 0.0117 0.6026 0.0301 0.0442 0.6071 0.0287 0.0155

0.00 0.4486 0.0263 0.0343 0.5457 0.0264 0.0318 0.5784 0.0281 0.0325 0.7812 0.0290 0.0352
0.40 0.5539 0.0302 0.0670 0.6266 0.0301 0.0602 0.7332 0.0310 0.0374 0.7775 0.0331 0.0458
0.80 0.5658 0.0656 0.0687 0.5173 0.0694 0.0540 0.6303 0.0696 0.0572 0.5855 0.0717 0.0203
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W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.9052 0.0315 0.0932 0.7833 0.0298 0.0896 0.6087 0.0248 0.0583 0.5563 0.0222 0.0575
−0.40 0.8018 0.0326 0.0412 0.6192 0.0311 0.0205 0.5745 0.0255 0.0168 0.4826 0.0230 0.0210

0.00 0.8796 0.0310 0.0174 0.8028 0.0302 0.0415 0.6963 0.0272 0.0148 0.6170 0.0238 0.0475
0.40 0.8056 0.0394 0.0611 0.9536 0.0352 0.0495 0.8440 0.0349 0.0684 0.7515 0.0314 0.0334
0.80 0.7543 0.0660 0.0295 0.6275 0.0561 0.0336 0.6593 0.0509 0.0321 0.5361 0.0486 0.0569

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3994 0.0231 0.0181 0.3895 0.0259 0.0335 0.3517 0.0252 0.0147 0.1905 0.0297 0.0087
−0.40 0.5291 0.0244 0.0736 0.4547 0.0284 0.0317 0.4522 0.0287 0.0391 0.4379 0.0338 0.0149

0.00 0.6840 0.0246 0.1028 0.6463 0.0279 0.0070 0.5074 0.0333 0.0239 0.5517 0.0360 0.0083
0.40 0.6084 0.0314 0.0791 0.7665 0.0357 0.0544 0.7183 0.0431 0.0452 0.6190 0.0476 0.0134
0.80 0.5162 0.0528 0.0871 0.5499 0.0572 0.0596 0.3597 0.0648 0.0824 0.4981 0.0784 0.0147

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2607 0.0315 0.0277 0.2788 0.0402 0.0200
−0.40 0.4244 0.0414 0.0394 0.4088 0.0590 0.0421

0.00 0.5463 0.0455 0.0281 0.4711 0.0607 0.1335
0.40 0.6432 0.0651 0.0416 0.6460 0.0989 0.1194
0.80 0.5790 0.0936 0.0928 0.4845 0.1257 0.1590

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0151 0.0134 0.0053 0.0416 0.0164 0.0035 0.0127 0.0166 0.0208 0.2264 0.0240 0.0113
−0.40 −0.0041 0.0312 0.0083 0.1397 0.0316 0.0058 0.1534 0.0302 0.0448 0.4410 0.0445 0.0537

0.00 −0.0441 0.0728 0.0047 0.0151 0.0546 0.0167 0.2211 0.0374 0.0522 0.4216 0.0491 0.0181
0.40 −0.0149 0.2476 0.0560 0.1666 0.1942 0.2453 0.4873 0.0992 0.0415 0.2953 0.1182 0.0467
0.80 −0.5502 1.1624 0.8436 −0.8489 24.8584 0.4216 −0.3772 4.0870 0.2064 −2.6510 2.6227 2.2322

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1871 0.0263 0.0224 0.2938 0.0335 0.0320 0.3578 0.0325 0.0335 0.4932 0.0379 0.0442
−0.40 0.4687 0.0422 0.0872 0.7159 0.0408 0.1029 0.8393 0.0480 0.1109 0.8797 0.0454 0.0832

0.00 0.5661 0.0458 0.0728 0.8359 0.0526 0.0609 1.0811 0.0506 0.1641 1.2119 0.0524 0.1236
0.40 0.4917 0.0777 0.1124 0.9815 0.0796 0.1335 0.8519 0.0687 0.1109 0.9221 0.0626 0.0988
0.80 0.1142 0.5687 0.2001 0.1038 0.4105 0.1923 1.2521 0.4430 0.1555 0.1352 0.2714 0.0744

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6755 0.0399 0.0633 0.7445 0.0400 0.0938 0.7929 0.0430 0.0856 0.7576 0.0414 0.0751
−0.40 1.0234 0.0453 0.0437 1.0621 0.0461 0.0713 1.0130 0.0480 0.0313 0.7601 0.0451 0.0356

0.00 1.1223 0.0486 0.0700 1.1971 0.0488 0.0794 1.0147 0.0464 0.0284 0.9164 0.0423 0.0206
0.40 0.9828 0.0588 0.1295 1.0112 0.0571 0.0926 0.9727 0.0528 0.0578 0.8183 0.0443 0.0504
0.80 0.7166 0.1986 0.3215 0.6285 0.1896 0.0077 0.5902 0.1464 0.1876 0.1492 0.1206 0.0549

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6830 0.0394 0.0595 0.6450 0.0373 0.0996 0.4048 0.0358 0.0768 0.5379 0.0366 0.1112
−0.40 0.6578 0.0392 0.0070 0.3670 0.0377 0.0072 0.2971 0.0321 0.0072 0.3142 0.0306 0.0061

0.00 0.5795 0.0381 0.0343 0.5454 0.0352 0.0256 0.4739 0.0297 0.0326 0.4456 0.0308 0.0355
0.40 0.6427 0.0417 0.0561 0.5701 0.0389 0.0355 0.4581 0.0345 0.0355 0.6267 0.0312 0.0484
0.80 0.6112 0.1015 0.1234 0.2904 0.0935 0.0647 0.3909 0.0753 0.0835 0.4061 0.0685 0.0442

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4868 0.0329 0.0935 0.5900 0.0308 0.0858 0.7528 0.0289 0.0964 0.8132 0.0296 0.0863
−0.40 0.3723 0.0262 0.0306 0.4044 0.0266 0.0164 0.5163 0.0301 0.0302 0.5800 0.0287 0.0149

0.00 0.3902 0.0263 0.0339 0.4165 0.0264 0.0155 0.5405 0.0281 0.0280 0.4219 0.0290 0.0220
0.40 0.6303 0.0302 0.0625 0.7203 0.0301 0.0761 0.8313 0.0310 0.0400 0.9098 0.0331 0.0319
0.80 0.5593 0.0656 0.0522 0.7103 0.0694 0.0427 0.7958 0.0696 0.0592 0.8682 0.0717 0.0462

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6840 0.0315 0.0773 0.5758 0.0298 0.0803 0.4682 0.0248 0.0550 0.3183 0.0222 0.0400
−0.40 0.4481 0.0326 0.0255 0.5402 0.0311 0.0119 0.3690 0.0255 0.0139 0.3853 0.0230 0.0187

0.00 0.4129 0.0310 0.0109 0.4464 0.0302 0.0331 0.3855 0.0272 0.0116 0.3696 0.0238 0.0473
0.40 0.9345 0.0394 0.0394 0.6795 0.0352 0.0447 0.5420 0.0349 0.0417 0.5178 0.0314 0.0191
0.80 0.6460 0.0660 0.0360 0.7529 0.0561 0.0249 0.5068 0.0509 0.0097 0.5496 0.0486 0.0419
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W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2858 0.0231 0.0132 0.2659 0.0259 0.0263 0.2000 0.0252 0.0121 0.3283 0.0297 0.0286
−0.40 0.2938 0.0244 0.0553 0.3126 0.0284 0.0207 0.2939 0.0287 0.0276 0.2626 0.0338 0.0143

0.00 0.2496 0.0246 0.0678 0.2676 0.0279 0.0083 0.3062 0.0333 0.0195 0.2814 0.0360 0.0062
0.40 0.5823 0.0314 0.0489 0.4245 0.0357 0.0380 0.4089 0.0431 0.0305 0.5295 0.0476 0.0217
0.80 0.4295 0.0528 0.0730 0.3257 0.0572 0.0493 0.4651 0.0648 0.0934 0.4473 0.0784 0.0129

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2728 0.0315 0.0357 0.2431 0.0402 0.0116
−0.40 0.2083 0.0414 0.0161 0.2647 0.0590 0.0345

0.00 0.2127 0.0455 0.0201 0.3393 0.0607 0.1219
0.40 0.4651 0.0651 0.0364 0.5523 0.0989 0.0845
0.80 0.2781 0.0936 0.0800 0.2719 0.1257 0.1367

E.4.6 Observables for γn→ π0π0n as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1310.0 10.0 1.0126 0.9330 0.2679 0.6004 0.2766 0.1139 −0.0038 0.2766 0.1109
1330.0 10.0 −0.0479 0.5341 0.0190 0.4263 0.3378 0.1336 0.4692 0.3378 0.1651
1350.0 10.0 −0.6136 0.2142 0.0745 0.3951 0.2640 0.0730 1.6500 0.2640 0.2030
1370.0 10.0 0.3139 0.1395 0.0376 2.8147 0.4033 0.3338 1.4698 0.4033 0.1884
1390.0 10.0 −0.4289 0.0997 0.0584 1.7082 0.3876 0.2521 4.2738 0.3876 0.5051
1410.0 10.0 −0.1987 0.0708 0.0220 3.4730 0.4255 0.4018 5.1952 0.4255 0.6059
1430.0 10.0 −0.4302 0.0595 0.0555 3.1436 0.4264 0.4259 7.8913 0.4264 0.8912
1450.0 10.0 −0.4847 0.0507 0.0574 3.6306 0.4547 0.4622 10.4600 0.4547 1.1611
1470.0 10.0 −0.3900 0.0435 0.0430 4.7969 0.4505 0.5330 10.9308 0.4505 1.2147
1490.0 10.0 −0.4028 0.0398 0.0444 5.4587 0.4767 0.6062 12.8214 0.4767 1.4160
1510.0 10.0 −0.2663 0.0362 0.0348 7.2347 0.4876 0.9753 12.4853 0.4876 1.5219
1530.0 10.0 −0.2509 0.0366 0.0310 7.0759 0.4742 0.8380 11.8156 0.4742 1.3260
1550.0 10.0 −0.1305 0.0374 0.0145 7.3423 0.4426 0.8170 9.5456 0.4426 1.0591
1570.0 10.0 −0.0194 0.0351 0.0064 7.9378 0.4019 0.8853 8.2518 0.4019 0.9101
1590.0 10.0 −0.0800 0.0354 0.0088 7.1054 0.3852 0.7888 8.3419 0.3852 0.9252
1610.0 10.0 −0.0666 0.0317 0.0129 7.6396 0.3666 1.0137 8.7293 0.3666 1.0909
1630.0 10.0 −0.1203 0.0292 0.0134 7.3720 0.3436 0.8235 9.3873 0.3436 1.0416
1650.0 10.0 −0.1465 0.0288 0.0197 7.4999 0.3539 0.8812 10.0744 0.3539 1.1673
1670.0 10.0 −0.1648 0.0271 0.0187 7.8111 0.3543 0.8997 10.8933 0.3543 1.2373
1690.0 10.0 −0.1646 0.0270 0.0214 8.1015 0.3656 1.0098 11.2933 0.3656 1.3994
1710.0 10.0 0.0045 0.0296 0.0017 8.7686 0.3652 1.1043 8.6899 0.3652 1.0956
1730.0 10.0 −0.1863 0.0311 0.0228 6.5905 0.3505 0.8430 9.6090 0.3505 1.1704
1750.0 10.0 −0.1122 0.0330 0.0144 5.9559 0.3111 0.7146 7.4620 0.3111 0.8792
1770.0 10.0 −0.1320 0.0328 0.0196 4.8641 0.2581 0.6114 6.3429 0.2581 0.7723
1790.0 10.0 −0.2802 0.0352 0.0333 3.5618 0.2372 0.4607 6.3347 0.2372 0.7604
1810.0 10.0 −0.2367 0.0380 0.0294 3.7223 0.2550 0.4559 6.0312 0.2550 0.7069
1830.0 10.0 −0.1972 0.0467 0.0266 3.4923 0.2822 0.4285 5.2082 0.2822 0.6152
1850.0 10.0 −0.1872 0.0556 0.0245 3.3213 0.3157 0.4986 4.8517 0.3157 0.6632
1870.0 10.0 −0.1272 0.0676 0.0217 3.3710 0.3665 0.7470 4.3534 0.3665 0.8566
1890.0 10.0 −0.0357 0.0918 0.0203 3.5824 0.4819 1.4642 3.8476 0.4819 1.4998

Angular Distributions

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.1348 1.4247 0.3077 −0.4372−0.5966 0.2301 −0.1552−0.3203 0.0206 0.4898 0.2241 0.1437
−0.40 1.3064 2.2890 0.4064 0.7163 0.6837 0.4223 −0.2451−0.2860 0.1436 −0.1472−0.1779 0.0668

0.00 2.6564 4.5520 2.3046 0.2021 0.6611 0.0510 −0.8779−0.3641 0.0645 −0.2077−0.1964 0.0602
0.40 0.5382 1.8114 29.3644 −0.7423−3.3782 0.3688 −0.2120−0.5461 0.0719 1.0162 0.5877 0.0840
0.80 6.839637.6094 1.3498 6.357265.8549 4.3603 0.2727 2.7156 0.2976 26.52132663.5110156.0186

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2504 0.2046 0.0134 0.0574 0.1312 0.0368 −0.1180−0.0907 0.0279 −0.1039−0.0705 0.0460
−0.40 −0.2297−0.1482 0.0334 0.2207 0.1104 0.0266 −0.6090−0.1043 0.0360 −0.7055−0.0968 0.0175

0.00 −0.5364−0.1471 0.0367 −0.2982−0.1213 0.0306 −0.4800−0.1121 0.0511 −0.5287−0.0930 0.0775
0.40 −0.7417−0.2798 0.0380 −0.8971−0.2253 0.0346 −0.7661−0.1853 0.0523 −0.1724−0.1059 0.0161
0.80 7.146790.6729 4.1531 −2.5023−2.6200 0.4960 −0.5547−1.1617 0.0810 0.2347 0.4460 0.0350

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0085−0.0598 0.0068 −0.0444−0.0520 0.0060 −0.0011−0.0455 0.0029 −0.1228−0.0483 0.0236
−0.40 −0.4376−0.0787 0.0091 −0.5721−0.0791 0.0227 −0.5076−0.0794 0.0304 −0.4284−0.0834 0.0224

0.00 −0.4742−0.0844 0.0429 −0.2373−0.0749 0.0131 −0.4673−0.0843 0.0138 −0.2566−0.0760 0.0323
0.40 −0.5389−0.1041 0.0515 −0.7140−0.1206 0.0219 −0.2540−0.0986 0.0387 −0.3441−0.0924 0.0469
0.80 −2.5549−4.2763 0.9788 −1.2325−0.7327 0.2926 −0.0020−0.2725 0.0275 0.4504 0.2327 0.0379
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W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0056 0.0497 0.0006 0.1173 0.0476 0.0119 0.0369 0.0457 0.0103 −0.0416−0.0425 0.0237
−0.40 −0.2721−0.0753 0.0063 −0.0699−0.0761 0.0039 −0.1247−0.0764 0.0037 −0.1536−0.0691 0.0121

0.00 −0.0229−0.0812 0.0246 −0.4259−0.0892 0.0183 −0.1783−0.0822 0.0096 −0.1570−0.0782 0.0064
0.40 −0.3959−0.1007 0.0616 −0.2853−0.1033 0.0418 −0.0852−0.0934 0.0033 0.1138 0.0864 0.0189
0.80 −0.4189−0.2372 0.0381 1.4434 0.6005 0.1435 −0.4932−0.2175 0.0520 −0.3778−0.2016 0.3156

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2433 0.0463 0.0373 0.1418 0.0463 0.0149 0.1699 0.0442 0.0127 0.1334 0.0435 0.0275
−0.40 −0.1295−0.0620 0.0087 −0.2239−0.0640 0.0116 −0.3258−0.0540 0.0111 −0.1873−0.0563 0.0191

0.00 −0.4120−0.0657 0.0124 −0.5175−0.0633 0.0188 −0.4080−0.0569 0.0125 −0.1847−0.0542 0.0082
0.40 −0.2863−0.0811 0.0109 −0.1188−0.0690 0.0065 −0.1323−0.0656 0.0012 −0.3979−0.0717 0.0277
0.80 −0.7742−0.2612 0.0962 −0.2500−0.1846 0.0659 0.0309 0.1453 0.0223 −0.7597−0.2642 0.1726

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2181 0.0510 0.0182 0.1696 0.0530 0.0104 0.1215 0.0563 0.0242 0.0548 0.0584 0.0176
−0.40 −0.1347−0.0602 0.0046 −0.5584−0.0641 0.0398 −0.2341−0.0618 0.0059 −0.3712−0.0686 0.0292

0.00 −0.1982−0.0567 0.0042 −0.2099−0.0594 0.0269 −0.1121−0.0579 0.0073 −0.1030−0.0609 0.0090
0.40 −0.0285−0.0705 0.0213 −0.0954−0.0817 0.0091 −0.4054−0.0909 0.0377 −0.1351−0.0822 0.0132
0.80 0.2643 0.1826 0.0653 −0.2447−0.1599 0.0751 −0.3926−0.1894 0.0766 0.2250 0.3122 0.2714

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0303 0.0713 0.0336 0.2348 0.0762 0.0052 −0.0418−0.1035 0.0204 0.0282 0.1027 0.0513
−0.40 −0.3897−0.0827 0.0130 −0.4536−0.0830 0.0388 −0.3105−0.0965 0.0588 −0.0173−0.0955 0.0198

0.00 −0.5123−0.0744 0.0226 −0.1082−0.0739 0.0015 −0.7035−0.1088 0.0785 −0.2413−0.1148 0.0334
0.40 −0.2287−0.1016 0.0160 −0.4150−0.1123 0.0355 0.3951 0.1492 0.0494 −0.5831−0.1928 0.0949
0.80 0.6020 0.3033 0.0629 −0.4042−0.2119 2.6474 −1.0265−0.5378 0.2478 0.1695 0.4709 0.0563

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.4698−0.1353 0.0119 0.0722 0.1904 0.0080
−0.40 −0.3155−0.1328 0.0199 0.0530 0.1585 0.0954

0.00 −0.2439−0.1276 0.0376 −0.1936−0.1871 0.0161
0.40 0.1757 0.1916 0.0378 0.3688 0.2869 0.1052
0.80 0.7654 1.0819 0.1765 6.091011.0475 2.3320

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0655 0.0409 0.0043 0.0330 0.0453 0.0232 0.0720 0.0382 0.0070 0.2741 0.0524 0.0605
−0.40 0.0511 0.0436 0.0089 0.1019 0.0467 0.0019 0.0694 0.0361 0.0153 0.1851 0.0540 0.0103

0.00 0.0760 0.0472 0.0236 0.0696 0.0530 0.0074 0.0133 0.0422 0.0073 0.1725 0.0592 0.0145
0.40 0.0391 0.0573 0.5503 0.0049 0.0723 0.0070 0.0609 0.0584 0.0208 0.2880 0.0833 0.0261
0.80 0.3732 0.3663 0.0532 −0.1917 0.3771 0.1039 0.0593 0.1726 0.0106 −0.3221 1.6612 1.8261

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2686 0.0603 0.0083 0.4070 0.0713 0.0380 0.4471 0.0645 0.0393 0.6361 0.0704 0.0805
−0.40 0.2155 0.0572 0.0189 0.4724 0.0590 0.0473 0.2023 0.0652 0.0274 0.1806 0.0686 0.0145

0.00 0.1568 0.0620 0.0186 0.2916 0.0683 0.0230 0.2737 0.0752 0.0462 0.3062 0.0755 0.0676
0.40 0.0625 0.0769 0.0112 0.0373 0.0859 0.0130 0.0974 0.0866 0.0252 0.4848 0.0864 0.0462
0.80 −0.1813 0.3954 0.0915 −0.2253 0.2062 0.0744 0.0489 0.1577 0.0221 0.2914 0.1449 0.0499

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.8354 0.0712 0.0926 1.0949 0.0841 0.1124 1.3717 0.0884 0.2287 1.2537 0.0969 0.1588
−0.40 0.3939 0.0714 0.0168 0.3335 0.0757 0.0304 0.3854 0.0783 0.0406 0.4038 0.0766 0.0272

0.00 0.3730 0.0765 0.0521 0.5857 0.0791 0.0473 0.3899 0.0791 0.0204 0.5029 0.0704 0.0313
0.40 0.2835 0.0797 0.0491 0.1837 0.0892 0.0210 0.4912 0.0890 0.0720 0.4032 0.0760 0.0578
0.80 −0.1241 0.1759 0.1308 −0.0595 0.1672 0.1182 0.3779 0.1460 0.0345 0.6072 0.1256 0.0662

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.3255 0.0926 0.1144 1.4378 0.0860 0.1391 1.2885 0.0802 0.1588 1.2115 0.0759 0.1725
−0.40 0.4760 0.0672 0.0141 0.5634 0.0650 0.0039 0.5247 0.0642 0.0114 0.5298 0.0605 0.0427

0.00 0.5716 0.0672 0.0240 0.3121 0.0631 0.0157 0.4161 0.0580 0.0216 0.4630 0.0600 0.0246
0.40 0.3266 0.0716 0.0583 0.3672 0.0722 0.0497 0.4491 0.0646 0.0141 0.5560 0.0606 0.0287
0.80 0.2004 0.1067 0.0383 0.6155 0.1218 0.0616 0.1818 0.0990 0.0312 0.2365 0.1014 0.1190
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W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.4694 0.0753 0.1828 1.3600 0.0772 0.1227 1.3478 0.0709 0.1066 1.3212 0.0711 0.0993
−0.40 0.5819 0.0581 0.0196 0.5371 0.0612 0.0401 0.5321 0.0573 0.0318 0.6380 0.0614 0.0295

0.00 0.3742 0.0546 0.0117 0.3417 0.0563 0.0161 0.4948 0.0623 0.0251 0.6871 0.0635 0.0399
0.40 0.3958 0.0611 0.0112 0.5184 0.0570 0.0364 0.5649 0.0599 0.0233 0.4119 0.0645 0.0553
0.80 0.0786 0.1017 0.0576 0.2667 0.0901 0.1175 0.4501 0.0897 0.0405 0.0789 0.0976 0.1367

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.2056 0.0697 0.1051 1.0596 0.0670 0.0179 0.7717 0.0544 0.1361 0.6574 0.0514 0.0780
−0.40 0.6284 0.0612 0.0263 0.3000 0.0537 0.0565 0.4515 0.0502 0.0146 0.3056 0.0442 0.0454

0.00 0.6299 0.0618 0.0157 0.5866 0.0610 0.0476 0.5518 0.0506 0.0137 0.4603 0.0439 0.0185
0.40 0.6128 0.0628 0.0702 0.4981 0.0633 0.0451 0.2737 0.0548 0.0527 0.3462 0.0461 0.0485
0.80 0.4544 0.0897 0.0634 0.2572 0.0748 0.0691 0.1953 0.0802 0.0531 0.2028 0.0713 0.0164

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4416 0.0432 0.0439 0.5878 0.0499 0.0220 0.3673 0.0560 0.0140 0.3946 0.0557 0.0121
−0.40 0.2507 0.0447 0.0104 0.2236 0.0437 0.0253 0.2519 0.0476 0.0392 0.3583 0.0492 0.0098

0.00 0.2212 0.0425 0.0159 0.4116 0.0479 0.0183 0.1176 0.0499 0.0345 0.2768 0.0576 0.0665
0.40 0.2752 0.0500 0.0248 0.2091 0.0524 0.0253 0.4451 0.0626 0.0738 0.1244 0.0703 0.0720
0.80 0.3792 0.0870 0.0433 0.1825 0.0851 0.5057 −0.0058 0.1154 0.0608 0.2065 0.1160 0.0372

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1869 0.0611 0.0041 0.3428 0.0859 0.0543
−0.40 0.2197 0.0575 0.0181 0.3546 0.0754 0.0219

0.00 0.2800 0.0649 0.0813 0.3039 0.0979 0.0376
0.40 0.3619 0.0822 0.1282 0.3892 0.1082 0.2190
0.80 0.2235 0.1538 0.1273 1.0136 0.3618 0.5399

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0041 0.0409 0.0068 0.0843 0.0453 0.0080 0.0985 0.0382 0.0066 0.0939 0.0524 0.0340
−0.40 −0.0068 0.0436 0.0097 0.0168 0.0467 0.0205 0.1145 0.0361 0.0089 0.2490 0.0540 0.0197

0.00 −0.0344 0.0472 0.0193 0.0462 0.0530 0.0106 0.2047 0.0422 0.0061 0.2630 0.0592 0.0280
0.40 0.0117 0.0573 0.5378 0.0328 0.0723 0.0071 0.0937 0.0584 0.0124 −0.0023 0.0833 0.0141
0.80 −0.2780 0.3663 0.0233 0.1396 0.3771 0.1681 0.0339 0.1726 0.0214 0.2987 1.6612 1.8358

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1610 0.0603 0.0099 0.3629 0.0713 0.0452 0.5666 0.0645 0.0249 0.7836 0.0704 0.0644
−0.40 0.3441 0.0572 0.0446 0.3016 0.0590 0.0266 0.8325 0.0652 0.0484 1.0457 0.0686 0.0322

0.00 0.5197 0.0620 0.0299 0.5394 0.0683 0.0527 0.7790 0.0752 0.0835 0.9933 0.0755 0.0652
0.40 0.4212 0.0769 0.0062 0.6871 0.0859 0.0226 0.7351 0.0866 0.0425 0.6868 0.0864 0.0675
0.80 0.1368 0.3954 0.1919 0.5253 0.2062 0.1237 0.1707 0.1577 0.0346 0.1806 0.1449 0.0182

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.8497 0.0712 0.0859 1.1966 0.0841 0.1167 1.3748 0.0884 0.2243 1.6047 0.0969 0.1718
−0.40 1.0069 0.0714 0.0313 1.2251 0.0757 0.0519 1.1799 0.0783 0.0547 1.0092 0.0766 0.0351

0.00 1.0459 0.0765 0.0661 0.9500 0.0791 0.0651 1.0742 0.0791 0.0396 0.8499 0.0704 0.0131
0.40 0.9461 0.0797 0.0684 1.1012 0.0892 0.0368 0.8257 0.0890 0.0828 0.8261 0.0760 0.0612
0.80 0.2836 0.1759 0.2145 0.5717 0.1672 0.1953 0.3795 0.1460 0.0247 0.2301 0.1256 0.0471

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.3108 0.0926 0.1136 1.1360 0.0860 0.1086 1.1967 0.0802 0.1594 1.3166 0.0759 0.1747
−0.40 0.8320 0.0672 0.0149 0.6480 0.0650 0.0095 0.6741 0.0642 0.0127 0.7221 0.0605 0.0595

0.00 0.5985 0.0672 0.0094 0.7752 0.0631 0.0052 0.5966 0.0580 0.0217 0.6355 0.0600 0.0281
0.40 0.7547 0.0716 0.0523 0.6604 0.0722 0.0481 0.5328 0.0646 0.0132 0.4424 0.0606 0.0366
0.80 0.4892 0.1067 0.0514 −0.1117 0.1218 0.0300 0.5358 0.0990 0.0218 0.5237 0.1014 0.1578

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.8943 0.0753 0.1387 1.0221 0.0772 0.1035 0.9563 0.0709 0.0863 1.0102 0.0711 0.0859
−0.40 0.7551 0.0581 0.0266 0.8469 0.0612 0.0481 1.0464 0.0573 0.0452 0.9320 0.0614 0.0084

0.00 0.8985 0.0546 0.0079 1.0749 0.0563 0.0113 1.1768 0.0623 0.0279 0.9984 0.0635 0.0466
0.40 0.7134 0.0611 0.0039 0.6582 0.0570 0.0403 0.7371 0.0599 0.0290 0.9563 0.0645 0.0743
0.80 0.6180 0.1017 0.0911 0.4444 0.0901 0.1146 0.4232 0.0897 0.0494 0.5776 0.0976 0.1934
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W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7738 0.0697 0.0762 0.7523 0.0670 0.0174 0.6045 0.0544 0.1090 0.5891 0.0514 0.0728
−0.40 0.8242 0.0612 0.0296 1.0587 0.0537 0.0836 0.7274 0.0502 0.0179 0.6664 0.0442 0.0711

0.00 0.9412 0.0618 0.0156 0.8982 0.0610 0.0312 0.6911 0.0506 0.0201 0.5660 0.0439 0.0181
0.40 0.6487 0.0628 0.0718 0.6033 0.0633 0.0598 0.6470 0.0548 0.0700 0.4543 0.0461 0.0538
0.80 0.2644 0.0897 0.0411 0.4238 0.0748 0.0324 0.4478 0.0802 0.0265 0.1283 0.0713 0.0571

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4156 0.0432 0.0303 0.3642 0.0499 0.0154 0.3993 0.0560 0.0142 0.3729 0.0557 0.0374
−0.40 0.5709 0.0447 0.0142 0.5949 0.0437 0.0167 0.4788 0.0476 0.0308 0.3709 0.0492 0.0053

0.00 0.6858 0.0425 0.0178 0.5114 0.0479 0.0218 0.6755 0.0499 0.0339 0.4528 0.0576 0.0750
0.40 0.4383 0.0500 0.0298 0.5058 0.0524 0.0345 0.1930 0.0626 0.0532 0.4725 0.0703 0.1003
0.80 0.0942 0.0870 0.0292 0.4302 0.0851 0.3150 0.4405 0.1154 0.0649 0.1467 0.1160 0.0331

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.5181 0.0611 0.0052 0.2966 0.0859 0.0511
−0.40 0.4223 0.0575 0.0211 0.3189 0.0754 0.0705

0.00 0.4607 0.0649 0.0905 0.4498 0.0979 0.0437
0.40 0.2538 0.0822 0.1165 0.1795 0.1082 0.1891
0.80 0.0297 0.1538 0.0775 −0.7277 0.3618 0.3049
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E.5 Unpol. Results for π0π0 from CBELSA/TAPS
Data

E.5.1 Total Cross Sections as a Function of Eγ

Eγ ∆Eγ σqf−inc ∆stat ∆sys σp ∆stat ∆sys σn ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb] [µb] [µb] [µb]

420.0 20.0 0.4639 0.0336 0.0231 0.2530 0.0995 0.1918 0.1825 0.0997 0.1072
460.0 20.0 0.7661 0.5589 0.1906 0.8204 0.3801 0.5101 0.7268 0.2308 0.3876
500.0 20.0 2.7814 0.1067 0.0239 1.4200 0.2877 0.2966 0.7148 0.2069 0.1297
540.0 20.0 4.6164 0.1313 0.0558 2.0541 0.1978 0.1412 2.1141 0.2710 0.1430
580.0 20.0 7.2666 0.1580 0.0769 3.8767 0.2262 0.2595 3.9904 0.3031 0.3011
620.0 20.0 9.8945 0.1620 0.0789 5.4781 0.2181 0.2152 5.2059 0.2960 0.2038
660.0 20.0 12.7948 0.2100 0.1406 5.6811 0.3093 0.4837 6.1573 0.6190 1.2398
700.0 20.0 13.7666 0.1894 0.0716 7.4633 0.2213 0.3295 7.4847 0.3720 0.5221
740.0 20.0 15.2691 0.1598 0.0509 7.5428 0.1798 0.4087 8.3322 0.4155 0.8059
780.0 20.0 15.0008 0.1747 0.0963 7.4137 0.1894 0.4917 7.7962 0.4872 0.9378
820.0 20.0 14.2456 0.1843 0.0615 6.4246 0.1758 0.5578 7.9791 0.4828 0.8491
860.0 20.0 13.7823 0.1884 0.0622 5.9067 0.1733 0.4315 7.5409 0.3367 0.9740
900.0 20.0 12.6988 0.1842 0.0547 5.3074 0.1715 0.4633 7.4164 0.3303 0.7780
940.0 20.0 13.2107 0.1809 0.0494 5.6299 0.1625 0.3571 7.3880 0.3198 0.7389
980.0 20.0 14.1183 0.1252 0.0476 6.1671 0.1726 0.5169 7.4155 0.3310 0.6425

1020.0 20.0 15.1408 0.0863 0.0675 7.0456 0.1601 0.4740 7.6648 0.3257 0.8423
1060.0 20.0 14.3386 0.0963 0.1094 7.4249 0.1973 0.5458 8.2112 0.1394 0.4273
1100.0 20.0 13.7661 0.0922 0.0363 6.9958 0.1802 0.4204 7.1288 0.1376 0.2474
1140.0 20.0 13.1779 0.0824 0.0444 7.1859 0.1600 0.3776 6.6241 0.1173 0.2172
1180.0 20.0 10.0048 0.0743 0.0219 6.7256 0.0560 0.6177 5.2183 0.1019 0.4777
1220.0 20.0 9.0863 0.0843 0.0411 6.1455 0.0583 0.4290 4.3845 0.0981 0.2987
1260.0 20.0 7.8944 0.0740 0.1081 5.2770 0.0521 0.3734 3.8578 0.0749 0.2707
1300.0 20.0 8.2189 0.0688 0.1267 5.4679 0.0481 0.3737 4.0387 0.0690 0.2828
1340.0 20.0 8.4525 0.0696 0.0869 5.4666 0.0495 0.3098 3.9431 0.0788 0.2154
1380.0 20.0 7.3360 0.0745 0.0596 4.7334 0.0516 0.2691 3.5139 0.0888 0.1942
1420.0 20.0 7.3963 0.0740 0.1168 4.7210 0.0503 0.2644 3.5463 0.0858 0.2198
1460.0 20.0 7.4921 0.0695 0.1218 4.7307 0.0468 0.3229 3.6449 0.0772 0.2498
1500.0 20.0 7.5110 0.0680 0.0711 4.6461 0.0438 0.2261 3.5330 0.0785 0.1927
1540.0 20.0 7.1090 0.0757 0.0472 4.4255 0.0513 0.2482 3.4844 0.0826 0.1941
1580.0 20.0 7.0311 0.0774 0.0650 4.2191 0.0486 0.1944 3.2230 0.0827 0.1545
1620.0 20.0 6.9713 0.0706 0.1861 3.9285 0.0418 0.1122 3.5347 0.0841 0.1003
1660.0 20.0 6.5982 0.0716 0.0690 3.9958 0.0448 0.1275 3.1252 0.0690 0.1011
1700.0 20.0 5.9787 0.0687 0.0808 3.5747 0.0420 0.1632 2.9577 0.0716 0.1408
1740.0 20.0 6.2212 0.0645 0.0575 3.6435 0.0392 0.1103 2.8211 0.0629 0.0872
1780.0 20.0 5.9448 0.0678 0.0664 3.5369 0.0403 0.1338 2.7550 0.0656 0.1068
1820.0 20.0 5.9043 0.0657 0.0601 3.4663 0.0404 0.1401 2.6929 0.0668 0.1090
1860.0 20.0 5.6686 0.0670 0.0932 3.1881 0.0393 0.0710 2.6071 0.0685 0.0749
1900.0 20.0 5.7063 0.0648 0.1817 3.2869 0.0364 0.0867 2.7102 0.0648 0.0780
1940.0 20.0 5.3663 0.0784 0.1988 3.1633 0.0450 0.0966 2.6080 0.0844 0.0846
1980.0 20.0 5.1480 0.0618 0.0377 2.9755 0.0353 0.1424 2.3591 0.0637 0.1177
2020.0 20.0 5.4129 0.0620 0.0647 3.1325 0.0350 0.1184 2.3731 0.0644 0.0745
2060.0 20.0 5.6539 0.0702 0.0703 3.3610 0.0406 0.0647 2.5691 0.0779 0.0554
2100.0 20.0 5.3301 0.0616 0.0649 3.0916 0.0361 0.1482 2.3184 0.0587 0.0958
2140.0 20.0 5.3652 0.0729 0.0689 3.2016 0.0446 0.1172 2.5108 0.0727 0.1016
2180.0 20.0 5.2215 0.0718 0.1853 3.1796 0.0438 0.0977 2.3321 0.0759 0.0845
2220.0 20.0 5.1484 0.0772 0.0558 3.0823 0.0507 0.1181 2.2837 0.0796 0.0958
2260.0 20.0 4.9551 0.0814 0.0769 3.0435 0.0521 0.0958 2.1272 0.0807 0.0788
2300.0 20.0 4.6964 0.2067 0.1721 2.9494 0.1323 0.2745 1.6433 0.1884 0.1795
2340.0 20.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2380.0 20.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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E.5.2 Total Cross Sections as a Function of W

W ∆W σqfp ∆stat ∆sys σqfn ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1310.0 10.0 0.5280 0.4866 0.0329 0.3857 0.1561 0.0045
1330.0 10.0 0.4990 0.3751 0.3426 −0.0001 0.1701 0.2187
1350.0 10.0 1.9180 0.3677 0.3179 0.8010 0.1779 0.1222
1370.0 10.0 4.1200 0.3638 0.5526 1.7200 0.2010 0.1536
1390.0 10.0 5.6077 0.5060 0.7204 3.0412 0.2606 0.2627
1410.0 10.0 6.9658 0.3541 0.9077 3.8681 0.3001 0.3216
1430.0 10.0 6.9605 0.3079 0.5492 4.2163 0.3095 0.3639
1450.0 10.0 6.9478 0.4137 0.7037 5.1105 0.5040 0.5792
1470.0 10.0 7.8028 0.2741 0.7727 7.3781 0.4515 0.4755
1490.0 10.0 7.9524 0.2361 0.3179 8.3325 0.3420 0.7420
1510.0 10.0 7.5957 0.2131 0.4162 8.4282 0.3529 0.7383
1530.0 10.0 6.9739 0.2125 0.4793 8.4410 0.3878 0.9804
1550.0 10.0 6.3517 0.1934 0.5843 7.8324 0.4989 0.8036
1570.0 10.0 5.7406 0.1823 0.4840 7.6511 0.4245 0.8203
1590.0 10.0 5.4611 0.2504 0.4601 6.8179 0.3466 0.9895
1610.0 10.0 5.2043 0.1838 0.4388 7.8101 0.3234 1.0421
1630.0 10.0 5.8514 0.1756 0.4380 7.5938 0.2954 0.6003
1650.0 10.0 6.6316 0.1848 0.4826 8.3069 0.3124 0.6762
1670.0 10.0 7.0859 0.1808 0.6057 7.9627 0.3285 0.6413
1690.0 10.0 7.6418 0.1846 0.6372 8.4826 0.1450 0.4281
1710.0 10.0 7.6040 0.1942 0.4066 7.4740 0.1406 0.2552
1730.0 10.0 6.7143 0.1927 0.3586 6.4012 0.1329 0.2089
1750.0 10.0 6.6275 0.0949 0.6164 5.4169 0.1154 0.4945
1770.0 10.0 6.0917 0.0899 0.4806 4.7774 0.1045 0.4343
1790.0 10.0 5.8581 0.0538 0.4086 4.1966 0.0872 0.2866
1810.0 10.0 5.3857 0.0483 0.3854 3.8831 0.0756 0.2747
1830.0 10.0 5.0510 0.0496 0.3509 3.5583 0.0704 0.2424
1850.0 10.0 5.1224 0.0535 0.2934 3.5897 0.0854 0.2029
1870.0 10.0 4.8958 0.0501 0.2804 3.8149 0.0818 0.2147
1890.0 10.0 4.7072 0.0481 0.2581 3.4832 0.0835 0.2011
1910.0 10.0 4.4617 0.0463 0.2989 3.5012 0.0766 0.2301
1930.0 10.0 4.3887 0.0452 0.2101 3.4852 0.0856 0.1812
1950.0 10.0 4.3044 0.0445 0.2317 3.6079 0.0794 0.1938
1970.0 10.0 4.1077 0.0443 0.1831 3.2623 0.0771 0.1482
1990.0 10.0 3.7560 0.0418 0.1187 3.3791 0.0787 0.1036
2010.0 10.0 3.6814 0.0399 0.1636 2.7785 0.0675 0.1303
2030.0 10.0 3.5041 0.0408 0.1086 2.8279 0.0670 0.0917
2050.0 10.0 3.3690 0.0383 0.1300 2.8356 0.0652 0.1098
2070.0 10.0 3.2766 0.0379 0.1302 2.7946 0.0674 0.1129
2090.0 10.0 3.3362 0.0374 0.0686 2.6827 0.0711 0.0634
2110.0 10.0 3.2080 0.0387 0.0860 2.6674 0.0618 0.1335
2130.0 10.0 3.1543 0.0355 0.0920 2.3811 0.0685 0.0938
2150.0 10.0 3.0262 0.0358 0.1446 2.5661 0.0637 0.1281
2170.0 10.0 3.0111 0.0397 0.0389 2.2609 0.0633 0.0620
2190.0 10.0 3.0121 0.0373 0.1309 2.4562 0.0671 0.1067
2210.0 10.0 3.0520 0.0423 0.1113 2.4915 0.0790 0.1017
2230.0 10.0 3.1702 0.0481 0.0850 2.4637 0.0881 0.0760
2250.0 10.0 3.3326 0.0537 0.1078 2.4511 0.0973 0.0824
2270.0 10.0 3.6172 0.0901 0.1154 2.9283 0.1402 0.1177
2290.0 10.0 4.3231 0.1146 0.0701 2.7669 0.1761 0.0790
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W ∆W σp ∆stat ∆sys σn ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1286.2 9.0 0.0169 0.0123 2.3412 0.4901 0.1984 0.2057
1304.4 8.9 9.3447 2.7296 2.3412 −0.0005 0.2144 0.2797
1322.2 8.8 6.2078 2.1425 0.0032 1.0014 0.2224 0.1274
1339.8 8.7 5.8729 2.1082 2.2391 2.1340 0.2493 0.1981
1357.2 8.6 0.1751 1.3987 2.2391 4.0909 0.4008 0.2667
1374.4 8.5 5.5232 0.7775 0.1929 5.0021 0.4295 0.3238
1391.4 8.4 3.6877 0.4249 0.3610 5.3213 0.4062 0.3120
1408.1 8.3 5.4408 0.2853 0.3610 7.0308 0.7650 0.5083
1424.7 8.2 5.4286 0.2649 0.4054 9.2938 0.6073 0.4782
1441.1 8.1 7.0800 0.2759 0.4054 9.6442 0.4006 0.5274
1457.2 8.0 6.6260 0.1289 0.5594 10.7303 0.5213 0.7072
1473.3 8.0 8.7651 0.2114 0.6690 9.7660 0.4892 0.8400
1489.1 7.9 8.8411 0.1257 0.6690 9.4777 0.7310 0.9096
1504.8 7.8 9.4467 0.1374 0.4790 8.9425 0.5259 0.7218
1520.3 7.7 8.4960 0.1352 0.4437 8.2422 0.4912 0.6661
1535.6 7.6 8.4450 0.1295 0.4437 9.2947 0.3932 0.8012
1550.8 7.6 7.3792 0.1352 0.3872 8.9239 0.3636 0.6663
1565.9 7.5 7.3586 0.1287 0.3872 9.3920 0.3636 0.8898
1580.8 7.4 6.7086 0.1212 0.3706 9.1249 0.3807 0.6845
1595.6 7.3 6.3071 0.1131 0.4217 9.9771 0.1681 0.7145
1610.2 7.2 7.2996 0.1221 0.4217 8.4256 0.1593 0.5150
1624.7 7.2 6.2526 0.1091 0.3856 7.7561 0.1642 0.4363
1639.1 7.2 7.2531 0.1212 0.3347 5.8683 0.1215 0.6301
1653.3 7.2 8.9749 0.1372 0.3347 5.1677 0.1105 0.5512
1667.4 7.1 9.3480 0.1242 0.3501 4.6198 0.0943 0.3988
1681.4 7.0 9.2262 0.1187 0.3500 4.2454 0.0832 0.3748
1695.3 6.9 8.9949 0.1195 0.3627 3.9676 0.0773 0.3363
1709.1 6.9 10.5885 0.1782 0.3193 4.0581 0.0988 0.3009
1722.8 6.8 9.7503 0.1115 0.3193 4.1791 0.0898 0.3114
1736.4 6.8 9.2093 0.1200 0.2652 3.7595 0.0892 0.2911
1749.8 6.7 7.3520 0.0962 0.3264 3.8763 0.0857 0.3134
1763.2 6.7 7.4746 0.1081 0.3264 3.7558 0.0920 0.2724
1776.4 6.7 6.6237 0.1258 0.2318 3.8575 0.0847 0.2818
1789.6 6.6 5.9339 0.0973 0.2318 3.5186 0.0838 0.2408
1802.6 6.6 6.4976 0.0866 0.3657 3.4977 0.0786 0.2146
1815.6 6.5 5.5598 0.0758 0.8038 2.9878 0.0723 0.2058
1828.5 6.4 5.5629 0.0853 0.8038 2.9757 0.0691 0.1829
1841.3 6.3 5.5755 0.0770 0.1986 2.9624 0.0673 0.1963
1854.0 6.3 5.8149 0.0878 0.2088 2.8652 0.0667 0.1914
1866.6 6.3 4.9713 0.1055 0.2088 2.8214 0.0747 0.1558
1879.1 6.3 5.2478 0.0891 0.1684 2.8615 0.0665 0.1399
1891.5 6.2 4.7529 0.0725 0.1684 2.4640 0.0705 0.1438
1903.9 6.2 5.3713 0.0798 0.1415 2.6136 0.0643 0.2118
1916.2 6.1 4.7036 0.0722 0.1151 2.4322 0.0693 0.1386
1928.4 6.1 4.7585 0.0792 0.1151 2.5706 0.0727 0.1663
1940.5 6.1 4.9446 0.0954 0.1118 2.6569 0.0880 0.1704
1952.6 6.0 4.6321 0.0829 0.1525 2.6499 0.0941 0.1467
1964.5 6.0 4.2369 0.0919 0.1525 2.4764 0.0988 0.1542
1976.4 5.9 4.4748 0.0766 0.1528 2.9779 0.1491 0.1825
1988.3 5.9 4.1532 0.0776 0.1528 2.6090 0.1921 0.1396

E.5.3 γd→ π0π0p(n) as a Function of W

Angular Distributions

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0287 0.0097 0.0048 0.0769 0.0157 0.0094 0.1204 0.0193 0.0202 0.1479 0.0222 0.0128
−0.40 0.0405 0.0129 0.0145 0.0545 0.0125 0.0178 0.1422 0.0192 0.0130 0.2211 0.0182 0.0062

0.00 0.0407 0.0229 0.0227 0.0914 0.0214 0.0470 0.1241 0.0220 0.0155 0.2127 0.0245 0.0063
0.40 −0.0457 0.0694−0.0246 0.0053 0.0476−0.0199 0.0798 0.0280 0.0144 0.2734 0.0300 0.0247
0.80 0.0897 0.1562−0.0042 −0.0659 0.1191 0.0820 0.2568 0.1160 0.0634 0.7349 0.1130 0.1699

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1789 0.0226 0.0120 0.3046 0.0258 0.0156 0.3008 0.0463 0.0342 0.4968 0.0419 0.0621
−0.40 0.2557 0.0170 0.0051 0.2808 0.0189 0.0038 0.3844 0.0381 0.0613 0.5092 0.0387 0.0443

0.00 0.2278 0.0209 0.0062 0.3536 0.0188 0.0100 0.3833 0.0352 0.0467 0.5380 0.0341 0.0328
0.40 0.3809 0.0281 0.0440 0.4281 0.0305 0.0492 0.5475 0.0264 0.0240 0.6569 0.0199 0.0440
0.80 1.1260 0.1640 0.2195 1.2428 0.1111 0.2825 1.1203 0.0738 0.0524 0.6087 0.1206 0.0967

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7706 0.0382 0.1041 0.8122 0.0381 0.0242 0.8269 0.0363 0.0237 0.7764 0.0359 0.0337
−0.40 0.6831 0.0645 0.0911 0.7407 0.0568 0.0383 0.6567 0.0490 0.0577 0.4952 0.0457 0.0505

0.00 0.5306 0.0497 0.0694 0.6544 0.0430 0.0360 0.5991 0.0386 0.0436 0.5570 0.0389 0.0578
0.40 0.6767 0.0142 0.0226 0.6156 0.0100 0.0131 0.6184 0.0090 0.0201 0.5439 0.0081 0.0291
0.80 0.5604 0.0323 0.0201 0.3889 0.0188 0.0149 0.3658 0.0146 0.0204 0.3563 0.0147 0.0196
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W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7087 0.0389 0.0244 0.6708 0.0355 0.0674 0.5517 0.0667 0.0756 0.6094 0.0412 0.0302
−0.40 0.5922 0.0529 0.0926 0.4509 0.0441 0.0416 0.4044 0.0432 0.0309 0.3828 0.0426 0.0349

0.00 0.4446 0.0316 0.0576 0.3759 0.0311 0.0363 0.3909 0.0318 0.0297 0.2504 0.0284 0.0335
0.40 0.5067 0.0078 0.0306 0.4766 0.0075 0.0259 0.4589 0.0072 0.0238 0.5085 0.0070 0.0374
0.80 0.3592 0.0112 0.0274 0.3560 0.0098 0.0214 0.3834 0.0101 0.0230 0.4355 0.0091 0.0387

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6114 0.0368 0.0362 0.6459 0.0378 0.0299 0.6761 0.0295 0.0496 0.6970 0.0280 0.1067
−0.40 0.4478 0.0451 0.0492 0.4347 0.0352 0.0484 0.4830 0.0342 0.0632 0.4944 0.0417 0.0513

0.00 0.3289 0.0282 0.0267 0.3960 0.0313 0.0449 0.4103 0.0342 0.0609 0.4627 0.0352 0.0461
0.40 0.5600 0.0068 0.0242 0.6289 0.0066 0.0415 0.6983 0.0073 0.0467 0.7382 0.0075 0.0403
0.80 0.4919 0.0094 0.0380 0.5993 0.0099 0.0274 0.6566 0.0101 0.0206 0.7259 0.0108 0.0092

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6797 0.0298 0.0559 0.5290 0.0280 0.0237 0.4460 0.0251 0.0567 0.4046 0.0239 0.0355
−0.40 0.4008 0.0398 0.0114 0.4150 0.0328 0.0366 0.3951 0.0304 0.0337 0.3990 0.0269 0.0314

0.00 0.4708 0.0371 0.0163 0.4029 0.0380 0.0177 0.5276 0.0080 0.0461 0.4741 0.0077 0.0297
0.40 0.7573 0.0087 0.0464 0.6849 0.0080 0.0318 0.6188 0.0072 0.0579 0.5745 0.0070 0.0435
0.80 0.7458 0.0118 0.0317 0.7203 0.0104 0.0329 0.6234 0.0102 0.0510 0.5791 0.0100 0.0512

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4113 0.0111 0.0275 0.3621 0.0087 0.0173 0.3505 0.0101 0.0220 0.3738 0.0111 0.0171
−0.40 0.4406 0.0095 0.0225 0.3931 0.0078 0.0285 0.3764 0.0082 0.0253 0.4080 0.0085 0.0219

0.00 0.4485 0.0076 0.0265 0.4169 0.0070 0.0288 0.3792 0.0068 0.0259 0.3650 0.0069 0.0218
0.40 0.5154 0.0060 0.0388 0.4766 0.0063 0.0320 0.4747 0.0067 0.0304 0.4782 0.0064 0.0295
0.80 0.5382 0.0078 0.0472 0.5076 0.0080 0.0468 0.4695 0.0076 0.0361 0.4779 0.0088 0.0265

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV W=(1910.0±10.0)MeV W=(1930.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3392 0.0100 0.0149 0.3385 0.0096 0.0145 0.3090 0.0090 0.0236 0.3114 0.0093 0.0131
−0.40 0.3706 0.0082 0.0200 0.3480 0.0076 0.0202 0.3309 0.0072 0.0214 0.3372 0.0070 0.0189

0.00 0.3583 0.0064 0.0229 0.3404 0.0061 0.0260 0.3181 0.0058 0.0204 0.3013 0.0055 0.0220
0.40 0.4647 0.0067 0.0291 0.4460 0.0066 0.0308 0.4271 0.0062 0.0273 0.4027 0.0062 0.0232
0.80 0.4653 0.0087 0.0246 0.4444 0.0085 0.0112 0.4377 0.0086 0.0263 0.4420 0.0080 0.0063

W=(1950.0±10.0)MeV W=(1970.0±10.0)MeV W=(1990.0±10.0)MeV W=(2010.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3127 0.0094 0.0125 0.2965 0.0091 0.0122 0.2880 0.0089 0.0136 0.2650 0.0084 0.0173
−0.40 0.3410 0.0067 0.0177 0.3283 0.0068 0.0158 0.2854 0.0062 0.0075 0.2859 0.0060 0.0138

0.00 0.3078 0.0053 0.0211 0.2843 0.0056 0.0149 0.2569 0.0050 0.0087 0.2516 0.0048 0.0101
0.40 0.3808 0.0060 0.0249 0.3654 0.0055 0.0186 0.3295 0.0053 0.0134 0.3287 0.0050 0.0130
0.80 0.4099 0.0078 0.0159 0.4050 0.0076 0.0113 0.3649 0.0072 0.0040 0.3709 0.0069 0.0109

W=(2030.0±10.0)MeV W=(2050.0±10.0)MeV W=(2070.0±10.0)MeV W=(2090.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2743 0.0089 0.0085 0.2815 0.0077 0.0090 0.2583 0.0082 0.0109 0.2704 0.0083 0.0052
−0.40 0.2646 0.0058 0.0080 0.2524 0.0055 0.0111 0.2231 0.0058 0.0069 0.2286 0.0056 0.0064

0.00 0.2272 0.0049 0.0078 0.2153 0.0052 0.0098 0.2125 0.0046 0.0075 0.2180 0.0045 0.0052
0.40 0.3070 0.0050 0.0104 0.3096 0.0050 0.0123 0.3015 0.0047 0.0134 0.2984 0.0044 0.0043
0.80 0.3538 0.0067 0.0086 0.3226 0.0063 0.0096 0.3325 0.0063 0.0132 0.3315 0.0060 0.0062

W=(2110.0±10.0)MeV W=(2130.0±10.0)MeV W=(2150.0±10.0)MeV W=(2170.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2514 0.0088 0.0038 0.2662 0.0076 0.0058 0.2205 0.0076 0.0315 0.2332 0.0073 0.0014
−0.40 0.2478 0.0057 0.0067 0.2103 0.0055 0.0065 0.2037 0.0052 0.0096 0.1980 0.0054 0.0043

0.00 0.1962 0.0045 0.0082 0.1989 0.0045 0.0070 0.2050 0.0046 0.0042 0.1849 0.0060 0.0037
0.40 0.3000 0.0045 0.0102 0.2801 0.0048 0.0085 0.2824 0.0045 0.0070 0.3016 0.0048 0.0038
0.80 0.3320 0.0063 0.0052 0.3163 0.0057 0.0088 0.3118 0.0057 0.0052 0.3186 0.0062 0.0023

W=(2190.0±10.0)MeV W=(2210.0±10.0)MeV W=(2230.0±10.0)MeV W=(2250.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2184 0.0077 0.0220 0.2033 0.0087 0.0168 0.2033 0.0083 0.0042 0.2086 0.0097 0.0157
−0.40 0.1999 0.0059 0.0076 0.1870 0.0067 0.0075 0.2024 0.0087 0.0077 0.2046 0.0080 0.0068

0.00 0.1710 0.0046 0.0021 0.1963 0.0056 0.0054 0.2031 0.0071 0.0096 0.2179 0.0075 0.0051
0.40 0.2962 0.0051 0.0059 0.3151 0.0057 0.0078 0.3016 0.0068 0.0086 0.3121 0.0086 0.0087
0.80 0.3553 0.0064 0.0145 0.3446 0.0068 0.0068 0.3733 0.0081 0.0037 0.3960 0.0095 0.0067
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W=(2270.0±10.0)MeV W=(2290.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2317 0.0143 0.0171 0.2238 0.0170 0.0053
−0.40 0.2165 0.0131 0.0045 0.2558 0.0182 0.0047

0.00 0.2168 0.0152 0.0022 0.3043 0.0154 0.0018
0.40 0.3306 0.0101 0.0079 0.3396 0.0151 0.0017
0.80 0.4582 0.0130 0.0142 0.5560 0.0243 0.0144

Decomposed Total Cross Sections

W ∆W σPhaseSpace ∆stat σ∆(1232) ∆stat σN(1520) ∆stat

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1320.0 20.0 0.0800 0.2505 0.1206 0.0219 0.1964 0.0518
1360.0 20.0 0.5672 0.0687 0.8985 0.0767 0.5642 0.0704
1400.0 20.0 0.0057 0.0004 4.9665 0.2418 1.0655 0.0510
1440.0 20.0 0.0024 0.0002 6.0759 0.2014 0.8367 0.0603
1480.0 20.0 0.1793 0.0075 7.7133 0.1584 0.1279 0.0044
1520.0 20.0 0.1907 0.0059 7.0269 0.1296 0.0000 0.0000
1560.0 20.0 0.3440 0.0086 5.7872 0.1233 0.0000 0.0000
1600.0 20.0 0.3202 0.0070 4.9651 0.1324 0.0000 0.0000
1640.0 20.0 1.1829 0.0214 4.8716 0.1095 0.1581 0.0063
1680.0 20.0 1.9909 0.0238 5.0837 0.1016 0.4230 0.0208
1720.0 20.0 0.8890 0.0118 5.0441 0.0977 0.9587 0.0358
1760.0 20.0 1.1730 0.0374 3.9550 0.0515 1.1215 0.0309
1800.0 20.0 0.9334 0.0141 2.9275 0.0241 1.6235 0.0140
1840.0 20.0 1.4480 0.0189 2.6693 0.0228 1.0658 0.0136
1880.0 20.0 1.3852 0.0160 3.2324 0.0270 0.2951 0.0036
1920.0 20.0 1.2431 0.0133 2.9166 0.0258 0.3752 0.0048
1960.0 20.0 1.3310 0.0145 2.4510 0.0230 0.4734 0.0059
2000.0 20.0 1.1454 0.0135 2.0947 0.0209 0.5296 0.0066
2040.0 20.0 1.0441 0.0113 1.7642 0.0193 0.5427 0.0073
2080.0 20.0 1.3432 0.0168 1.3923 0.0153 0.5809 0.0068
2120.0 20.0 1.2329 0.0148 1.1590 0.0138 0.7180 0.0096
2160.0 20.0 1.1696 0.0153 1.0210 0.0130 0.8227 0.0104
2200.0 20.0 1.0624 0.0148 0.8156 0.0116 1.1396 0.0152
2240.0 20.0 1.4014 0.0221 0.7396 0.0159 1.1065 0.0174
2280.0 20.0 1.7068 0.0415 0.7401 0.0232 1.2259 0.0339

E.5.4 γd→ π0π0n(p) as a Function of W

Angular Distributions

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0757 0.0309 0.0086 0.0559 0.0296 0.0093 0.0317 0.0228 0.0055 0.0965 0.0285 0.0083
−0.40 0.0296 0.0236 0.0109 0.0650 0.0336 0.0244 0.0904 0.0327 0.0083 0.2388 0.0421 0.0068

0.00 0.0314 0.0220 0.0196 0.0480 0.0267 0.0269 0.1163 0.0333 0.0136 0.1716 0.0288 0.0042
0.40 −0.0040 0.0166−0.0043 0.0455 0.0245 0.0296 0.0578 0.0225 0.0159 0.0969 0.0282 0.0098
0.80 −0.0024 0.0231−0.0330 −0.0143 0.0244−0.0033 0.0115 0.0206 0.0053 0.1039 0.0395 0.0320

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2009 0.0511 0.0166 0.2529 0.0528 0.0144 0.3004 0.0590 0.0610 0.4564 0.0671 0.0618
−0.40 0.2785 0.0496 0.0064 0.2955 0.0438 0.0072 0.3714 0.0451 0.0163 0.4644 0.1263 0.0470

0.00 0.2657 0.0320 0.0055 0.3921 0.0466 0.0152 0.4035 0.0428 0.0142 0.4812 0.0962 0.0536
0.40 0.2654 0.0335 0.0266 0.2671 0.0307 0.0314 0.3312 0.0446 0.0348 0.4966 0.0349 0.0449
0.80 0.2268 0.0477 0.0495 0.2587 0.0470 0.0598 0.2598 0.0521 0.0185 0.1943 0.0410 0.0232

W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6970 0.0656 0.0323 1.0044 0.0564 0.1625 1.0045 0.0551 0.0735 1.0242 0.0768 0.1524
−0.40 0.6358 0.0734 0.0758 0.7215 0.0443 0.0456 0.6850 0.0761 0.0807 0.6140 0.0800 0.0922

0.00 0.6560 0.0879 0.0510 0.6621 0.0652 0.0436 0.6567 0.0666 0.0816 0.6384 0.0663 0.0879
0.40 0.5760 0.0283 0.0149 0.6077 0.0221 0.0233 0.6472 0.0206 0.0369 0.6155 0.0207 0.0349
0.80 0.3630 0.0318 0.0152 0.3221 0.0201 0.0201 0.3607 0.0225 0.0211 0.4093 0.0228 0.0226

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.9409 0.0576 0.0497 0.9396 0.1059 0.1123 0.8325 0.0640 0.1531 0.8868 0.0815 0.0793
−0.40 0.5890 0.1209 0.1134 0.5879 0.1070 0.0858 0.6819 0.1156 0.1022 0.6395 0.1139 0.1766

0.00 0.5821 0.1011 0.0899 0.5410 0.0564 0.0686 0.4165 0.0573 0.0796 0.5970 0.0361 0.0828
0.40 0.5446 0.0196 0.0355 0.5500 0.0195 0.0340 0.4926 0.0307 0.0324 0.5086 0.0176 0.0375
0.80 0.4069 0.0224 0.0314 0.4063 0.0213 0.0257 0.4044 0.0189 0.0264 0.4266 0.0207 0.0385
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W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.9249 0.0692 0.0804 0.9635 0.0718 0.0465 0.7436 0.0597 0.0539 0.7654 0.0313 0.1074
−0.40 0.6703 0.0655 0.0596 0.6728 0.0786 0.0863 0.6096 0.0741 0.0707 0.7208 0.0246 0.0235

0.00 0.5176 0.0426 0.0392 0.5953 0.0459 0.0748 0.7167 0.0584 0.0761 0.7220 0.0190 0.0115
0.40 0.5969 0.0176 0.0266 0.6172 0.0180 0.0403 0.5796 0.0183 0.0381 0.6573 0.0185 0.0227
0.80 0.3890 0.0203 0.0331 0.4663 0.0181 0.0212 0.4307 0.0189 0.0163 0.5059 0.0213 0.0053

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6233 0.0279 0.0158 0.4970 0.0298 0.0055 0.3644 0.0213 0.0410 0.3055 0.0203 0.0351
−0.40 0.6430 0.0235 0.0058 0.4968 0.0221 0.0122 0.4384 0.0187 0.0364 0.3962 0.0166 0.0330

0.00 0.6829 0.0226 0.0240 0.6157 0.0192 0.0233 0.5017 0.0178 0.0433 0.4649 0.0159 0.0405
0.40 0.5903 0.0181 0.0375 0.5229 0.0147 0.0245 0.4494 0.0143 0.0432 0.3826 0.0127 0.0365
0.80 0.4214 0.0146 0.0185 0.3661 0.0140 0.0176 0.3852 0.0165 0.0329 0.3243 0.0143 0.0278

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2499 0.0150 0.0169 0.2561 0.0115 0.0124 0.2284 0.0133 0.0140 0.2528 0.0136 0.0114
−0.40 0.3206 0.0158 0.0174 0.3400 0.0138 0.0256 0.2914 0.0125 0.0217 0.2931 0.0129 0.0168

0.00 0.4050 0.0133 0.0244 0.3734 0.0113 0.0262 0.3564 0.0102 0.0245 0.3414 0.0147 0.0207
0.40 0.3635 0.0113 0.0276 0.2958 0.0087 0.0201 0.2730 0.0089 0.0179 0.2891 0.0103 0.0179
0.80 0.3082 0.0139 0.0278 0.2613 0.0140 0.0251 0.2316 0.0110 0.0184 0.2331 0.0115 0.0139

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV W=(1910.0±10.0)MeV W=(1930.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2939 0.0142 0.0141 0.2489 0.0152 0.0112 0.2894 0.0144 0.0223 0.2737 0.0159 0.0124
−0.40 0.3261 0.0130 0.0186 0.2857 0.0137 0.0176 0.2923 0.0125 0.0192 0.2924 0.0142 0.0176

0.00 0.3565 0.0131 0.0232 0.3547 0.0132 0.0273 0.3121 0.0120 0.0202 0.3247 0.0131 0.0243
0.40 0.2636 0.0096 0.0163 0.2618 0.0097 0.0186 0.2436 0.0085 0.0156 0.2419 0.0090 0.0147
0.80 0.2422 0.0119 0.0132 0.1947 0.0117 0.0054 0.2266 0.0102 0.0143 0.2191 0.0126 0.0031

W=(1950.0±10.0)MeV W=(1970.0±10.0)MeV W=(1990.0±10.0)MeV W=(2010.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3026 0.0140 0.0136 0.2429 0.0131 0.0102 0.2867 0.0163 0.0080 0.2139 0.0124 0.0152
−0.40 0.2805 0.0126 0.0151 0.2805 0.0123 0.0136 0.2770 0.0114 0.0094 0.2399 0.0115 0.0117

0.00 0.3209 0.0132 0.0221 0.2968 0.0128 0.0160 0.2845 0.0110 0.0119 0.2345 0.0099 0.0099
0.40 0.2503 0.0100 0.0164 0.2373 0.0091 0.0125 0.2353 0.0089 0.0086 0.2259 0.0083 0.0093
0.80 0.2381 0.0100 0.0099 0.2225 0.0103 0.0067 0.2375 0.0118 0.0033 0.2002 0.0109 0.0057

W=(2030.0±10.0)MeV W=(2050.0±10.0)MeV W=(2070.0±10.0)MeV W=(2090.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2146 0.0127 0.0060 0.2133 0.0112 0.0068 0.2111 0.0131 0.0101 0.1875 0.0105 0.0048
−0.40 0.2314 0.0106 0.0068 0.2169 0.0096 0.0095 0.2375 0.0104 0.0073 0.1653 0.0094 0.0052

0.00 0.2299 0.0090 0.0078 0.2249 0.0098 0.0104 0.2191 0.0094 0.0078 0.2109 0.0109 0.0052
0.40 0.2352 0.0088 0.0082 0.2397 0.0086 0.0096 0.2108 0.0076 0.0099 0.2257 0.0102 0.0035
0.80 0.2224 0.0118 0.0077 0.2371 0.0110 0.0075 0.2371 0.0112 0.0099 0.2564 0.0131 0.0065

W=(2110.0±10.0)MeV W=(2130.0±10.0)MeV W=(2150.0±10.0)MeV W=(2170.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2157 0.0105 0.0118 0.1565 0.0103 0.0046 0.2019 0.0102 0.0295 0.1655 0.0109 0.0053
−0.40 0.1665 0.0097 0.0092 0.1644 0.0097 0.0078 0.1469 0.0076 0.0070 0.1467 0.0096 0.0046

0.00 0.1801 0.0081 0.0158 0.1751 0.0108 0.0091 0.1624 0.0099 0.0041 0.1559 0.0088 0.0039
0.40 0.2226 0.0072 0.0127 0.1992 0.0074 0.0068 0.2187 0.0081 0.0055 0.2358 0.0103 0.0051
0.80 0.2688 0.0124 0.0036 0.2492 0.0121 0.0090 0.2832 0.0110 0.0048 0.2212 0.0116 0.0057

W=(2190.0±10.0)MeV W=(2210.0±10.0)MeV W=(2230.0±10.0)MeV W=(2250.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1714 0.0118 0.0168 0.1896 0.0145 0.0157 0.1634 0.0163 0.0061 0.2131 0.0157 0.0134
−0.40 0.1456 0.0108 0.0063 0.1192 0.0109 0.0053 0.1373 0.0097 0.0058 0.0956 0.0097 0.0039

0.00 0.1696 0.0095 0.0028 0.1586 0.0115 0.0067 0.1512 0.0108 0.0070 0.1298 0.0156 0.0040
0.40 0.1851 0.0076 0.0038 0.2187 0.0085 0.0068 0.1822 0.0105 0.0053 0.2476 0.0113 0.0074
0.80 0.2792 0.0121 0.0128 0.2863 0.0133 0.0060 0.3208 0.0179 0.0061 0.2895 0.0160 0.0042

W=(2270.0±10.0)MeV W=(2290.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2300 0.0257 0.0184 0.1989 0.0364 0.0128
−0.40 0.1715 0.0188 0.0061 0.1369 0.0256 0.0029

0.00 0.1654 0.0189 0.0033 0.1693 0.0221 0.0034
0.40 0.2151 0.0160 0.0049 0.2125 0.0172 0.0039
0.80 0.3637 0.0261 0.0140 0.3489 0.0309 0.0084
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Decomposed Total Cross Sections

W ∆W σPhaseSpace ∆stat σ∆(1232) ∆stat σN(1520) ∆stat

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1320.0 20.0 0.0812 0.0562 0.1568 0.0520 0.0592 0.0512
1360.0 20.0 0.3341 0.0570 0.1233 0.0493 0.4134 0.0608
1400.0 20.0 0.1274 0.0131 2.4907 0.1572 0.5029 0.0543
1440.0 20.0 0.7219 0.0875 3.3443 0.2146 0.3608 0.0341
1480.0 20.0 0.8711 0.0399 7.0707 0.2000 0.0002 0.0000
1520.0 20.0 0.2114 0.0144 7.9179 0.2218 0.0000 0.0000
1560.0 20.0 0.2253 0.0121 7.3094 0.2959 0.0000 0.0000
1600.0 20.0 0.5628 0.0253 6.7946 0.2614 0.0000 0.0000
1640.0 20.0 0.8328 0.0220 7.2057 0.1992 0.0000 0.0000
1680.0 20.0 0.8556 0.0204 6.9643 0.1174 0.3731 0.0098
1720.0 20.0 0.5255 0.0105 5.7541 0.0829 0.4650 0.0111
1760.0 20.0 0.3842 0.0087 3.4595 0.0606 0.6009 0.0141
1800.0 20.0 0.7617 0.0164 2.1074 0.0399 0.8112 0.0220
1840.0 20.0 0.9725 0.0227 1.7809 0.0357 0.2130 0.0066
1880.0 20.0 1.0384 0.0273 2.1316 0.0395 0.1973 0.0092
1920.0 20.0 0.8240 0.0204 2.0777 0.0401 0.1512 0.0049
1960.0 20.0 1.1250 0.0259 1.9140 0.0378 0.2571 0.0082
2000.0 20.0 0.7346 0.0203 1.6925 0.0343 0.1574 0.0061
2040.0 20.0 1.1676 0.0244 1.5576 0.0328 0.0827 0.0027
2080.0 20.0 1.2572 0.0277 1.0626 0.0267 0.1308 0.0044
2120.0 20.0 1.1868 0.0291 0.9803 0.0242 0.3326 0.0111
2160.0 20.0 1.1695 0.0282 0.8032 0.0229 0.3593 0.0115
2200.0 20.0 1.0906 0.0335 0.6465 0.0213 0.5978 0.0172
2240.0 20.0 1.3133 0.0449 0.5555 0.0204 0.3906 0.0156
2280.0 20.0 1.0434 0.0606 0.6565 0.0400 0.6868 0.0394

E.5.5 γp→ π0π0p as a Function of W

Angular Distributions

W=(1304.4±9.0)MeV W=(1322.2±8.9)MeV W=(1339.8±8.8)MeV W=(1357.2±8.6)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.0201 0.0054 0.0087 0.0683 0.0067 0.0117 0.1230 0.0137 0.0235 0.1415 0.0131 0.0235
−0.70 0.0287 0.0060 0.0087 0.0589 0.0077 0.0117 0.1034 0.0107 0.0235 0.1310 0.0106 0.0235
−0.50 0.0138 0.0041−0.0022 0.0454 0.0049 0.0074 0.1375 0.0112 0.0051 0.1696 0.0137 0.0051
−0.30 0.0062 0.0086−0.0022 0.0318 0.0057 0.0074 0.1001 0.0099 0.0051 0.1802 0.0102 0.0051
−0.10 −0.0080 0.0335 0.1504 0.0285 0.0095 0.0119 0.0982 0.0120 0.0513 0.1481 0.0104 0.0513

0.10 0.1488 0.1728 0.1504 0.1278 0.0694 0.0119 0.1287 0.0311 0.0513 0.1296 0.0213 0.0513
0.30 0.0553 0.3650 6.3810 0.8933 0.4798−0.1896 0.8695 0.3338 1.6810 0.3477 0.1103 1.6810
0.50 0.3744 0.5568 6.3810 0.5414 0.4587−0.1896 0.2289 0.4876 1.6810 0.6062 0.2472 1.6810
0.70 −0.6023 1.0372−3.9097 1.5003 1.1659−0.0261 0.7576 0.7755−1.1734 −0.1698 0.6446−1.1734
0.90 6.2682 2.5716−3.9097 1.7487 1.2425−0.0261 1.7189 1.7198−1.1734 −2.2176 1.1281−1.1734

W=(1374.4±8.5)MeV W=(1391.4±8.4)MeV W=(1408.1±8.3)MeV W=(1424.7±8.2)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2648 0.0258 0.0166 0.3217 0.0186 0.0142 0.4112 0.0246 0.0142 0.4891 0.0251 0.0347
−0.70 0.3254 0.0217 0.0166 0.2963 0.0163 0.0142 0.3981 0.0208 0.0142 0.4105 0.0161 0.0347
−0.50 0.2673 0.0144 0.0194 0.3683 0.0189 0.0238 0.4803 0.0202 0.0238 0.4981 0.0162 0.0332
−0.30 0.3444 0.0157 0.0194 0.3882 0.0154 0.0238 0.5920 0.0290 0.0238 0.5910 0.0211 0.0332
−0.10 0.3049 0.0178 0.0397 0.3472 0.0191 0.0200 0.5504 0.0263 0.0200 0.5368 0.0189 0.0369

0.10 0.2396 0.0232 0.0397 0.3327 0.0206 0.0200 0.4250 0.0231 0.0200 0.4951 0.0182 0.0369
0.30 0.1263 0.0445 0.0699 0.2668 0.0327 0.0595 0.3074 0.0278 0.0595 0.3522 0.0186 0.0353
0.50 0.3869 0.1685 0.0699 0.6276 0.1212 0.0595 0.8542 0.1994 0.0595 0.2968 0.0514 0.0353
0.70 1.0008 0.4877−0.0143 0.2221 0.2304 0.0450 0.2833 0.1117 0.0450 0.2258 0.0722 0.0226
0.90 −0.2440 0.4591−0.0143 −0.0471 0.2347 0.0450 0.2958 0.1567 0.0450 0.3910 0.2134 0.0226

W=(1441.1±8.1)MeV W=(1457.2±8.0)MeV W=(1473.3±8.0)MeV W=(1489.1±7.9)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6366 0.0388 0.0347 0.7323 0.0390 0.0420 0.9062 0.0521 0.0404 0.9992 0.0512 0.0404
−0.70 0.6086 0.0300 0.0347 0.5911 0.0270 0.0420 0.7330 0.0356 0.0404 0.8428 0.0320 0.0404
−0.50 0.6155 0.0226 0.0332 0.6408 0.0261 0.0405 0.8640 0.0359 0.0476 0.7812 0.0300 0.0476
−0.30 0.7307 0.0268 0.0332 0.6578 0.0213 0.0405 0.9461 0.0338 0.0476 0.9283 0.0291 0.0476
−0.10 0.7416 0.0239 0.0369 0.6982 0.0224 0.0401 0.8543 0.0282 0.0390 0.8583 0.0244 0.0390

0.10 0.6846 0.0216 0.0369 0.6897 0.0208 0.0401 0.8925 0.0259 0.0390 0.8968 0.0224 0.0390
0.30 0.4803 0.0197 0.0353 0.5469 0.0188 0.0411 0.7227 0.0227 0.0364 0.7803 0.0197 0.0364
0.50 0.3109 0.0356 0.0353 0.2960 0.0255 0.0411 0.4075 0.0271 0.0364 0.4805 0.0218 0.0364
0.70 0.1661 0.0665 0.0226 0.3504 0.0628 0.0605 0.2911 0.0482 0.1198 0.3875 0.0349 0.1198
0.90 0.6322 0.2502 0.0226 0.1018 0.0509 0.0605 0.3852 0.1370 0.1198 0.1616 0.0380 0.1198
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W=(1504.8±7.8)MeV W=(1520.3±7.7)MeV W=(1535.6±7.6)MeV W=(1550.8±7.6)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9444 0.0443 0.0313 0.9848 0.0502 0.0161 0.9833 0.0565 0.0161 0.8668 0.0452 0.0227
−0.70 0.9202 0.0376 0.0313 0.7640 0.0361 0.0161 0.8565 0.0398 0.0161 0.7124 0.0388 0.0227
−0.50 0.9311 0.0345 0.0448 0.8354 0.0317 0.0412 0.8443 0.0331 0.0412 0.7455 0.0332 0.0323
−0.30 0.9618 0.0311 0.0448 0.8551 0.0282 0.0412 0.8283 0.0286 0.0412 0.7337 0.0283 0.0323
−0.10 0.9255 0.0265 0.0246 0.8116 0.0239 0.0273 0.7824 0.0242 0.0273 0.6481 0.0232 0.0177

0.10 0.9533 0.0239 0.0246 0.7973 0.0207 0.0273 0.7557 0.0207 0.0273 0.5560 0.0187 0.0177
0.30 0.7877 0.0202 0.0480 0.6969 0.0179 0.0295 0.6702 0.0180 0.0295 0.5912 0.0177 0.0306
0.50 0.5267 0.0212 0.0480 0.4621 0.0173 0.0295 0.5256 0.0178 0.0295 0.4821 0.0172 0.0306
0.70 0.2418 0.0340 0.0526 0.3158 0.0292 0.0795 0.3859 0.0279 0.0795 0.2584 0.0222 0.0593
0.90 0.2892 0.0526 0.0526 0.2885 0.0546 0.0795 0.1362 0.0354 0.0795 0.3107 0.0688 0.0593

W=(1565.9±7.5)MeV W=(1580.8±7.4)MeV W=(1595.6±7.4)MeV W=(1610.2±7.3)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.8610 0.0542 0.0227 0.7697 0.0544 0.0174 0.6630 0.0503 0.0276 0.8815 0.0588 0.0276
−0.70 0.7690 0.0418 0.0227 0.6737 0.0376 0.0174 0.6160 0.0365 0.0276 0.7443 0.0400 0.0276
−0.50 0.6848 0.0326 0.0323 0.6328 0.0301 0.0351 0.5779 0.0293 0.0260 0.5912 0.0299 0.0260
−0.30 0.6382 0.0271 0.0323 0.5768 0.0249 0.0351 0.5563 0.0249 0.0260 0.6276 0.0266 0.0260
−0.10 0.6489 0.0238 0.0177 0.5584 0.0212 0.0196 0.5208 0.0209 0.0205 0.5296 0.0210 0.0205

0.10 0.6229 0.0201 0.0177 0.5243 0.0178 0.0196 0.5015 0.0178 0.0205 0.5582 0.0188 0.0205
0.30 0.6047 0.0183 0.0306 0.5457 0.0167 0.0263 0.5317 0.0168 0.0343 0.5738 0.0174 0.0343
0.50 0.4980 0.0173 0.0306 0.4911 0.0161 0.0263 0.5327 0.0151 0.0343 0.6280 0.0138 0.0343
0.70 0.3273 0.0246 0.0593 0.2895 0.0198 0.0623 0.3637 0.0210 0.0635 0.4627 0.0191 0.0635
0.90 0.1780 0.0380 0.0593 0.2502 0.0366 0.0623 0.1638 0.0285 0.0635 0.2182 0.0284 0.0635

W=(1624.7±7.2)MeV W=(1639.1±7.2)MeV W=(1653.3±7.1)MeV W=(1667.4±7.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6878 0.0507 0.0191 0.6663 0.0454 0.0075 0.9505 0.0619 0.0075 0.9461 0.0557 0.0209
−0.70 0.6169 0.0360 0.0191 0.6032 0.0336 0.0075 0.7887 0.0410 0.0075 0.7743 0.0307 0.0209
−0.50 0.4930 0.0262 0.0249 0.6491 0.0273 0.0331 0.7735 0.0308 0.0331 0.6267 0.0224 0.0357
−0.30 0.4943 0.0203 0.0249 0.5022 0.0218 0.0331 0.6479 0.0272 0.0331 0.6647 0.0205 0.0357
−0.10 0.4150 0.0174 0.0261 0.5045 0.0195 0.0250 0.5958 0.0186 0.0250 0.6372 0.0211 0.0355

0.10 0.4634 0.0171 0.0261 0.4804 0.0171 0.0250 0.6177 0.0195 0.0250 0.6180 0.0173 0.0355
0.30 0.5285 0.0154 0.0377 0.5514 0.0154 0.0374 0.7238 0.0186 0.0374 0.7376 0.0157 0.0400
0.50 0.5426 0.0143 0.0377 0.6544 0.0171 0.0374 0.8917 0.0162 0.0374 0.8618 0.0157 0.0400
0.70 0.4960 0.0169 0.0473 0.5388 0.0169 0.0433 0.7710 0.0202 0.0433 0.8432 0.0206 0.0144
0.90 0.2599 0.0307 0.0473 0.6885 0.0663 0.0433 0.5304 0.0519 0.0433 0.7418 0.0518 0.0144

W=(1681.4±7.0)MeV W=(1695.3±6.9)MeV W=(1709.1±6.9)MeV W=(1722.8±6.8)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9102 0.0534 0.0209 0.7907 0.0439 0.0406 1.1194 0.0918 0.0225 0.8392 0.0381 0.0225
−0.70 0.7852 0.0283 0.0209 0.6989 0.0320 0.0406 0.8512 0.0377 0.0225 0.8188 0.0424 0.0225
−0.50 0.6631 0.0256 0.0357 0.6073 0.0229 0.0275 0.7414 0.0299 0.0313 0.6892 0.0240 0.0313
−0.30 0.6531 0.0209 0.0357 0.6950 0.0215 0.0275 0.6736 0.0302 0.0313 0.6785 0.0191 0.0313
−0.10 0.6083 0.0206 0.0355 0.6335 0.0213 0.0262 0.7541 0.0296 0.0298 0.6725 0.0189 0.0298

0.10 0.6202 0.0162 0.0355 0.6197 0.0205 0.0262 0.8449 0.0274 0.0298 0.6809 0.0185 0.0298
0.30 0.7631 0.0178 0.0400 0.7460 0.0213 0.0416 0.9129 0.0220 0.0377 0.8192 0.0186 0.0377
0.50 0.9200 0.0162 0.0400 0.9432 0.0193 0.0416 1.0875 0.0280 0.0377 0.9720 0.0201 0.0377
0.70 0.8884 0.0208 0.0144 0.8895 0.0224 0.0189 0.9624 0.0321 0.0138 0.8874 0.0194 0.0138
0.90 0.5591 0.0470 0.0144 0.5505 0.0518 0.0189 0.4782 0.0649 0.0138 0.7840 0.0509 0.0138

W=(1736.4±6.8)MeV W=(1749.8±6.7)MeV W=(1763.2±6.7)MeV W=(1776.4±6.6)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7108 0.0372 0.0245 0.4862 0.0329 0.0090 0.4716 0.0378 0.0090 0.3929 0.0369 0.0089
−0.70 0.5911 0.0263 0.0245 0.4825 0.0260 0.0090 0.4796 0.0216 0.0090 0.4611 0.0287 0.0089
−0.50 0.6382 0.0198 0.0206 0.5083 0.0228 0.0234 0.4453 0.0271 0.0234 0.4606 0.0231 0.0247
−0.30 0.6438 0.0185 0.0206 0.5167 0.0166 0.0234 0.5428 0.0172 0.0234 0.4614 0.0333 0.0247
−0.10 0.6709 0.0202 0.0350 0.6055 0.0181 0.0294 0.5663 0.0181 0.0294 0.5455 0.0222 0.0213

0.10 0.6990 0.0192 0.0350 0.6249 0.0173 0.0294 0.6160 0.0168 0.0294 0.5470 0.0222 0.0213
0.30 0.8051 0.0196 0.0393 0.6781 0.0170 0.0356 0.6752 0.0155 0.0356 0.6669 0.0242 0.0244
0.50 0.8988 0.0188 0.0393 0.8555 0.0153 0.0356 0.7565 0.0222 0.0356 0.6802 0.0203 0.0244
0.70 0.8414 0.0219 0.0038 0.7389 0.0177 0.0347 0.7216 0.0191 0.0347 0.6618 0.0231 0.0179
0.90 0.8586 0.0716 0.0038 0.3995 0.0432 0.0347 0.6623 0.0588 0.0347 0.4097 0.0648 0.0179

W=(1789.6±6.6)MeV W=(1802.6±6.5)MeV W=(1815.6±6.5)MeV W=(1828.5±6.4)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3130 0.0311 0.0089 0.3835 0.0317 0.0144 0.2953 0.0255 0.0274 0.3054 0.0301 0.0274
−0.70 0.4405 0.0329 0.0089 0.4140 0.0257 0.0144 0.3880 0.0185 0.0274 0.3866 0.0241 0.0274
−0.50 0.3805 0.0238 0.0247 0.4256 0.0202 0.0103 0.3764 0.0157 0.0143 0.4171 0.0237 0.0143
−0.30 0.4352 0.0239 0.0247 0.4410 0.0168 0.0103 0.4241 0.0198 0.0143 0.4081 0.0201 0.0143
−0.10 0.4637 0.0168 0.0213 0.4851 0.0156 0.0156 0.4247 0.0167 0.0228 0.4323 0.0145 0.0228

0.10 0.5169 0.0205 0.0213 0.5197 0.0186 0.0156 0.4460 0.0151 0.0228 0.5127 0.0220 0.0228
0.30 0.5646 0.0171 0.0244 0.5592 0.0155 0.0356 0.5211 0.0184 0.0686 0.5600 0.0170 0.0686
0.50 0.6499 0.0193 0.0244 0.7199 0.0146 0.0356 0.6080 0.0153 0.0686 0.6293 0.0133 0.0686
0.70 0.6312 0.0177 0.0179 0.6603 0.0148 0.0773 0.5594 0.0161 0.2252 0.5457 0.0153 0.2252
0.90 0.3187 0.0368 0.0179 0.5438 0.0332 0.0773 0.3518 0.0251 0.2252 0.2422 0.0293 0.2252
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W=(1841.3±6.4)MeV W=(1854.0±6.3)MeV W=(1866.6±6.3)MeV W=(1879.1±6.2)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3445 0.0255 0.0088 0.3494 0.0274 0.0096 0.2672 0.0397 0.0096 0.2844 0.0271 0.0089
−0.70 0.3514 0.0210 0.0088 0.4955 0.0281 0.0096 0.3900 0.0316 0.0096 0.3190 0.0318 0.0089
−0.50 0.3846 0.0220 0.0152 0.3627 0.0205 0.0246 0.3695 0.0230 0.0246 0.3632 0.0257 0.0090
−0.30 0.3927 0.0159 0.0152 0.3819 0.0236 0.0246 0.3348 0.0277 0.0246 0.4115 0.0181 0.0090
−0.10 0.4124 0.0180 0.0213 0.3877 0.0142 0.0182 0.3581 0.0193 0.0182 0.3719 0.0170 0.0114

0.10 0.5059 0.0158 0.0213 0.4639 0.0184 0.0182 0.3915 0.0184 0.0182 0.4227 0.0188 0.0114
0.30 0.5865 0.0170 0.0253 0.5375 0.0176 0.0207 0.4571 0.0181 0.0207 0.5425 0.0174 0.0187
0.50 0.5797 0.0147 0.0253 0.6271 0.0170 0.0207 0.5785 0.0178 0.0207 0.5881 0.0187 0.0187
0.70 0.5315 0.0121 0.0120 0.5751 0.0188 0.0158 0.5177 0.0249 0.0158 0.6137 0.0186 0.0196
0.90 0.3766 0.0279 0.0120 0.4049 0.0322 0.0158 0.3158 0.0335 0.0158 0.2996 0.0291 0.0196

W=(1891.5±6.2)MeV W=(1903.9±6.2)MeV W=(1916.2±6.1)MeV W=(1928.4±6.1)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2870 0.0229 0.0089 0.3405 0.0293 0.0057 0.3018 0.0267 0.0037 0.2626 0.0291 0.0037
−0.70 0.3540 0.0213 0.0089 0.3781 0.0228 0.0057 0.3729 0.0218 0.0037 0.3730 0.0226 0.0037
−0.50 0.2909 0.0183 0.0090 0.3664 0.0199 0.0095 0.3676 0.0227 0.0074 0.3824 0.0181 0.0074
−0.30 0.3624 0.0153 0.0090 0.4164 0.0189 0.0095 0.3042 0.0160 0.0074 0.3439 0.0161 0.0074
−0.10 0.3881 0.0173 0.0114 0.3882 0.0167 0.0188 0.3320 0.0123 0.0127 0.3775 0.0143 0.0127

0.10 0.3745 0.0144 0.0114 0.4254 0.0159 0.0188 0.3662 0.0132 0.0127 0.3328 0.0184 0.0127
0.30 0.4456 0.0169 0.0187 0.5039 0.0166 0.0175 0.4504 0.0159 0.0170 0.4430 0.0161 0.0170
0.50 0.5544 0.0143 0.0187 0.5503 0.0152 0.0175 0.4908 0.0141 0.0170 0.5053 0.0149 0.0170
0.70 0.4885 0.0134 0.0196 0.5428 0.0161 0.0084 0.5240 0.0159 0.0082 0.5074 0.0143 0.0082
0.90 0.2664 0.0250 0.0196 0.3177 0.0228 0.0084 0.2450 0.0190 0.0082 0.2895 0.0272 0.0082

W=(1940.5±6.0)MeV W=(1952.6±6.0)MeV W=(1964.5±6.0)MeV W=(1976.4±5.9)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3246 0.0327 0.0121 0.3217 0.0278 0.0185 0.2606 0.0386 0.0185 0.3214 0.0354 0.0127
−0.70 0.3591 0.0350 0.0121 0.3196 0.0273 0.0185 0.3349 0.0223 0.0185 0.3423 0.0198 0.0127
−0.50 0.4398 0.0260 0.0075 0.3463 0.0235 0.0133 0.3009 0.0208 0.0133 0.3805 0.0196 0.0150
−0.30 0.3633 0.0307 0.0075 0.3086 0.0174 0.0133 0.3859 0.0197 0.0133 0.3190 0.0190 0.0150
−0.10 0.3328 0.0151 0.0091 0.3032 0.0170 0.0094 0.2917 0.0188 0.0094 0.3104 0.0131 0.0152

0.10 0.3774 0.0170 0.0091 0.3402 0.0159 0.0094 0.3405 0.0160 0.0094 0.3172 0.0115 0.0152
0.30 0.4175 0.0191 0.0101 0.4185 0.0158 0.0086 0.3815 0.0148 0.0086 0.3723 0.0146 0.0140
0.50 0.5276 0.0184 0.0101 0.5248 0.0173 0.0086 0.4267 0.0136 0.0086 0.4217 0.0152 0.0140
0.70 0.4860 0.0194 0.0068 0.4753 0.0168 0.0115 0.4344 0.0178 0.0115 0.4832 0.0163 0.0053
0.90 0.3168 0.0246 0.0068 0.3371 0.0251 0.0115 0.2653 0.0315 0.0115 0.2952 0.0202 0.0053

W=(1988.3±5.9)MeV W=(2000.0±5.9)MeV W=(2011.7±5.8)MeV W=(2023.3±5.8)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3352 0.0347 0.0127 0.3316 0.0357 0.0138 0.1980 0.0201 0.0153 0.2164 0.0211 0.0153
−0.70 0.3070 0.0315 0.0127 0.3603 0.0266 0.0138 0.2664 0.0225 0.0153 0.2775 0.0219 0.0153
−0.50 0.3046 0.0167 0.0150 0.3667 0.0248 0.0168 0.2987 0.0210 0.0089 0.2715 0.0189 0.0089
−0.30 0.2968 0.0181 0.0150 0.3790 0.0189 0.0168 0.2102 0.0160 0.0089 0.2573 0.0234 0.0089
−0.10 0.2981 0.0136 0.0152 0.3345 0.0166 0.0116 0.2348 0.0155 0.0109 0.2300 0.0148 0.0109

0.10 0.2940 0.0112 0.0152 0.3026 0.0159 0.0116 0.2260 0.0120 0.0109 0.2541 0.0119 0.0109
0.30 0.3455 0.0122 0.0140 0.3876 0.0163 0.0121 0.2816 0.0152 0.0090 0.3498 0.0123 0.0090
0.50 0.4331 0.0119 0.0140 0.4438 0.0161 0.0121 0.3500 0.0169 0.0090 0.3792 0.0134 0.0090
0.70 0.4266 0.0123 0.0053 0.4973 0.0176 0.0036 0.3447 0.0128 0.0088 0.3739 0.0123 0.0088
0.90 0.2770 0.0175 0.0053 0.3218 0.0223 0.0036 0.2617 0.0207 0.0088 0.3165 0.0196 0.0088

W=(2034.9±5.8)MeV W=(2046.4±5.7)MeV W=(2057.8±5.7)MeV W=(2069.2±5.7)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2003 0.0184 0.0106 0.2980 0.0248 0.0088 0.4585 0.0390 0.0088 0.3158 0.0359 0.0250
−0.70 0.2669 0.0173 0.0106 0.2099 0.0192 0.0088 0.2346 0.0314 0.0088 0.2481 0.0196 0.0250
−0.50 0.2921 0.0184 0.0093 0.2175 0.0164 0.0158 0.2612 0.0244 0.0158 0.2715 0.0242 0.0186
−0.30 0.2875 0.0153 0.0093 0.2356 0.0158 0.0158 0.2632 0.0189 0.0158 0.2379 0.0179 0.0186
−0.10 0.2743 0.0145 0.0061 0.2430 0.0128 0.0081 0.2473 0.0150 0.0081 0.2477 0.0124 0.0136

0.10 0.2202 0.0120 0.0061 0.2327 0.0174 0.0081 0.2336 0.0117 0.0081 0.2396 0.0112 0.0136
0.30 0.3285 0.0116 0.0098 0.3231 0.0139 0.0103 0.3339 0.0118 0.0103 0.2983 0.0124 0.0161
0.50 0.3825 0.0127 0.0098 0.3877 0.0126 0.0103 0.3619 0.0134 0.0103 0.3486 0.0151 0.0161
0.70 0.3874 0.0135 0.0135 0.3214 0.0132 0.0168 0.3787 0.0147 0.0168 0.3681 0.0144 0.0205
0.90 0.2784 0.0186 0.0135 0.2383 0.0168 0.0168 0.2784 0.0184 0.0168 0.2550 0.0172 0.0205

W=(2080.5±5.6)MeV W=(2091.7±5.6)MeV W=(2102.9±5.6)MeV W=(2114.1±5.5)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3360 0.0369 0.0250 0.3021 0.0380 0.0124 0.3400 0.0337 0.0073 0.3547 0.0298 0.0073
−0.70 0.2705 0.0219 0.0250 0.2901 0.0262 0.0124 0.3186 0.0231 0.0073 0.2820 0.0220 0.0073
−0.50 0.2568 0.0170 0.0186 0.2655 0.0276 0.0147 0.2804 0.0168 0.0077 0.2407 0.0197 0.0077
−0.30 0.2642 0.0191 0.0186 0.2584 0.0145 0.0147 0.1766 0.0186 0.0077 0.2234 0.0138 0.0077
−0.10 0.2389 0.0143 0.0136 0.2351 0.0205 0.0126 0.1902 0.0131 0.0067 0.2031 0.0133 0.0067

0.10 0.2372 0.0106 0.0136 0.2320 0.0163 0.0126 0.2506 0.0128 0.0067 0.2167 0.0103 0.0067
0.30 0.3151 0.0135 0.0161 0.3119 0.0125 0.0102 0.3041 0.0115 0.0090 0.3096 0.0112 0.0090
0.50 0.4036 0.0146 0.0161 0.3739 0.0147 0.0102 0.3445 0.0150 0.0090 0.3618 0.0117 0.0090
0.70 0.3330 0.0133 0.0205 0.3738 0.0145 0.0159 0.3361 0.0132 0.0185 0.3934 0.0134 0.0185
0.90 0.2295 0.0167 0.0205 0.2458 0.0154 0.0159 0.2674 0.0171 0.0185 0.2642 0.0180 0.0185
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W=(2125.1±5.5)MeV W=(2136.1±5.5)MeV W=(2147.1±5.5)MeV W=(2158.0±5.4)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2425 0.0299 0.0134 0.2013 0.0251 0.0226 0.4004 0.0310 0.0226 0.2317 0.0197 0.0118
−0.70 0.2309 0.0215 0.0134 0.2369 0.0279 0.0226 0.3309 0.0216 0.0226 0.2680 0.0192 0.0118
−0.50 0.1869 0.0186 0.0161 0.1656 0.0168 0.0194 0.2635 0.0233 0.0194 0.2331 0.0164 0.0064
−0.30 0.2006 0.0139 0.0161 0.1848 0.0176 0.0194 0.2407 0.0261 0.0194 0.2288 0.0116 0.0064
−0.10 0.2105 0.0138 0.0097 0.1750 0.0192 0.0095 0.2872 0.0203 0.0095 0.2211 0.0117 0.0066

0.10 0.2199 0.0201 0.0097 0.1770 0.0110 0.0095 0.2592 0.0178 0.0095 0.2173 0.0146 0.0066
0.30 0.2610 0.0115 0.0095 0.2343 0.0115 0.0099 0.3675 0.0157 0.0099 0.2784 0.0167 0.0096
0.50 0.3013 0.0117 0.0095 0.2207 0.0108 0.0099 0.4230 0.0168 0.0099 0.3635 0.0110 0.0096
0.70 0.3201 0.0120 0.0244 0.2460 0.0133 0.0177 0.4054 0.0152 0.0177 0.3846 0.0107 0.0137
0.90 0.2865 0.0172 0.0244 0.1879 0.0160 0.0177 0.3279 0.0211 0.0177 0.2646 0.0149 0.0137

W=(2168.8±5.4)MeV W=(2179.6±5.4)MeV W=(2190.4±5.4)MeV W=(2201.0±5.3)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2906 0.0227 0.0118 0.2886 0.0405 0.0139 0.2132 0.0184 0.0211 0.2080 0.0236 0.0211
−0.70 0.2992 0.0334 0.0118 0.2502 0.0266 0.0139 0.2220 0.0179 0.0211 0.3265 0.0296 0.0211
−0.50 0.2158 0.0171 0.0064 0.2826 0.0219 0.0041 0.2594 0.0160 0.0146 0.2563 0.0239 0.0146
−0.30 0.1510 0.0126 0.0064 0.2264 0.0177 0.0041 0.1945 0.0116 0.0146 0.1941 0.0145 0.0146
−0.10 0.1804 0.0127 0.0066 0.2059 0.0141 0.0062 0.1907 0.0109 0.0167 0.2263 0.0163 0.0167

0.10 0.2411 0.0137 0.0066 0.2738 0.0149 0.0062 0.2047 0.0107 0.0167 0.2119 0.0163 0.0167
0.30 0.2994 0.0133 0.0096 0.3116 0.0158 0.0190 0.2979 0.0129 0.0165 0.3298 0.0230 0.0165
0.50 0.3381 0.0122 0.0096 0.3405 0.0219 0.0190 0.3299 0.0137 0.0165 0.3426 0.0149 0.0165
0.70 0.3313 0.0141 0.0137 0.3791 0.0151 0.0251 0.3082 0.0152 0.0164 0.3769 0.0145 0.0164
0.90 0.3218 0.0190 0.0137 0.3406 0.0207 0.0251 0.2802 0.0163 0.0164 0.3328 0.0200 0.0164

W=(2211.7±5.3)MeV W=(2222.2±5.3)MeV W=(2232.8±5.3)MeV W=(2243.3±5.2)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3543 0.0342 0.0244 0.2846 0.0429 0.0190 0.2225 0.0224 0.0190 0.3732 0.0512 0.0170
−0.70 0.2439 0.0218 0.0244 0.1686 0.0209 0.0190 0.1565 0.0192 0.0190 0.1928 0.0263 0.0170
−0.50 0.1720 0.0161 0.0111 0.2733 0.0268 0.0091 0.1886 0.0162 0.0091 0.1689 0.0202 0.0199
−0.30 0.1626 0.0161 0.0111 0.1912 0.0251 0.0091 0.1645 0.0131 0.0091 0.1813 0.0175 0.0199
−0.10 0.1826 0.0119 0.0074 0.2133 0.0267 0.0099 0.1749 0.0149 0.0099 0.1450 0.0143 0.0131

0.10 0.2240 0.0185 0.0074 0.2507 0.0177 0.0099 0.2425 0.0133 0.0099 0.1959 0.0205 0.0131
0.30 0.2533 0.0136 0.0092 0.2917 0.0170 0.0148 0.2316 0.0203 0.0148 0.2782 0.0144 0.0094
0.50 0.3097 0.0176 0.0092 0.3637 0.0161 0.0148 0.3151 0.0150 0.0148 0.3013 0.0186 0.0094
0.70 0.3398 0.0123 0.0176 0.4138 0.0291 0.0175 0.3440 0.0157 0.0175 0.3148 0.0248 0.0164
0.90 0.3042 0.0153 0.0176 0.3347 0.0261 0.0175 0.3224 0.0186 0.0175 0.3105 0.0217 0.0164

W=(2253.7±5.2)MeV W=(2264.1±5.2)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1609 0.0196 0.0170 0.2613 0.0384 0.0319
−0.70 0.2759 0.0302 0.0170 0.2601 0.0324 0.0319
−0.50 0.2291 0.0240 0.0199 0.2464 0.0215 0.0160
−0.30 0.2636 0.0283 0.0199 0.1743 0.0245 0.0160
−0.10 0.2319 0.0212 0.0131 0.2236 0.0203 0.0150

0.10 0.2759 0.0200 0.0131 0.2166 0.0165 0.0150
0.30 0.3499 0.0172 0.0094 0.3101 0.0267 0.0096
0.50 0.3714 0.0281 0.0094 0.3409 0.0277 0.0096
0.70 0.4034 0.0171 0.0164 0.3579 0.0208 0.0125
0.90 0.3421 0.0208 0.0164 0.3063 0.0230 0.0125

E.5.6 γn→ π0π0n as a Function of W

Angular Distributions

W=(1310.0±10.0)MeV W=(1330.0±10.0)MeV W=(1350.0±10.0)MeV W=(1370.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0961 0.0393 0.0118 0.0705 0.0373 0.0083 0.0396 0.0285 0.0070 0.1197 0.0354 0.0112
−0.40 0.0376 0.0300 0.0140 0.0819 0.0424 0.0300 0.1130 0.0409 0.0115 0.2963 0.0522 0.0157

0.00 0.0400 0.0279 0.0223 0.0605 0.0336 0.0340 0.1453 0.0416 0.0183 0.2129 0.0358 0.0109
0.40 −0.0050 0.0211 0.0033 0.0573 0.0308 0.0360 0.0722 0.0282 0.0131 0.1202 0.0349 0.0119
0.80 −0.0030 0.0294 0.0305 −0.0180 0.0308 0.0030 0.0144 0.0258 0.0008 0.1290 0.0490 0.0290

W=(1390.0±10.0)MeV W=(1410.0±10.0)MeV W=(1430.0±10.0)MeV W=(1450.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3772 0.0960 0.0326 0.3953 0.0824 0.0266 0.4404 0.0864 0.0329 0.7347 0.1080 0.0761
−0.40 0.4562 0.0812 0.0218 0.5881 0.0871 0.0257 0.7044 0.0856 0.0349 0.6526 0.1775 0.0408

0.00 0.4974 0.0599 0.0220 0.6459 0.0767 0.0362 0.5744 0.0610 0.0287 0.7541 0.1508 0.0351
0.40 0.1648 0.0208 0.0187 0.2019 0.0232 0.0267 0.2293 0.0309 0.0165 0.4444 0.0312 0.0357
0.80 0.0336 0.0071 0.0110 0.0408 0.0074 0.0136 0.1543 0.0309 0.0111 0.1078 0.0227 0.0146
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W=(1470.0±10.0)MeV W=(1490.0±10.0)MeV W=(1510.0±10.0)MeV W=(1530.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.8460 0.0796 0.0544 1.0148 0.0569 0.0597 1.2648 0.0694 0.0632 1.0046 0.0753 0.0544
−0.40 0.7790 0.0899 0.0406 0.7979 0.0490 0.0434 1.0385 0.1153 0.0830 0.9225 0.1203 0.1094

0.00 0.9141 0.1226 0.0386 0.7960 0.0784 0.0451 1.0335 0.1048 0.0742 0.8830 0.0917 0.0953
0.40 0.5693 0.0279 0.0312 0.6207 0.0226 0.0333 0.7389 0.0235 0.0436 0.6711 0.0226 0.0456
0.80 0.4256 0.0373 0.0256 0.5207 0.0324 0.0283 0.1551 0.0097 0.0173 0.3806 0.0212 0.0294

W=(1550.0±10.0)MeV W=(1570.0±10.0)MeV W=(1590.0±10.0)MeV W=(1610.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.0597 0.0648 0.0594 0.9407 0.1061 0.0682 1.0105 0.0777 0.0849 0.8493 0.0781 0.0452
−0.40 0.7393 0.1518 0.1059 0.8213 0.1495 0.0779 0.8675 0.1471 0.0470 0.9187 0.1636 0.0879

0.00 0.8730 0.1517 0.1144 0.8190 0.0853 0.0703 0.6606 0.0908 0.0675 0.9632 0.0583 0.1052
0.40 0.6462 0.0232 0.0516 0.6174 0.0219 0.0433 0.5234 0.0326 0.0408 0.5081 0.0175 0.0455
0.80 0.3198 0.0176 0.0306 0.3200 0.0167 0.0275 0.2657 0.0124 0.0249 0.3223 0.0157 0.0350

W=(1630.0±10.0)MeV W=(1650.0±10.0)MeV W=(1670.0±10.0)MeV W=(1690.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.9912 0.0742 0.0510 1.0037 0.0748 0.0614 0.8247 0.0663 0.0519 0.7499 0.0307 0.1128
−0.40 0.8103 0.0792 0.0734 0.9061 0.1059 0.1061 0.7246 0.0880 0.0671 0.8442 0.0288 0.0501

0.00 0.7390 0.0609 0.0621 0.7562 0.0583 0.0993 0.8464 0.0690 0.0776 1.0225 0.0270 0.0500
0.40 0.6229 0.0183 0.0416 0.6707 0.0195 0.0557 0.6113 0.0193 0.0476 0.6945 0.0196 0.0433
0.80 0.3822 0.0199 0.0369 0.4483 0.0174 0.0315 0.4942 0.0217 0.0283 0.5218 0.0220 0.0281

W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV W=(1770.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.5983 0.0268 0.0336 0.5296 0.0317 0.0269 0.3410 0.0200 0.0428 0.3106 0.0206 0.0390
−0.40 0.9329 0.0341 0.0432 0.5935 0.0264 0.0323 0.5857 0.0250 0.0559 0.4949 0.0207 0.0475

0.00 0.8569 0.0283 0.0510 0.9098 0.0284 0.0538 0.5460 0.0194 0.0548 0.5017 0.0172 0.0508
0.40 0.5987 0.0184 0.0492 0.5175 0.0145 0.0369 0.5119 0.0163 0.0555 0.4553 0.0151 0.0489
0.80 0.4009 0.0139 0.0280 0.3221 0.0123 0.0238 0.4180 0.0179 0.0417 0.3332 0.0147 0.0331

W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV W=(1850.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2470 0.0148 0.0212 0.2556 0.0115 0.0182 0.2324 0.0135 0.0186 0.2513 0.0135 0.0176
−0.40 0.3363 0.0165 0.0254 0.3387 0.0138 0.0315 0.3583 0.0153 0.0319 0.2637 0.0116 0.0211

0.00 0.4539 0.0149 0.0357 0.4026 0.0122 0.0349 0.4681 0.0134 0.0392 0.4215 0.0181 0.0326
0.40 0.4695 0.0146 0.0418 0.3690 0.0108 0.0306 0.3583 0.0117 0.0286 0.3593 0.0128 0.0281
0.80 0.3364 0.0152 0.0345 0.3137 0.0167 0.0340 0.1454 0.0069 0.0155 0.2588 0.0127 0.0202

W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV W=(1910.0±10.0)MeV W=(1930.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3069 0.0148 0.0221 0.2453 0.0150 0.0167 0.2817 0.0141 0.0263 0.2952 0.0171 0.0187
−0.40 0.3271 0.0131 0.0250 0.2944 0.0141 0.0236 0.3036 0.0130 0.0253 0.2989 0.0145 0.0234

0.00 0.3996 0.0147 0.0323 0.3878 0.0144 0.0358 0.3864 0.0149 0.0312 0.3546 0.0143 0.0318
0.40 0.3111 0.0114 0.0244 0.3175 0.0118 0.0274 0.2792 0.0098 0.0227 0.2880 0.0107 0.0222
0.80 0.2699 0.0132 0.0200 0.2186 0.0131 0.0124 0.2337 0.0105 0.0192 0.2250 0.0129 0.0123

W=(1950.0±10.0)MeV W=(1970.0±10.0)MeV W=(1990.0±10.0)MeV W=(2010.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3084 0.0143 0.0198 0.2408 0.0130 0.0164 0.2425 0.0138 0.0151 0.2055 0.0119 0.0176
−0.40 0.2932 0.0132 0.0217 0.2929 0.0128 0.0207 0.3339 0.0137 0.0200 0.2465 0.0118 0.0176

0.00 0.3495 0.0143 0.0299 0.3423 0.0148 0.0250 0.3062 0.0118 0.0202 0.2716 0.0114 0.0176
0.40 0.2950 0.0118 0.0241 0.2818 0.0108 0.0200 0.2732 0.0104 0.0167 0.2617 0.0097 0.0167
0.80 0.2526 0.0107 0.0167 0.2228 0.0103 0.0137 0.2551 0.0127 0.0134 0.2087 0.0114 0.0125

W=(2030.0±10.0)MeV W=(2050.0±10.0)MeV W=(2070.0±10.0)MeV W=(2090.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2009 0.0119 0.0127 0.2084 0.0110 0.0131 0.1675 0.0104 0.0125 0.1962 0.0110 0.0112
−0.40 0.2500 0.0115 0.0147 0.2271 0.0100 0.0154 0.2874 0.0126 0.0161 0.1778 0.0102 0.0106

0.00 0.2535 0.0100 0.0155 0.2352 0.0102 0.0164 0.2482 0.0106 0.0151 0.2287 0.0118 0.0128
0.40 0.2794 0.0105 0.0167 0.2886 0.0103 0.0183 0.2548 0.0092 0.0171 0.2450 0.0110 0.0131
0.80 0.2281 0.0121 0.0132 0.2478 0.0115 0.0150 0.2277 0.0107 0.0154 0.2563 0.0131 0.0143

W=(2110.0±10.0)MeV W=(2130.0±10.0)MeV W=(2150.0±10.0)MeV W=(2170.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2363 0.0115 0.0100 0.1518 0.0100 0.0091 0.2354 0.0119 0.0362 0.1717 0.0113 0.0110
−0.40 0.1539 0.0089 0.0080 0.1889 0.0112 0.0102 0.1647 0.0085 0.0110 0.1514 0.0099 0.0081

0.00 0.2011 0.0090 0.0110 0.1840 0.0114 0.0110 0.1570 0.0095 0.0087 0.1818 0.0103 0.0095
0.40 0.2465 0.0080 0.0127 0.2146 0.0080 0.0123 0.2363 0.0087 0.0133 0.2187 0.0096 0.0129
0.80 0.2781 0.0129 0.0140 0.2539 0.0123 0.0145 0.2605 0.0101 0.0150 0.2388 0.0125 0.0137
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W=(2190.0±10.0)MeV W=(2210.0±10.0)MeV W=(2230.0±10.0)MeV W=(2250.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1544 0.0106 0.0172 0.2400 0.0184 0.0227 0.1412 0.0141 0.0083 0.2142 0.0157 0.0170
−0.40 0.1583 0.0117 0.0100 0.1118 0.0102 0.0072 0.1310 0.0093 0.0086 0.0981 0.0100 0.0059

0.00 0.2223 0.0124 0.0109 0.1737 0.0125 0.0098 0.1799 0.0128 0.0118 0.1365 0.0164 0.0073
0.40 0.1916 0.0078 0.0106 0.2101 0.0082 0.0124 0.1961 0.0113 0.0114 0.2927 0.0133 0.0159
0.80 0.2503 0.0109 0.0174 0.2748 0.0128 0.0157 0.3602 0.0201 0.0183 0.2696 0.0149 0.0152

W=(2270.0±10.0)MeV W=(2290.0±10.0)MeV

cos(θ∗
2π0 ) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1875 0.0210 0.0184 0.2692 0.0493 0.0121
−0.40 0.1748 0.0191 0.0101 0.1703 0.0319 0.0081

0.00 0.2231 0.0254 0.0108 0.1803 0.0235 0.0094
0.40 0.2362 0.0175 0.0126 0.1983 0.0161 0.0107
0.80 0.3296 0.0237 0.0207 0.2029 0.0180 0.0153

E.6 Pol. Results for π0π0 from CBELSA/TAPS Data

E.6.1 Observables for γd→ π0π0p(n) as a Function of Eγ

Eγ ∆Eγ E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

440.0 40.0 −6.1453 357.2814 3.0219 −1.6507 114.6205 6.5600 2.2923 114.6205 7.6868
520.0 40.0 −0.4584 1.5296 0.1291 0.7007 1.9987 0.7895 1.8867 1.9987 0.9572
600.0 40.0 −0.3657 0.1970 0.0364 2.4236 0.7820 0.1844 5.2177 0.7820 0.3557
680.0 40.0 −0.3630 0.1392 0.0349 3.6307 0.8316 0.2702 7.7678 0.8316 0.5374
760.0 40.0 −0.4127 0.0805 0.0489 4.4263 0.6307 0.5023 10.6470 0.6307 0.7101
840.0 40.0 −0.2212 0.0846 0.0333 5.0531 0.5729 0.4705 7.9242 0.5729 0.5513
920.0 40.0 −0.2033 0.0836 0.0242 4.3756 0.4858 0.2887 6.6090 0.4858 0.4760

1000.0 40.0 −0.1530 0.0756 0.0244 5.4003 0.5065 0.4740 7.3515 0.5065 0.7077
1080.0 40.0 0.2145 0.0667 0.0236 9.2111 0.5335 0.5975 5.9569 0.5335 0.4704
1160.0 40.0 0.1731 0.0584 0.0196 8.5762 0.4451 0.5328 6.0456 0.4451 0.3825
1240.0 40.0 0.1684 0.0702 0.0152 7.2736 0.4402 0.4449 5.1769 0.4402 0.3184
1320.0 40.0 0.1625 0.0636 0.0181 6.3843 0.3519 0.4831 4.5996 0.3519 0.3317
1400.0 40.0 0.2035 0.0728 0.0205 5.8300 0.3557 0.3612 3.8581 0.3557 0.2448
1480.0 40.0 0.0114 0.0625 0.0136 4.9091 0.3062 0.3289 4.7984 0.3062 0.2993
1560.0 40.0 0.0810 0.0676 0.0086 4.9022 0.3101 0.3790 4.1676 0.3101 0.3157
1640.0 40.0 0.0698 0.0670 0.0140 4.3746 0.2767 0.4982 3.8041 0.2767 0.4169
1720.0 40.0 0.1162 0.0724 0.0172 4.1131 0.2695 0.3632 3.2569 0.2695 0.2724
1800.0 40.0 0.1027 0.0712 0.0095 3.9666 0.2586 0.3576 3.2277 0.2586 0.2947
1880.0 40.0 0.2399 0.0762 0.0167 4.0583 0.2519 0.2459 2.4878 0.2519 0.1518
1960.0 40.0 0.0875 0.0824 0.0129 3.5060 0.2688 0.2618 2.9416 0.2688 0.2079
2040.0 40.0 0.1845 0.0742 0.0148 3.7880 0.2394 0.3009 2.6081 0.2394 0.2101
2120.0 40.0 0.1378 0.0779 0.0165 3.5972 0.2484 0.2691 2.7260 0.2484 0.1935
2200.0 40.0 0.3148 0.0838 0.0319 4.3149 0.2785 0.4440 2.2487 0.2785 0.2666
2280.0 40.0 0.1261 0.1331 0.0159 3.4787 0.4140 0.2502 2.6997 0.4140 0.2240
2360.0 40.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

E.6.2 Observables for γd→ π0π0p(n) as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1320.0 20.0 8.8832 20.0958 3.6291 3.8213 8.6906 1.6743 −3.0480 8.6906 1.2183
1360.0 20.0 −0.3021 1.1155 0.0604 1.2687 2.0539 0.5660 2.3670 2.0539 0.7624
1400.0 20.0 −0.4565 0.1720 0.1375 2.9633 1.0487 0.9808 7.9408 1.0487 1.4732
1440.0 20.0 −0.3223 0.1276 0.0744 4.6603 0.9201 0.9232 9.0939 0.9201 1.1549
1480.0 20.0 −0.1543 0.1021 0.0478 6.8473 0.8622 0.9459 9.3456 0.8622 0.9307
1520.0 20.0 −0.4524 0.0882 0.0449 4.2205 0.7096 0.4708 11.1949 0.7096 0.7711
1560.0 20.0 −0.2831 0.0891 0.0501 4.7051 0.6157 0.6451 8.4207 0.6157 0.7666
1600.0 20.0 −0.1019 0.0905 0.0206 4.9417 0.5436 0.3161 6.0630 0.5436 0.3910
1640.0 20.0 −0.1518 0.0801 0.0200 5.2015 0.5190 0.3417 7.0637 0.5190 0.5044
1680.0 20.0 0.0113 0.0722 0.0178 7.4327 0.5500 0.5141 7.2671 0.5500 0.5849
1720.0 20.0 0.1812 0.0657 0.0199 9.0679 0.5297 0.5683 6.2855 0.5297 0.4509
1760.0 20.0 0.1208 0.0681 0.0234 7.3547 0.4595 0.4930 5.7690 0.4595 0.4771
1800.0 20.0 0.2632 0.0664 0.0245 7.4732 0.3958 0.5272 4.3594 0.3958 0.2942
1840.0 20.0 0.1536 0.0687 0.0168 5.9442 0.3570 0.3625 4.3615 0.3570 0.2883
1880.0 20.0 0.0511 0.0653 0.0196 5.2782 0.3310 0.3981 4.7654 0.3310 0.3192
1920.0 20.0 0.1166 0.0655 0.0155 5.1151 0.3032 0.3334 4.0472 0.3032 0.2505
1960.0 20.0 0.0228 0.0638 0.0149 4.5040 0.2838 0.4018 4.3029 0.2838 0.3478
2000.0 20.0 0.0220 0.0683 0.0065 3.9165 0.2643 0.3353 3.7477 0.2643 0.3092
2040.0 20.0 0.1964 0.0689 0.0210 4.2908 0.2500 0.3696 2.8818 0.2500 0.2436
2080.0 20.0 0.2182 0.0716 0.0155 4.0658 0.2416 0.2535 2.6095 0.2416 0.1603
2120.0 20.0 0.1190 0.0706 0.0093 3.7332 0.2381 0.2733 2.9390 0.2381 0.2253
2160.0 20.0 0.2030 0.0751 0.0177 3.6989 0.2331 0.3270 2.4508 0.2331 0.2271
2200.0 20.0 0.0652 0.0807 0.0067 3.3218 0.2539 0.2000 2.9152 0.2539 0.1778
2240.0 20.0 0.3958 0.1025 0.0311 4.5034 0.3342 0.3547 1.9492 0.3342 0.1668
2280.0 20.0 0.3476 0.1625 0.0427 4.9238 0.5988 0.5226 2.3839 0.5988 0.4043
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W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −14.6627−10.4248 4.8994 2.2852 1.6252 0.8234 0.8592 0.6109 0.2551 −0.2396−0.4041 0.0942
−0.40 3.000212.4185 1.2574 −3.0156−1.4665 0.9340 −1.4779−0.3405 0.2269 −0.7466−0.3170 0.1395

0.00 −6.9690−34.9721 3.3814 3.3059 2.1718 1.1521 −0.7173−0.5167 0.1072 −0.7427−0.2981 0.0446
0.40 −163.3718−269.2353 82.6349 −0.7878−9.2757 0.3643 −0.6005−0.5847 0.0904 −0.5642−0.2725 0.1117
0.80 −86.2754−199.5066 42.8534 −0.3445−10.1190 0.2085 −0.6602−0.5805 0.0817 0.1988 0.5726 0.0549

W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.1524−0.2044 0.0707 −0.0183−0.1928 0.0226 −0.2065−0.2139 0.0300 −0.2058−0.2247 0.0639
−0.40 0.2140 0.1942 0.0191 −0.9444−0.2010 0.2198 −0.2366−0.1878 0.0097 −0.3263−0.2297 0.0362

0.00 −0.5472−0.2145 0.0554 −0.6277−0.1629 0.0668 −0.5410−0.1907 0.0490 0.2069 0.1724 0.0547
0.40 −0.2153−0.1730 0.1031 −0.5274−0.1386 0.1156 −0.1260−0.1368 0.0698 −0.1837−0.1284 0.0490
0.80 −0.3032−0.6852 0.1955 −0.2434−0.6515 0.0809 0.0928 0.5430 0.3351 −0.2596−0.3033 0.0128

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0847 0.1836 0.0099 −0.3739−0.1435 0.0462 0.0589 0.1348 0.0107 −0.3824−0.1965 0.0565
−0.40 0.2400 0.1505 0.0127 0.0751 0.1309 0.0139 0.0723 0.1551 0.0210 −0.0667−0.1266 0.0263

0.00 −0.1162−0.1668 0.0153 0.2857 0.1598 0.0489 0.7248 0.1399 0.0751 0.4132 0.1016 0.1096
0.40 −0.3317−0.0860 0.0150 −0.0159−0.0753 0.0133 0.1180 0.0753 0.0224 0.2013 0.0744 0.0267
0.80 −0.1370−0.2188 0.0092 −0.0350−0.1528 0.0145 0.0732 0.1492 0.0262 0.1144 0.0966 0.0429

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0590−0.1708 0.0058 −0.1648−0.1914 0.0528 −0.1265−0.1813 0.0084 −1.2314−0.1560 0.3446
−0.40 0.0271 0.1045 0.1144 −0.2393−0.1069 0.0410 −0.2640−0.1143 0.0607 0.1368 0.1174 0.0423

0.00 0.5932 0.1161 0.1045 0.3762 0.1244 0.0189 0.2747 0.1164 0.0235 0.1677 0.1131 0.0107
0.40 0.1970 0.0927 0.0284 0.3119 0.0920 0.0161 0.1628 0.0871 0.0182 0.3113 0.0859 0.0224
0.80 0.2306 0.1041 0.0401 −0.0101−0.1076 0.0015 −0.1016−0.1104 0.0223 −0.0040−0.1005 0.0009

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.2648−0.1387 0.0290 −0.2852−0.1254 0.0797 −0.1121−0.1205 0.0823 0.3623 0.1222 0.0964
−0.40 0.0648 0.1007 0.0143 −0.3353−0.1068 0.0492 −0.1146−0.1064 0.0828 −0.1473−0.1118 0.0129

0.00 0.1297 0.1019 0.0398 0.2298 0.1032 0.0643 −0.1173−0.1139 0.0311 0.1992 0.1063 0.0470
0.40 0.0262 0.0843 0.0422 0.0807 0.0831 0.0178 0.5815 0.0788 0.0568 0.4096 0.0787 0.0388
0.80 −0.0481−0.1046 0.0076 0.0773 0.1034 0.0139 0.2952 0.1003 0.0515 0.1223 0.1032 0.0199

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2684 0.1232 0.0234 −0.1193−0.1260 0.0393 0.0582 0.1334 0.0392 −0.3883−0.1742 0.2187
−0.40 −0.0754−0.1182 0.0203 0.3412 0.1092 0.0519 0.0998 0.1370 0.0324 −0.0594−0.1465 0.0219

0.00 0.0400 0.1356 0.0368 0.3682 0.1443 0.1127 −0.1940−0.1461 0.0139 0.0364 0.1856 0.0352
0.40 0.0180 0.0839 0.0147 0.2649 0.0803 0.0410 0.1168 0.0872 0.0302 0.4846 0.1268 0.0811
0.80 0.2050 0.0964 0.0336 0.0761 0.0935 0.0188 0.1138 0.0954 0.0157 0.5913 0.1232 0.0912

W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys

−0.80 0.4711 0.2498 0.0459
−0.40 0.1081 0.2663 0.0310

0.00 0.1582 0.2560 0.0267
0.40 0.6510 0.2379 0.1060
0.80 0.2567 0.1879 0.0525

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.3916 0.3310 0.1374 0.3956 0.2016 0.2090 0.3326 0.1133 0.1520 0.2287 0.1305 0.1728
−0.40 0.1619 0.5041 0.1595 −0.2867 0.2173 0.1328 −0.1222 0.0922 0.0580 0.0974 0.1308 0.0701

0.00 −0.2432 1.4340 0.5639 0.5345 0.2801 0.2229 0.0644 0.1205 0.0486 0.0986 0.1224 0.0262
0.40 7.4241 16.7393 5.7691 0.0169 0.7409 0.4916 0.1522 0.2251 0.0387 0.2386 0.1522 0.0753
0.80 −7.6493 22.4053 6.7604 0.1683 2.6012 1.3761 0.3826 0.6825 0.1852 1.3429 0.6459 0.0978

W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6531 0.1622 0.0836 0.8118 0.1635 0.0948 0.5623 0.1567 0.1154 0.4382 0.1415 0.1718
−0.40 0.8293 0.1482 0.0363 0.0365 0.1482 0.1485 0.4521 0.1238 0.0076 0.2724 0.1034 0.0571

0.00 0.2402 0.1271 0.0319 0.2230 0.1077 0.0484 0.2041 0.0921 0.0229 0.4718 0.0748 0.0240
0.40 0.5311 0.1180 0.1347 0.2922 0.0863 0.0911 0.4428 0.0697 0.0808 0.3746 0.0594 0.0438
0.80 0.3905 0.3855 0.4442 0.2768 0.2388 0.1736 0.3926 0.1954 0.1112 0.2839 0.1168 0.0185



E.6. Polarized Results for Double π0 from the CBELSA/TAPS Data 585

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6632 0.1182 0.0993 0.4233 0.1020 0.0930 0.7198 0.0964 0.0165 0.2755 0.0917 0.0935
−0.40 0.5553 0.0818 0.0261 0.5193 0.0720 0.0307 0.4298 0.0739 0.0655 0.3688 0.0586 0.0102

0.00 0.2907 0.0618 0.0590 0.5275 0.0746 0.0433 0.8120 0.0803 0.0282 0.7456 0.0543 0.0623
0.40 0.3742 0.0487 0.0174 0.6872 0.0531 0.0164 0.8467 0.0577 0.0614 0.7433 0.0466 0.0168
0.80 0.4246 0.1081 0.0499 0.6337 0.1009 0.0795 0.8004 0.1119 0.0468 0.6947 0.0611 0.0625

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3871 0.0711 0.0025 0.2928 0.0679 0.0329 0.2962 0.0623 0.0125 −0.0715 0.0503 0.1293
−0.40 0.4525 0.0470 0.0929 0.2863 0.0411 0.0380 0.2728 0.0432 0.0488 0.3761 0.0395 0.0669

0.00 0.7146 0.0528 0.1049 0.5218 0.0477 0.0285 0.4568 0.0422 0.0389 0.3715 0.0365 0.0192
0.40 0.6169 0.0482 0.0152 0.6227 0.0442 0.0198 0.5403 0.0410 0.0289 0.5601 0.0373 0.0070
0.80 0.6623 0.0566 0.0193 0.4648 0.0511 0.0579 0.4181 0.0521 0.0220 0.4359 0.0448 0.0458

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2299 0.0444 0.0215 0.2059 0.0373 0.0516 0.2436 0.0342 0.0221 0.3519 0.0327 0.0142
−0.40 0.3631 0.0350 0.0692 0.1897 0.0312 0.0324 0.2343 0.0288 0.0592 0.1902 0.0256 0.0193

0.00 0.3477 0.0318 0.0611 0.3160 0.0270 0.0643 0.2006 0.0263 0.0134 0.2549 0.0231 0.0441
0.40 0.3908 0.0326 0.0371 0.3561 0.0279 0.0146 0.4855 0.0249 0.0583 0.4251 0.0243 0.0173
0.80 0.3901 0.0436 0.0541 0.3931 0.0384 0.0592 0.4582 0.0362 0.0704 0.3732 0.0349 0.0330

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3188 0.0323 0.0050 0.1942 0.0288 0.0140 0.2311 0.0302 0.0151 0.1244 0.0365 0.0478
−0.40 0.2291 0.0298 0.0371 0.2731 0.0229 0.0396 0.2199 0.0280 0.0177 0.1904 0.0309 0.0121

0.00 0.2041 0.0270 0.0278 0.2805 0.0300 0.0620 0.1379 0.0254 0.0107 0.2105 0.0384 0.0526
0.40 0.3054 0.0256 0.0140 0.3572 0.0231 0.0233 0.3307 0.0263 0.0349 0.4478 0.0390 0.0623
0.80 0.4000 0.0326 0.0743 0.3355 0.0297 0.0556 0.3957 0.0345 0.0704 0.5941 0.0469 0.0859

W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.3408 0.0600 0.0295
−0.40 0.2399 0.0591 0.0078

0.00 0.2511 0.0576 0.0086
0.40 0.5457 0.0795 0.0495
0.80 0.5759 0.0872 0.1825

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4489 0.3310 0.1644 −0.1548 0.2016 0.1456 0.0252 0.1133 0.1147 0.3729 0.1305 0.1877
−0.40 −0.0809 0.5041 0.1048 0.5711 0.2173 0.2565 0.6337 0.0922 0.1147 0.6715 0.1308 0.0610

0.00 0.3247 1.4340 0.6737 −0.2862 0.2801 0.1428 0.3913 0.1205 0.0908 0.6681 0.1224 0.0602
0.40 −7.5156 16.7393 3.7783 0.1426 0.7409 0.5990 0.6096 0.2251 0.0355 0.8563 0.1522 0.1185
0.80 7.8287 22.4053 10.6044 0.3452 2.6012 1.7357 1.8694 0.6825 0.2772 0.8976 0.6459 0.0602

W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.8881 0.1622 0.0640 0.8420 0.1635 0.0962 0.8550 0.1567 0.1334 0.6653 0.1415 0.1936
−0.40 0.5370 0.1482 0.0171 1.2768 0.1482 0.1603 0.7323 0.1238 0.0058 0.5363 0.1034 0.0717

0.00 0.8209 0.1271 0.0249 0.9751 0.1077 0.0603 0.6851 0.0921 0.0203 0.3101 0.0748 0.0231
0.40 0.8224 0.1180 0.1498 0.9445 0.0863 0.1390 0.5705 0.0697 0.0726 0.5431 0.0594 0.0377
0.80 0.7304 0.3855 0.2641 0.4549 0.2388 0.1589 0.3259 0.1954 0.1601 0.4829 0.1168 0.0406

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.5596 0.1182 0.0932 0.9290 0.1020 0.1122 0.6396 0.0964 0.0083 0.6165 0.0917 0.1228
−0.40 0.3404 0.0818 0.0214 0.4467 0.0720 0.0311 0.3719 0.0739 0.0659 0.4215 0.0586 0.0144

0.00 0.3671 0.0618 0.0760 0.2931 0.0746 0.0523 0.1296 0.0803 0.0456 0.3096 0.0543 0.0687
0.40 0.7457 0.0487 0.0208 0.7094 0.0531 0.0102 0.6679 0.0577 0.0422 0.4943 0.0466 0.0174
0.80 0.5593 0.1081 0.0651 0.6796 0.1009 0.1023 0.6912 0.1119 0.0767 0.5520 0.0611 0.0912

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4356 0.0711 0.0034 0.4083 0.0679 0.0634 0.3821 0.0623 0.0092 0.6895 0.0503 0.0320
−0.40 0.4286 0.0470 0.0541 0.4665 0.0411 0.0504 0.4685 0.0432 0.0562 0.2856 0.0395 0.0591

0.00 0.1825 0.0528 0.0418 0.2365 0.0477 0.0173 0.2599 0.0422 0.0262 0.2648 0.0365 0.0162
0.40 0.4138 0.0482 0.0185 0.3266 0.0442 0.0200 0.3890 0.0410 0.0189 0.2942 0.0373 0.0125
0.80 0.4141 0.0566 0.0252 0.4742 0.0511 0.0578 0.5126 0.0521 0.0329 0.4394 0.0448 0.0469
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W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3955 0.0444 0.0121 0.3702 0.0373 0.0746 0.3051 0.0342 0.0331 0.1647 0.0327 0.0434
−0.40 0.3189 0.0350 0.0577 0.3811 0.0312 0.0540 0.2950 0.0288 0.0509 0.2560 0.0256 0.0229

0.00 0.2678 0.0318 0.0505 0.1979 0.0270 0.0461 0.2539 0.0263 0.0128 0.1702 0.0231 0.0341
0.40 0.3708 0.0326 0.0255 0.3029 0.0279 0.0064 0.1285 0.0249 0.0251 0.1780 0.0243 0.0230
0.80 0.4296 0.0436 0.0607 0.3367 0.0384 0.0604 0.2493 0.0362 0.0668 0.2919 0.0349 0.0376

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1839 0.0323 0.0122 0.2468 0.0288 0.0088 0.2057 0.0302 0.0098 0.2823 0.0365 0.0442
−0.40 0.2665 0.0298 0.0391 0.1342 0.0229 0.0238 0.1800 0.0280 0.0070 0.2144 0.0309 0.0052

0.00 0.1884 0.0270 0.0264 0.1295 0.0300 0.0389 0.2042 0.0254 0.0131 0.1957 0.0384 0.0492
0.40 0.2946 0.0256 0.0058 0.2076 0.0231 0.0129 0.2616 0.0263 0.0256 0.1554 0.0390 0.0378
0.80 0.2639 0.0326 0.0675 0.2881 0.0297 0.0559 0.3149 0.0345 0.0655 0.1526 0.0469 0.0703

W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.1226 0.0600 0.0189
−0.40 0.1931 0.0591 0.0169

0.00 0.1825 0.0576 0.0167
0.40 0.1154 0.0795 0.0386
0.80 0.3406 0.0872 0.1585

E.6.3 Observables for γd→ π0π0n(p) as a Function of Eγ

Eγ ∆Eγ E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

440.0 40.0 −121.1573 970.0198 60.4378 −23.0229 186.1669 11.5789 23.4061 186.1669 23.0788
520.0 40.0 −2.8362 3.1744 0.5842 −1.4060 2.4793 0.4362 2.9374 2.4793 0.7468
600.0 40.0 0.0270 0.2921 0.0568 3.9336 1.1527 0.6244 3.7271 1.1527 0.4512
680.0 40.0 −0.9402 0.2423 0.1639 0.3508 1.6015 0.8729 11.3812 1.6015 1.7192
760.0 40.0 −0.3394 0.1330 0.0833 5.5142 1.1539 1.2821 11.1806 1.1539 1.7873
840.0 40.0 −0.2629 0.1374 0.0732 5.7764 1.1485 1.1349 9.8970 1.1485 1.3143
920.0 40.0 −0.0927 0.1191 0.0343 6.8666 0.9699 1.1166 8.2689 0.9699 1.1568

1000.0 40.0 0.1370 0.1176 0.0302 8.6645 0.9468 1.3317 6.5770 0.9468 0.9791
1080.0 40.0 −0.2367 0.1061 0.0948 6.1833 0.8691 1.6862 10.0191 0.8691 2.2089
1160.0 40.0 −0.1970 0.1048 0.0956 5.1738 0.6833 1.4195 7.7126 0.6833 1.7340
1240.0 40.0 −0.2335 0.1537 0.0931 3.2911 0.6661 0.8532 5.2967 0.6661 1.0625
1320.0 40.0 −0.4928 0.1278 0.1184 2.0399 0.5189 0.6425 6.0041 0.5189 1.1034
1400.0 40.0 −0.5100 0.1480 0.1554 1.6929 0.5186 0.6426 5.2175 0.5186 1.0806
1480.0 40.0 −0.0576 0.1248 0.0262 3.3483 0.4481 0.5959 3.7575 0.4481 0.6125
1560.0 40.0 −0.2929 0.1306 0.1269 2.4352 0.4564 0.7648 4.4528 0.4564 1.0747
1640.0 40.0 −0.1280 0.1170 0.0497 2.9814 0.4064 0.6455 3.8568 0.4064 0.7357
1720.0 40.0 −0.3717 0.1277 0.1711 1.8698 0.3857 0.7024 4.0818 0.3857 1.1113
1800.0 40.0 −0.1992 0.1336 0.1066 2.2290 0.3768 0.6721 3.3376 0.3768 0.8627
1880.0 40.0 −0.1645 0.1371 0.0624 2.1674 0.3608 0.4785 3.0208 0.3608 0.5552
1960.0 40.0 −0.1000 0.1457 0.0333 2.3408 0.3859 0.4770 2.8610 0.3859 0.5396
2040.0 40.0 0.0501 0.1386 0.0331 2.5197 0.3374 0.4689 2.2790 0.3374 0.3876
2120.0 40.0 −0.1498 0.1466 0.0401 1.9550 0.3412 0.3471 2.6441 0.3412 0.4020
2200.0 40.0 −0.2717 0.1618 0.0534 1.6518 0.3729 0.2516 2.8844 0.3729 0.3002
2280.0 40.0 −0.0560 0.2441 0.0326 2.0578 0.5370 0.3816 2.3019 0.5370 0.3827
2360.0 40.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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E.6.4 Observables for γd→ π0π0n(p) as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1320.0 20.0 28.8251 19.5655 19.0701 9.7749 7.4748 6.2518 −9.1194 7.4748 6.9256
1360.0 20.0 −0.2465 3.0030 0.0613 0.5826 2.3270 0.3624 0.9637 2.3270 0.4125
1400.0 20.0 −0.2980 0.4234 0.0872 2.1828 1.3410 0.3508 4.0362 1.3410 0.3221
1440.0 20.0 −0.4052 0.3332 0.0789 2.4912 1.4267 0.4676 5.8849 1.4267 0.5527
1480.0 20.0 −0.5945 0.1959 0.1444 2.9836 1.4976 1.1909 11.7328 1.4976 2.4652
1520.0 20.0 −0.4093 0.1491 0.1224 4.9791 1.2975 1.4925 11.8803 1.2975 2.1670
1560.0 20.0 −0.1897 0.1530 0.0463 6.2390 1.2559 0.9193 9.1601 1.2559 1.0076
1600.0 20.0 −0.1138 0.1422 0.0319 6.2981 1.0783 0.9010 7.9163 1.0783 0.9539
1640.0 20.0 −0.0601 0.1225 0.0254 7.3201 0.9917 1.1796 8.2563 0.9917 1.1996
1680.0 20.0 −0.0990 0.1218 0.0433 6.9751 0.9862 1.1512 8.5078 0.9862 1.1461
1720.0 20.0 −0.0746 0.1108 0.0466 6.8862 0.8339 1.6397 7.9971 0.8339 1.7445
1760.0 20.0 −0.3733 0.1278 0.1564 3.3690 0.6953 1.1519 7.3829 0.6953 1.5653
1800.0 20.0 −0.3930 0.1447 0.1068 2.5130 0.6049 0.6728 5.7670 0.6049 0.9333
1840.0 20.0 −0.5876 0.1467 0.2111 1.4311 0.5145 0.7274 5.5094 0.5145 1.4899
1880.0 20.0 −0.3713 0.1284 0.0860 2.3424 0.4842 0.5519 5.1086 0.4842 0.7898
1920.0 20.0 −0.1387 0.1282 0.0569 2.9528 0.4445 0.6090 3.9036 0.4445 0.6665
1960.0 20.0 −0.0038 0.1190 0.0169 3.4859 0.4218 0.8049 3.5124 0.4218 0.7801
2000.0 20.0 −0.1631 0.1166 0.0741 2.7788 0.3933 0.7054 3.8617 0.3933 0.8424
2040.0 20.0 −0.3192 0.1267 0.0855 1.9394 0.3664 0.4917 3.7577 0.3664 0.7258
2080.0 20.0 −0.3383 0.1246 0.0997 1.8552 0.3548 0.5052 3.7526 0.3548 0.7433
2120.0 20.0 −0.1346 0.1295 0.0638 2.2915 0.3473 0.5478 3.0044 0.3473 0.6225
2160.0 20.0 −0.2063 0.1287 0.0457 2.0208 0.3323 0.3448 3.0716 0.3323 0.4215
2200.0 20.0 −0.0665 0.1461 0.0356 2.2308 0.3540 0.4488 2.5489 0.3540 0.4642
2240.0 20.0 0.0101 0.1818 0.0227 2.4238 0.4427 0.3673 2.3754 0.4427 0.3252
2280.0 20.0 −0.3268 0.2546 0.0992 1.9387 0.7440 0.5184 3.8208 0.7440 0.7351

Angular Distributions

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 15.6084 9.8968 36.3508 8.442414.0718 3.8937 −0.0600−1.0190 0.1845 0.8017 0.8655 0.1371
−0.40 18.151639.9245341.2424 −0.2693−4.4000 0.1414 −1.6123−0.7239 0.8692 0.3334 0.5737 0.2931

0.00 41.694640.6351 16.9113 −5.8236−3.8469 0.9130 0.8017 0.7957 0.0771 −0.1616−0.5528 0.2983
0.40 −53.3069−288.2668 26.0672 0.4692 5.7995 0.3122 −0.7803−0.7366 0.1043 −1.5506−0.5797 0.3464
0.80 −612.1798−6001.7320311.2408 23.157963.0489 11.2862 −0.8689−1.1369 0.2220 −0.5001−1.0845 0.2242

W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.1184−0.3785 0.0391 −0.3726−0.3271 0.0212 0.3633 0.2895 0.0565 0.8337 0.3070 0.2151
−0.40 −0.6157−0.3997 0.0849 −1.0374−0.3500 0.2694 −0.2335−0.3693 0.0726 −0.3183−0.2658 0.0416

0.00 −0.9375−0.3732 0.2081 −0.7411−0.3395 0.0917 −0.7320−0.3580 0.1645 −0.0763−0.3382 0.0744
0.40 −0.6120−0.3596 0.1606 −0.4056−0.2738 0.1264 −0.0839−0.3083 0.2180 −0.3809−0.2742 0.1389
0.80 −1.0295−0.7854 0.3812 −0.4658−0.6314 0.0109 0.1092 0.4854 0.0549 −0.0682−0.3762 0.0256

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0394−0.2207 0.0480 0.3590 0.2505 0.0181 −0.6135−0.2517 0.0770 −0.0124−0.2587 0.0162
−0.40 0.1013 0.2177 0.0334 0.0285 0.2470 0.0258 −0.3388−0.1594 0.1803 −0.6038−0.2243 0.2818

0.00 −0.0345−0.2632 0.0249 −0.3492−0.1735 0.1153 0.0290 0.1752 0.0113 −0.3372−0.1842 0.4281
0.40 −0.4748−0.1995 0.1185 −0.1750−0.1936 0.0675 −0.0000−0.1727 0.0112 −0.0914−0.1675 0.1001
0.80 0.6499 0.3580 0.0180 0.1448 0.3053 0.0212 0.5252 0.3348 0.0555 −0.7518−0.2588 0.1146

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0111−0.3140 0.0121 −0.0985−0.3081 0.0219 0.6316 0.2399 0.2027 0.0136 0.2579 0.1620
−0.40 −0.1822−0.2216 0.2225 −0.3946−0.2485 0.3514 −0.7004−0.2177 0.3531 −0.1664−0.1818 0.0214

0.00 −0.3855−0.1916 0.3968 −0.7858−0.2075 2.8542 −0.2174−0.1773 0.1110 0.0709 0.1910 0.0549
0.40 −0.7156−0.1953 0.1708 −0.2490−0.1982 0.0849 −0.5210−0.2210 0.0633 −0.3344−0.1978 0.0602
0.80 −0.1850−0.3579 0.0182 −1.1889−0.3223 0.1183 −0.0112−0.3011 0.0156 0.3361 0.2914 0.0697

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.3619 0.2375 0.1252 −0.1351−0.1820 0.0148 −0.1089−0.2077 0.0856 0.3493 0.2941 0.2022
−0.40 −0.1612−0.1921 0.1782 −0.0989−0.1731 0.0963 −0.2052−0.1735 37.5059 −0.2429−0.2023 0.4619

0.00 −0.1119−0.1644 0.1675 −0.3329−0.1588 0.1672 −0.8103−0.1946 0.2573 −0.2431−0.1772 0.2013
0.40 0.3122 0.1843 0.1798 −0.0208−0.1612 0.0074 −0.1338−0.1501 0.0361 −0.1812−0.1778 0.0226
0.80 −0.1782−0.2818 0.0638 −0.5325−0.2216 0.0812 0.0999 0.2672 0.0333 −0.4124−0.2582 0.0683

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2949 0.1893 0.0362 −0.9019−0.2679 0.2959 0.0018 0.2154 0.2180 −0.0369−0.3567 0.0528
−0.40 −0.4298−0.2194 0.1180 −0.3582−0.2599 0.1787 −0.2252−0.2125 0.0370 0.1480 0.4383 0.0475

0.00 0.2858 0.2096 0.1141 −0.4353−0.2625 0.1528 −0.3560−0.2376 0.6056 0.0703 0.2684 0.0236
0.40 −0.4667−0.1546 0.3752 0.0072 0.1951 0.0143 −0.6922−0.1847 0.0355 −0.1056−0.2489 0.0220
0.80 0.1093 0.1963 0.0135 −0.3340−0.2161 0.0087 0.5651 0.2288 0.1074 −0.2589−0.2402 0.0384
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W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys

−0.80 0.4648 0.4109 0.1215
−0.40 −1.2616−0.4397 5.5104

0.00 −0.0088−0.5441 0.0917
0.40 −0.2432−0.3595 0.7748
0.80 −0.5160−0.4329 0.1527

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.2567 0.8916 0.6584 0.2994 0.4864 0.2919 0.1888 0.2110 0.0359 0.5412 0.2708 0.1563
−0.40 0.5673 1.2580 0.4217 0.0661 0.3992 0.0369 −0.1705 0.2225 0.1730 0.4953 0.2184 0.2087

0.00 1.3427 1.5727 0.5932 −0.5608 0.4885 0.0656 0.4786 0.2153 0.0710 0.3383 0.2272 0.1337
0.40 0.2071 1.4445 0.1032 0.0849 0.3359 0.0892 0.0583 0.2001 0.0278 −0.1824 0.2089 0.0746
0.80 1.4507 20.0833 0.8149 0.2776 0.8681 0.3512 0.0297 0.2655 0.0433 0.1299 0.2877 0.0586

W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6144 0.2720 0.0194 0.6302 0.3338 0.0644 1.2828 0.2792 0.0724 1.5265 0.2688 0.1789
−0.40 0.2443 0.2683 0.0543 −0.0256 0.2636 0.1572 0.4515 0.2505 0.0822 0.4648 0.2181 0.0340

0.00 0.0410 0.2729 0.1236 0.1700 0.2379 0.0648 0.1560 0.2431 0.0927 0.3847 0.1521 0.0413
0.40 0.2235 0.2098 0.0991 0.3847 0.1786 0.1216 0.4990 0.1691 0.1593 0.3050 0.1390 0.0910
0.80 −0.0107 0.2887 0.0960 0.1927 0.2291 0.0043 0.4514 0.1988 0.0234 0.3768 0.1533 0.0788

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.8885 0.2155 0.0128 1.0106 0.1968 0.0562 0.2409 0.1603 0.0626 0.3599 0.0966 0.0382
−0.40 0.7383 0.1601 0.0905 0.6270 0.1678 0.0812 0.4252 0.1055 0.1659 0.1737 0.1007 0.1074

0.00 0.4998 0.1428 0.0469 0.4665 0.1389 0.1263 0.7028 0.1218 0.1602 0.3325 0.0943 0.1875
0.40 0.3135 0.1206 0.0994 0.4782 0.1137 0.0909 0.5903 0.1036 0.1274 0.4083 0.0766 0.1119
0.80 0.6418 0.1414 0.0202 0.4930 0.1329 0.0199 0.6428 0.1420 0.0240 0.0956 0.1018 0.0448

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2472 0.0799 0.0062 0.2059 0.0716 0.0053 0.4795 0.0725 0.0741 0.2933 0.0760 0.0845
−0.40 0.2622 0.0728 0.0986 0.1764 0.0737 0.1024 0.0977 0.0728 0.1143 0.2436 0.0546 0.0299

0.00 0.2489 0.0789 0.1396 0.0763 0.0751 1.0173 0.2790 0.0646 0.0901 0.3342 0.0608 0.1008
0.40 0.1034 0.0724 0.0621 0.2050 0.0549 0.0554 0.1263 0.0593 0.0258 0.1622 0.0490 0.0238
0.80 0.2512 0.1112 0.0096 −0.0437 0.0766 0.0287 0.2395 0.0739 0.0245 0.3028 0.0669 0.0564

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4121 0.0734 0.0933 0.2480 0.0547 0.0252 0.1912 0.0463 0.0308 0.2849 0.0636 0.0336
−0.40 0.2353 0.0554 0.0904 0.2496 0.0493 0.0837 0.1839 0.0416 1.2719 0.1798 0.0492 0.0964

0.00 0.2849 0.0544 0.1202 0.1898 0.0466 0.0704 0.0436 0.0462 0.0523 0.1659 0.0400 0.0675
0.40 0.3284 0.0473 0.1017 0.2304 0.0390 0.0449 0.2037 0.0364 0.0256 0.1726 0.0383 0.0156
0.80 0.1956 0.0679 0.0360 0.1111 0.0543 0.0267 0.2446 0.0606 0.0128 0.1393 0.0624 0.0520

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2794 0.0423 0.0415 0.0198 0.0558 0.0592 0.1717 0.0388 0.0565 0.1574 0.0605 0.0132
−0.40 0.0949 0.0380 0.0269 0.0943 0.0390 0.0367 0.1128 0.0329 0.0181 0.1576 0.0609 0.0354

0.00 0.2315 0.0387 0.0449 0.0917 0.0439 0.0335 0.1092 0.0415 0.0865 0.1618 0.0420 0.0280
0.40 0.1187 0.0353 0.0835 0.2203 0.0434 0.0117 0.0570 0.0354 0.0059 0.1630 0.0465 0.0314
0.80 0.2982 0.0542 0.0207 0.1886 0.0623 0.0057 0.4369 0.0654 0.0647 0.2377 0.0793 0.0273

W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.3369 0.0987 0.0268
−0.40 −0.0449 0.0812 0.9451

0.00 0.1640 0.0920 0.0229
0.40 0.1628 0.0791 0.1667
0.80 0.1760 0.1602 0.2063

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −1.1054 0.8916 0.5824 −0.2360 0.4864 0.1819 0.2129 0.2110 0.0570 0.0596 0.2708 0.0781
−0.40 −0.5081 1.2580 0.4625 0.1147 0.3992 0.0660 0.7275 0.2225 0.2336 0.2476 0.2184 0.0906

0.00 −1.2798 1.5727 0.5281 0.7933 0.4885 0.0751 0.0527 0.2153 0.0214 0.4687 0.2272 0.0781
0.40 −0.2150 1.4445 0.1912 0.0307 0.3359 0.0940 0.4725 0.2001 0.0200 0.8448 0.2089 0.1119
0.80 −1.4554 20.0833 0.7387 −0.2546 0.8681 0.2215 0.4239 0.2655 0.0294 0.3897 0.2877 0.0517
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W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7795 0.2720 0.0691 1.3787 0.3338 0.0857 0.5991 0.2792 0.0815 0.1384 0.2688 0.1956
−0.40 1.0272 0.2683 0.1399 1.3957 0.2636 0.3615 0.7265 0.2505 0.0655 0.8989 0.2181 0.0171

0.00 1.2709 0.2729 0.2176 1.1434 0.2379 0.1161 1.0081 0.2431 0.1068 0.4483 0.1521 0.0285
0.40 0.9285 0.2098 0.1916 0.9096 0.1786 0.1908 0.5903 0.1691 0.1098 0.6803 0.1390 0.1006
0.80 0.7368 0.2887 0.0963 0.5288 0.2291 0.0032 0.3625 0.1988 0.0355 0.4320 0.1533 0.0977

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.9614 0.2155 0.0834 0.4766 0.1968 0.0417 1.0057 0.1603 0.1084 0.3689 0.0966 0.0315
−0.40 0.6024 0.1601 0.0937 0.5923 0.1678 0.0634 0.8608 0.1055 0.2693 0.7031 0.1007 0.2018

0.00 0.5355 0.1428 0.0595 0.9669 0.1389 0.1520 0.6631 0.1218 0.1496 0.6709 0.0943 0.2620
0.40 0.8803 0.1206 0.1789 0.6810 0.1137 0.0950 0.5904 0.1036 0.1237 0.4905 0.0766 0.1069
0.80 0.1362 0.1414 0.0070 0.3683 0.1329 0.0129 0.2001 0.1420 0.0296 0.6747 0.1018 0.0671

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2527 0.0799 0.0020 0.2509 0.0716 0.0184 0.1083 0.0725 0.0584 0.2855 0.0760 0.0554
−0.40 0.3790 0.0728 0.1085 0.4064 0.0737 0.1957 0.5545 0.0728 0.1958 0.3409 0.0546 0.0361

0.00 0.5612 0.0789 0.2436 0.6365 0.0751 1.1794 0.4341 0.0646 0.1440 0.2900 0.0608 0.0811
0.40 0.6236 0.0724 0.1273 0.3410 0.0549 0.0831 0.4010 0.0593 0.0563 0.3251 0.0490 0.0217
0.80 0.3652 0.1112 0.0008 0.5069 0.0766 0.0519 0.2449 0.0739 0.0173 0.1504 0.0669 0.0332

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1931 0.0734 0.0580 0.3255 0.0547 0.0294 0.2379 0.0463 0.0129 0.1374 0.0636 0.0590
−0.40 0.3257 0.0554 0.1192 0.3044 0.0493 0.0989 0.2788 0.0416 1.3855 0.2952 0.0492 0.1420

0.00 0.3568 0.0544 0.1844 0.3792 0.0466 0.1140 0.4163 0.0462 0.0936 0.2724 0.0400 0.1075
0.40 0.1721 0.0473 0.0649 0.2402 0.0390 0.0468 0.2666 0.0364 0.0209 0.2490 0.0383 0.0173
0.80 0.2805 0.0679 0.0229 0.3640 0.0543 0.0415 0.2002 0.0606 0.0189 0.3349 0.0624 0.0637

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1521 0.0423 0.0229 0.3841 0.0558 0.0612 0.1711 0.0388 0.0698 0.1694 0.0605 0.0151
−0.40 0.2380 0.0380 0.0360 0.1996 0.0390 0.0784 0.1784 0.0329 0.0218 0.1169 0.0609 0.0268

0.00 0.1286 0.0387 0.0353 0.2330 0.0439 0.0583 0.2300 0.0415 0.1494 0.1405 0.0420 0.0238
0.40 0.3264 0.0353 0.1534 0.2171 0.0434 0.0134 0.3131 0.0354 0.0226 0.2014 0.0465 0.0293
0.80 0.2394 0.0542 0.0173 0.3777 0.0623 0.0064 0.1214 0.0654 0.0256 0.4039 0.0793 0.0320

W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.1231 0.0987 0.0504
−0.40 0.3879 0.0812 1.0321

0.00 0.1669 0.0920 0.0317
0.40 0.2674 0.0791 0.2707
0.80 0.5514 0.1602 0.2435
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E.6.5 Observables for γp→ π0π0p as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1320.0 20.0 0.6612 17.5555 0.3503 0.8128 10.1326 7.9284 0.1658 10.1326 7.9743
1360.0 20.0 −0.1978 0.7940 0.0720 1.8162 2.4940 2.8899 2.7119 2.4940 3.2239
1400.0 20.0 −0.4131 0.1354 0.0607 3.9265 1.1841 0.5452 9.4546 1.1841 0.6737
1440.0 20.0 −0.3946 0.0964 0.0483 5.0397 1.0559 0.5891 11.6083 1.0559 0.8156
1480.0 20.0 −0.1444 0.0740 0.0349 8.2780 1.0016 0.7780 11.0719 1.0016 0.7749
1520.0 20.0 −0.4545 0.0717 0.0364 4.9648 0.8400 0.3936 13.2366 0.8400 0.8149
1560.0 20.0 −0.2910 0.0678 0.0366 5.4330 0.7051 0.5013 9.8924 0.7051 0.6551
1600.0 20.0 −0.1024 0.0663 0.0216 5.7063 0.5926 0.3714 7.0086 0.5926 0.5137
1640.0 20.0 −0.1341 0.0481 0.0179 6.0756 0.4735 0.4637 7.9570 0.4735 0.6440
1680.0 20.0 0.0063 0.0388 0.0189 8.3846 0.4567 0.6376 8.2793 0.4567 0.7504
1720.0 20.0 0.2025 0.0406 0.0275 10.3746 0.4857 0.6661 6.8799 0.4857 0.5632
1760.0 20.0 0.1555 0.0346 0.0408 8.4520 0.3539 0.5966 6.1774 0.3539 0.7048
1800.0 20.0 0.2939 0.0360 0.0411 8.4683 0.3196 0.6742 4.6209 0.3196 0.3855
1840.0 20.0 0.2630 0.0403 0.0602 7.1476 0.3117 0.4932 4.1706 0.3117 0.5412
1880.0 20.0 0.0478 0.0368 0.0203 5.7397 0.2846 0.4778 5.2156 0.2846 0.3799
1920.0 20.0 0.1041 0.0354 0.0130 5.4817 0.2473 0.3380 4.4482 0.2473 0.2726
1960.0 20.0 0.0177 0.0330 0.0142 4.8273 0.2210 0.4251 4.6595 0.2210 0.3745
2000.0 20.0 0.0199 0.0335 0.0080 4.1857 0.1947 0.3135 4.0227 0.1947 0.2890
2040.0 20.0 0.1860 0.0343 0.0194 4.5306 0.1822 0.3535 3.1095 0.1822 0.2362
2080.0 20.0 0.1988 0.0331 0.0157 4.2402 0.1626 0.2594 2.8336 0.1626 0.1843
2120.0 20.0 0.1127 0.0326 0.0069 3.9144 0.1613 0.2414 3.1215 0.1613 0.1915
2160.0 20.0 0.1850 0.0331 0.0128 3.8244 0.1486 0.2304 2.6304 0.1486 0.1605
2200.0 20.0 0.0492 0.0352 0.0106 3.4190 0.1620 0.2287 3.0986 0.1620 0.2335
2240.0 20.0 0.3992 0.0528 0.0358 4.6975 0.2329 0.2879 2.0170 0.2329 0.1636
2280.0 20.0 0.3823 0.0865 0.0466 5.2345 0.4327 0.5742 2.3394 0.4327 0.4472

Angular Distributions

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −14.6627−120.0099 4.8994 2.2852 2.9525 0.8234 0.8592 0.5902 0.2551 −0.2396−0.3155 0.0942
−0.40 3.000227.8618 1.2574 −3.0156−3.4331 0.9340 −1.4779−0.4549 0.2269 −0.7466−0.3003 0.1395

0.00 −6.9690−175.2176 3.3814 3.3059 5.5117 1.1521 −0.7173−0.4602 0.1072 −0.7427−0.2813 0.0446
0.40 −163.3718−42 293.4537 82.6349 −0.7878−8.3592 0.3643 −0.6005−0.4875 0.0904 −0.5642−0.2258 0.1117
0.80 −86.2754−15 238.9551 42.8534 −0.3445−7.5763 0.2085 −0.6602−0.5136 0.0817 0.1988 0.4157 0.0549

W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.1524−0.1505 0.0707 −0.0183−0.1398 0.0226 −0.2065−0.1597 0.0300 −0.2058−0.1851 0.0639
−0.40 0.2140 0.1568 0.0191 −0.9444−0.2194 0.2198 −0.2366−0.1519 0.0097 −0.3263−0.1902 0.0362

0.00 −0.5472−0.1931 0.0554 −0.6277−0.1501 0.0668 −0.5410−0.1665 0.0490 0.2069 0.1382 0.0547
0.40 −0.2153−0.1261 0.1031 −0.5274−0.1116 0.1156 −0.1260−0.0981 0.0698 −0.1837−0.0930 0.0490
0.80 −0.3032−0.5082 0.1955 −0.2434−0.4751 0.0809 0.0928 0.3862 0.3351 −0.2596−0.2225 0.0128

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.0847 0.1372 0.0099 −0.3739−0.1139 0.0462 0.0589 0.1004 0.0107 −0.3824−0.1556 0.0565
−0.40 0.2400 0.1328 0.0127 0.0751 0.1056 0.0139 0.0723 0.1307 0.0210 −0.0667−0.1050 0.0263

0.00 −0.1162−0.1337 0.0153 0.2857 0.1337 0.0489 0.7248 0.1489 0.0751 0.4132 0.0787 0.1096
0.40 −0.3317−0.0648 0.0150 −0.0159−0.0538 0.0133 0.1180 0.0543 0.0224 0.2013 0.0543 0.0267
0.80 −0.1370−0.1568 0.0092 −0.0350−0.1087 0.0145 0.0732 0.1064 0.0262 0.1144 0.0698 0.0429

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0590−0.1225 0.0058 −0.1648−0.1387 0.0528 −0.1265−0.1310 0.0084 −1.2314−0.1826 0.3446
−0.40 0.0271 0.0755 0.1144 −0.2393−0.0795 0.0410 −0.2640−0.0852 0.0607 0.1368 0.0853 0.0423

0.00 0.5932 0.0968 0.1045 0.3762 0.0951 0.0189 0.2747 0.0864 0.0235 0.1677 0.0822 0.0107
0.40 0.1970 0.0673 0.0284 0.3119 0.0690 0.0161 0.1628 0.0633 0.0182 0.3113 0.0646 0.0224
0.80 0.2306 0.0763 0.0401 −0.0101−0.0769 0.0015 −0.1016−0.0796 0.0223 −0.0040−0.0724 0.0009

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.2648−0.1040 0.0290 −0.2852−0.0952 0.0797 −0.1121−0.0888 0.0823 0.3623 0.0953 0.0964
−0.40 0.0648 0.0727 0.0143 −0.3353−0.0815 0.0492 −0.1146−0.0773 0.0828 −0.1473−0.0820 0.0129

0.00 0.1297 0.0737 0.0398 0.2298 0.0763 0.0643 −0.1173−0.0825 0.0311 0.1992 0.0783 0.0470
0.40 0.0262 0.0606 0.0422 0.0807 0.0600 0.0178 0.5815 0.0663 0.0568 0.4096 0.0615 0.0388
0.80 −0.0481−0.0753 0.0076 0.0773 0.0746 0.0139 0.2952 0.0754 0.0515 0.1223 0.0748 0.0199

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2684 0.0940 0.0234 −0.1193−0.0931 0.0393 0.0582 0.0978 0.0392 −0.3883−0.1362 0.2187
−0.40 −0.0754−0.0854 0.0203 0.3412 0.0841 0.0519 0.0998 0.0996 0.0324 −0.0594−0.1082 0.0219

0.00 0.0400 0.0973 0.0368 0.3682 0.1102 0.1127 −0.1940−0.1071 0.0139 0.0364 0.1337 0.0352
0.40 0.0180 0.0603 0.0147 0.2649 0.0599 0.0410 0.1168 0.0633 0.0302 0.4846 0.1016 0.0811
0.80 0.2050 0.0709 0.0336 0.0761 0.0676 0.0188 0.1138 0.0691 0.0157 0.5913 0.1033 0.0912
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W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys

−0.80 0.4711 0.2024 0.0459
−0.40 0.1081 0.1942 0.0310

0.00 0.1582 0.1902 0.0267
0.40 0.6510 0.2030 0.1060
0.80 0.2567 0.1388 0.0525

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.4955 0.4188 0.1738 0.4927 0.2510 0.2603 0.4081 0.1390 0.1865 0.2769 0.1580 0.2092
−0.40 0.2048 0.6379 0.2018 −0.3570 0.2707 0.1654 −0.1500 0.1131 0.0712 0.1179 0.1583 0.0849

0.00 −0.3078 1.8146 0.7136 0.6657 0.3489 0.2776 0.0791 0.1479 0.0596 0.1194 0.1482 0.0317
0.40 9.3946 21.1821 7.3003 0.0211 0.9227 0.6123 0.1867 0.2763 0.0475 0.2888 0.1843 0.0912
0.80 −9.6795 28.3519 8.5547 0.2096 3.2396 1.7139 0.4695 0.8376 0.2272 1.6255 0.7818 0.1184

W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7805 0.1938 0.0999 0.9585 0.1931 0.1119 0.6565 0.1830 0.1348 0.5063 0.1634 0.1985
−0.40 0.9910 0.1770 0.0434 0.0431 0.1749 0.1753 0.5278 0.1445 0.0088 0.3148 0.1195 0.0660

0.00 0.2871 0.1519 0.0382 0.2633 0.1272 0.0572 0.2383 0.1075 0.0267 0.5451 0.0864 0.0277
0.40 0.6346 0.1410 0.1610 0.3451 0.1019 0.1075 0.5170 0.0814 0.0943 0.4328 0.0686 0.0507
0.80 0.4666 0.4606 0.5308 0.3268 0.2820 0.2050 0.4584 0.2281 0.1298 0.3280 0.1349 0.0214

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7588 0.1352 0.1136 0.4799 0.1156 0.1054 0.8089 0.1083 0.0185 0.3071 0.1022 0.1042
−0.40 0.6353 0.0936 0.0299 0.5887 0.0816 0.0348 0.4831 0.0830 0.0736 0.4111 0.0653 0.0113

0.00 0.3325 0.0707 0.0675 0.5980 0.0845 0.0490 0.9125 0.0902 0.0317 0.8311 0.0605 0.0694
0.40 0.4282 0.0557 0.0199 0.7791 0.0602 0.0186 0.9516 0.0649 0.0690 0.8286 0.0520 0.0187
0.80 0.4857 0.1237 0.0571 0.7183 0.1143 0.0902 0.8995 0.1258 0.0526 0.7744 0.0681 0.0696

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4282 0.0787 0.0028 0.3215 0.0745 0.0361 0.3231 0.0680 0.0136 −0.0775 0.0545 0.1402
−0.40 0.5006 0.0520 0.1028 0.3144 0.0452 0.0417 0.2975 0.0471 0.0532 0.4076 0.0428 0.0725

0.00 0.7905 0.0584 0.1161 0.5730 0.0524 0.0313 0.4982 0.0461 0.0424 0.4026 0.0395 0.0208
0.40 0.6824 0.0533 0.0168 0.6839 0.0486 0.0217 0.5894 0.0448 0.0315 0.6070 0.0404 0.0076
0.80 0.7327 0.0626 0.0214 0.5104 0.0561 0.0636 0.4560 0.0568 0.0240 0.4724 0.0486 0.0497

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2476 0.0479 0.0232 0.2205 0.0399 0.0553 0.2595 0.0365 0.0235 0.3729 0.0347 0.0151
−0.40 0.3911 0.0377 0.0745 0.2032 0.0334 0.0347 0.2496 0.0306 0.0630 0.2016 0.0271 0.0204

0.00 0.3745 0.0343 0.0659 0.3384 0.0289 0.0688 0.2136 0.0281 0.0142 0.2701 0.0245 0.0467
0.40 0.4209 0.0352 0.0400 0.3814 0.0299 0.0157 0.5171 0.0265 0.0621 0.4504 0.0257 0.0184
0.80 0.4203 0.0469 0.0583 0.4210 0.0411 0.0634 0.4880 0.0385 0.0750 0.3955 0.0370 0.0350

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3362 0.0341 0.0053 0.2039 0.0303 0.0147 0.2415 0.0315 0.0157 0.1294 0.0380 0.0498
−0.40 0.2416 0.0315 0.0391 0.2867 0.0241 0.0416 0.2298 0.0293 0.0185 0.1981 0.0322 0.0126

0.00 0.2152 0.0285 0.0293 0.2944 0.0315 0.0651 0.1441 0.0266 0.0112 0.2191 0.0399 0.0548
0.40 0.3220 0.0270 0.0148 0.3749 0.0243 0.0245 0.3456 0.0275 0.0364 0.4659 0.0406 0.0648
0.80 0.4218 0.0344 0.0784 0.3522 0.0312 0.0584 0.4135 0.0361 0.0736 0.6182 0.0488 0.0894

W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.3533 0.0622 0.0306
−0.40 0.2487 0.0613 0.0081

0.00 0.2603 0.0597 0.0090
0.40 0.5656 0.0824 0.0513
0.80 0.5968 0.0903 0.1892

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.5680 0.4188 0.2081 −0.1927 0.2510 0.1813 0.0309 0.1390 0.1407 0.4513 0.1580 0.2272
−0.40 −0.1024 0.6379 0.1326 0.7113 0.2707 0.3195 0.7776 0.1131 0.1407 0.8128 0.1583 0.0738

0.00 0.4109 1.8146 0.8525 −0.3565 0.3489 0.1779 0.4801 0.1479 0.1115 0.8086 0.1482 0.0729
0.40 −9.5103 21.1821 4.7811 0.1776 0.9227 0.7460 0.7481 0.2763 0.0436 1.0365 0.1843 0.1435
0.80 9.9065 28.3519 13.4189 0.4300 3.2396 2.1617 2.2940 0.8376 0.3401 1.0864 0.7818 0.0729
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W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.0612 0.1938 0.0764 0.9941 0.1931 0.1135 0.9983 0.1830 0.1557 0.7687 0.1634 0.2237
−0.40 0.6416 0.1770 0.0204 1.5075 0.1749 0.1893 0.8550 0.1445 0.0068 0.6197 0.1195 0.0828

0.00 0.9809 0.1519 0.0297 1.1514 0.1272 0.0712 0.7999 0.1075 0.0237 0.3582 0.0864 0.0267
0.40 0.9828 0.1410 0.1790 1.1152 0.1019 0.1641 0.6661 0.0814 0.0848 0.6275 0.0686 0.0435
0.80 0.8728 0.4606 0.3156 0.5371 0.2820 0.1876 0.3805 0.2281 0.1869 0.5579 0.1349 0.0469

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6403 0.1352 0.1067 1.0531 0.1156 0.1272 0.7189 0.1083 0.0094 0.6873 0.1022 0.1369
−0.40 0.3894 0.0936 0.0245 0.5064 0.0816 0.0352 0.4179 0.0830 0.0741 0.4699 0.0653 0.0160

0.00 0.4200 0.0707 0.0869 0.3322 0.0845 0.0593 0.1456 0.0902 0.0513 0.3451 0.0605 0.0766
0.40 0.8532 0.0557 0.0238 0.8042 0.0602 0.0115 0.7507 0.0649 0.0474 0.5510 0.0520 0.0194
0.80 0.6399 0.1237 0.0745 0.7704 0.1143 0.1160 0.7768 0.1258 0.0862 0.6154 0.0681 0.1016

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4819 0.0787 0.0038 0.4484 0.0745 0.0697 0.4167 0.0680 0.0100 0.7472 0.0545 0.0347
−0.40 0.4741 0.0520 0.0598 0.5123 0.0452 0.0554 0.5110 0.0471 0.0613 0.3095 0.0428 0.0641

0.00 0.2018 0.0584 0.0462 0.2598 0.0524 0.0190 0.2835 0.0461 0.0285 0.2870 0.0395 0.0176
0.40 0.4578 0.0533 0.0205 0.3587 0.0486 0.0220 0.4243 0.0448 0.0206 0.3188 0.0404 0.0136
0.80 0.4581 0.0626 0.0279 0.5208 0.0561 0.0635 0.5591 0.0568 0.0359 0.4763 0.0486 0.0508

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4260 0.0479 0.0131 0.3964 0.0399 0.0799 0.3250 0.0365 0.0352 0.1746 0.0347 0.0460
−0.40 0.3435 0.0377 0.0622 0.4081 0.0334 0.0578 0.3142 0.0306 0.0542 0.2713 0.0271 0.0243

0.00 0.2885 0.0343 0.0544 0.2119 0.0289 0.0494 0.2704 0.0281 0.0137 0.1803 0.0245 0.0361
0.40 0.3995 0.0352 0.0275 0.3244 0.0299 0.0069 0.1368 0.0265 0.0267 0.1887 0.0257 0.0244
0.80 0.4628 0.0469 0.0654 0.3606 0.0411 0.0647 0.2656 0.0385 0.0712 0.3093 0.0370 0.0399

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1939 0.0341 0.0129 0.2591 0.0303 0.0093 0.2149 0.0315 0.0102 0.2937 0.0380 0.0460
−0.40 0.2810 0.0315 0.0412 0.1408 0.0241 0.0249 0.1881 0.0293 0.0073 0.2231 0.0322 0.0054

0.00 0.1986 0.0285 0.0278 0.1360 0.0315 0.0409 0.2134 0.0266 0.0136 0.2037 0.0399 0.0512
0.40 0.3106 0.0270 0.0061 0.2179 0.0243 0.0136 0.2733 0.0275 0.0267 0.1617 0.0406 0.0393
0.80 0.2783 0.0344 0.0712 0.3023 0.0312 0.0587 0.3291 0.0361 0.0685 0.1588 0.0488 0.0731

W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.1270 0.0622 0.0196
−0.40 0.2001 0.0613 0.0175

0.00 0.1891 0.0597 0.0173
0.40 0.1196 0.0824 0.0400
0.80 0.3530 0.0903 0.1642
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E.6.6 Observables for γn→ π0π0n as a Function of W

W ∆W E ∆stat ∆sys σ1/2 ∆stat ∆sys σ3/2 ∆stat ∆sys

[MeV] [MeV] [µb] [µb] [µb] [µb] [µb] [µb]

1320.0 20.0 31.3456 482.4190 107.7236 13.4146 9.0220 31.9378 −12.5851 9.0220 32.1968
1360.0 20.0 −1.2752 3.7831 0.4692 −0.2650 3.1789 1.2758 2.1908 3.1789 1.7265
1400.0 20.0 −0.4866 0.3167 0.1471 1.9590 1.5369 0.6126 5.6728 1.5369 0.5057
1440.0 20.0 −0.3615 0.2219 0.0904 3.2369 1.4959 0.6726 6.9014 1.4959 0.7111
1480.0 20.0 −0.7308 0.1772 0.1252 2.3673 1.7792 1.0779 15.2182 1.7792 2.6072
1520.0 20.0 −0.4906 0.1254 0.0843 5.0697 1.5840 1.1727 14.8367 1.5840 1.7957
1560.0 20.0 −0.4882 0.1301 0.0968 4.6011 1.4861 0.6413 13.3786 1.4861 2.0476
1600.0 20.0 −0.1210 0.1031 0.0221 7.2179 1.1889 0.6212 9.2055 1.1889 0.6314
1640.0 20.0 −0.0617 0.0776 0.0168 8.3609 0.9765 1.1614 9.4601 0.9765 1.1845
1680.0 20.0 −0.1046 0.0839 0.0361 7.8581 1.0352 1.0483 9.6934 1.0352 1.0390
1720.0 20.0 −0.0760 0.0645 0.0357 7.7277 0.7607 1.6832 8.9986 0.7607 1.7745
1760.0 20.0 −0.3842 0.0763 0.1785 3.6902 0.6037 1.3854 8.2952 0.6037 1.9521
1800.0 20.0 −0.3812 0.0760 0.1368 2.8338 0.4602 0.9035 6.3257 0.4602 1.2981
1840.0 20.0 −0.5872 0.0893 0.2753 1.5732 0.4150 1.0448 6.0490 0.4150 2.0215
1880.0 20.0 −0.3579 0.0765 0.1071 2.6094 0.4141 0.7360 5.5179 0.4141 1.0771
1920.0 20.0 −0.0978 0.0678 0.0447 3.3519 0.3544 0.6679 4.0788 0.3544 0.7028
1960.0 20.0 −0.0380 0.0619 0.0271 3.6262 0.3297 0.9341 3.9123 0.3297 0.9834
2000.0 20.0 −0.1628 0.0606 0.0701 2.9769 0.3006 0.7223 4.1351 0.3006 0.8557
2040.0 20.0 −0.2824 0.0669 0.0780 2.1774 0.2763 0.5270 3.8910 0.2763 0.7460
2080.0 20.0 −0.2588 0.0659 0.0726 2.2022 0.2680 0.4752 3.7404 0.2680 0.5977
2120.0 20.0 −0.0863 0.0646 0.0454 2.5514 0.2542 0.5193 3.0332 0.2542 0.5255
2160.0 20.0 −0.1957 0.0656 0.0373 2.1495 0.2435 0.3410 3.1956 0.2435 0.4029
2200.0 20.0 −0.1208 0.0647 0.0260 2.1955 0.2268 0.3692 2.7991 0.2268 0.4242
2240.0 20.0 −0.0333 0.1010 0.0198 2.4140 0.3565 0.2100 2.5800 0.3565 0.1850
2280.0 20.0 −0.2293 0.1136 0.0319 2.3004 0.4675 0.2759 3.6689 0.4675 0.3325

Angular Distributions

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 15.6084130.3153 36.3508 8.442492.2041 3.8937 −0.0600−0.7441 0.1845 0.8017 0.8169 0.1371
−0.40 18.1516545.9338341.2424 −0.2693−3.2337 0.1414 −1.6123−1.0716 0.8692 0.3334 0.4382 0.2931

0.00 41.69461474.8239 16.9113 −5.8236−17.5565 0.9130 0.8017 0.7346 0.0771 −0.1616−0.4034 0.2983
0.40 −53.3069−13 757.0855 26.0672 0.4692 4.5423 0.3122 −0.7803−0.6761 0.1043 −1.5506−0.8230 0.3464
0.80 −612.1798−3 662 711.1749311.2408 23.15791238.1382 11.2862 −0.8689−1.0965 0.2220 −0.5001−0.8755 0.2242

W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.1184−0.2778 0.0391 −0.3726−0.2507 0.0212 0.3633 0.2232 0.0565 0.8337 0.2972 0.2151
−0.40 −0.6157−0.3505 0.0849 −1.0374−0.3921 0.2694 −0.2335−0.3088 0.0726 −0.3183−0.2374 0.0416

0.00 −0.9375−0.4032 0.2081 −0.7411−0.3188 0.0917 −0.7320−0.3661 0.1645 −0.0763−0.2590 0.0744
0.40 −0.6120−0.3019 0.1606 −0.4056−0.2106 0.1264 −0.0839−0.2203 0.2180 −0.3809−0.2135 0.1389
0.80 −1.0295−0.8072 0.3812 −0.4658−0.4954 0.0109 0.1092 0.3475 0.0549 −0.0682−0.2687 0.0256

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0394−0.1649 0.0480 0.3590 0.1988 0.0181 −0.6135−0.2133 0.0770 −0.0124−0.1875 0.0162
−0.40 0.1013 0.1698 0.0334 0.0285 0.1948 0.0258 −0.3388−0.1224 0.1803 −0.6038−0.1898 0.2818

0.00 −0.0345−0.1952 0.0249 −0.3492−0.1451 0.1153 0.0290 0.1261 0.0113 −0.3372−0.1403 0.4281
0.40 −0.4748−0.1582 0.1185 −0.1750−0.1409 0.0675 −0.0000−0.1240 0.0112 −0.0914−0.1211 0.1001
0.80 0.6499 0.3064 0.0180 0.1448 0.2204 0.0212 0.5252 0.2692 0.0555 −0.7518−0.2338 0.1146

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 −0.0111−0.2261 0.0121 −0.0985−0.2228 0.0219 0.6316 0.2062 0.2027 0.0136 0.1857 0.1620
−0.40 −0.1822−0.1633 0.2225 −0.3946−0.1921 0.3514 −0.7004−0.1926 0.3531 −0.1664−0.1340 0.0214

0.00 −0.3855−0.1476 0.3968 −0.7858−0.1895 2.8542 −0.2174−0.1311 0.1110 0.0709 0.1382 0.0549
0.40 −0.7156−0.1731 0.1708 −0.2490−0.1465 0.0849 −0.5210−0.1792 0.0633 −0.3344−0.1500 0.0602
0.80 −0.1850−0.2595 0.0182 −1.1889−0.3632 0.1183 −0.0112−0.2157 0.0156 0.3361 0.2202 0.0697

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.3619 0.1824 0.1252 −0.1351−0.1361 0.0148 −0.1089−0.1536 0.0856 0.3493 0.2257 0.2022
−0.40 −0.1612−0.1414 0.1782 −0.0989−0.1264 0.0963 −0.2052−0.1297 37.5059 −0.2429−0.1508 0.4619

0.00 −0.1119−0.1206 0.1675 −0.3329−0.1222 0.1672 −0.8103−0.1830 0.2573 −0.2431−0.1329 0.2013
0.40 0.3122 0.1400 0.1798 −0.0208−0.1171 0.0074 −0.1338−0.1104 0.0361 −0.1812−0.1304 0.0226
0.80 −0.1782−0.2047 0.0638 −0.5325−0.1831 0.0812 0.0999 0.1936 0.0333 −0.4124−0.2013 0.0683

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2949 0.1445 0.0362 −0.9019−0.2632 0.2959 0.0018 0.1599 0.2180 −0.0369−0.2621 0.0528
−0.40 −0.4298−0.1757 0.1180 −0.3582−0.1995 0.1787 −0.2252−0.1635 0.0370 0.1480 0.3174 0.0475

0.00 0.2858 0.1579 0.1141 −0.4353−0.2088 0.1528 −0.3560−0.1838 0.6056 0.0703 0.1969 0.0236
0.40 −0.4667−0.1238 0.3752 0.0072 0.1404 0.0143 −0.6922−0.1645 0.0355 −0.1056−0.1817 0.0220
0.80 0.1093 0.1435 0.0135 −0.3340−0.1640 0.0087 0.5651 0.1902 0.1074 −0.2589−0.1805 0.0384
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W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) E ∆stat ∆sys

−0.80 0.4648 0.3345 0.1215
−0.40 −1.2616−0.5392 5.5104

0.00 −0.0088−0.3931 0.0917
0.40 −0.2432−0.2675 0.7748
0.80 −0.5160−0.3504 0.1527

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.5902 1.1282 0.8331 0.3729 0.6058 0.3635 0.2317 0.2589 0.0441 0.6551 0.3278 0.1892
−0.40 0.7179 1.5919 0.5336 0.0823 0.4972 0.0459 −0.2093 0.2730 0.2123 0.5995 0.2643 0.2527

0.00 1.6990 1.9901 0.7506 −0.6984 0.6084 0.0817 0.5874 0.2642 0.0872 0.4094 0.2750 0.1619
0.40 0.2620 1.8279 0.1306 0.1057 0.4184 0.1110 0.0716 0.2455 0.0341 −0.2207 0.2529 0.0903
0.80 1.8357 25.4137 1.0312 0.3458 1.0812 0.4374 0.0365 0.3258 0.0532 0.1572 0.3483 0.0709

W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7342 0.3250 0.0231 0.7441 0.3941 0.0761 1.4978 0.3260 0.0845 1.7638 0.3106 0.2066
−0.40 0.2920 0.3206 0.0649 −0.0303 0.3112 0.1857 0.5271 0.2924 0.0960 0.5370 0.2520 0.0393

0.00 0.0490 0.3261 0.1477 0.2008 0.2809 0.0765 0.1821 0.2839 0.1082 0.4445 0.1757 0.0477
0.40 0.2670 0.2507 0.1184 0.4542 0.2109 0.1435 0.5826 0.1974 0.1860 0.3524 0.1606 0.1052
0.80 −0.0128 0.3450 0.1147 0.2275 0.2705 0.0050 0.5270 0.2321 0.0273 0.4354 0.1771 0.0910

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.0166 0.2466 0.0147 1.1457 0.2231 0.0637 0.2707 0.1801 0.0703 0.4011 0.1077 0.0426
−0.40 0.8446 0.1832 0.1035 0.7107 0.1903 0.0920 0.4778 0.1185 0.1864 0.1936 0.1123 0.1197

0.00 0.5718 0.1634 0.0537 0.5288 0.1574 0.1432 0.7898 0.1369 0.1800 0.3707 0.1052 0.2090
0.40 0.3586 0.1380 0.1137 0.5421 0.1289 0.1030 0.6634 0.1164 0.1432 0.4551 0.0854 0.1248
0.80 0.7343 0.1617 0.0231 0.5589 0.1506 0.0226 0.7224 0.1596 0.0270 0.1066 0.1135 0.0499

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2734 0.0884 0.0068 0.2261 0.0787 0.0058 0.5230 0.0791 0.0808 0.3179 0.0824 0.0915
−0.40 0.2900 0.0806 0.1091 0.1937 0.0809 0.1124 0.1066 0.0794 0.1246 0.2641 0.0592 0.0324

0.00 0.2753 0.0873 0.1544 0.0838 0.0825 1.1172 0.3044 0.0705 0.0982 0.3622 0.0659 0.1093
0.40 0.1144 0.0800 0.0687 0.2252 0.0603 0.0608 0.1378 0.0646 0.0281 0.1758 0.0531 0.0258
0.80 0.2778 0.1230 0.0106 −0.0480 0.0841 0.0315 0.2612 0.0806 0.0268 0.3281 0.0725 0.0611

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4439 0.0791 0.1005 0.2656 0.0586 0.0270 0.2037 0.0494 0.0328 0.3019 0.0674 0.0356
−0.40 0.2534 0.0596 0.0973 0.2673 0.0528 0.0897 0.1959 0.0443 1.3548 0.1905 0.0522 0.1022

0.00 0.3069 0.0586 0.1295 0.2033 0.0499 0.0754 0.0465 0.0492 0.0557 0.1758 0.0424 0.0715
0.40 0.3537 0.0510 0.1096 0.2468 0.0417 0.0481 0.2170 0.0388 0.0273 0.1829 0.0405 0.0165
0.80 0.2107 0.0731 0.0388 0.1189 0.0582 0.0286 0.2605 0.0645 0.0136 0.1477 0.0661 0.0551

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2946 0.0446 0.0438 0.0208 0.0586 0.0621 0.1794 0.0405 0.0590 0.1637 0.0630 0.0137
−0.40 0.1001 0.0401 0.0284 0.0990 0.0410 0.0385 0.1179 0.0343 0.0189 0.1640 0.0634 0.0369

0.00 0.2441 0.0408 0.0473 0.0962 0.0461 0.0351 0.1142 0.0434 0.0904 0.1684 0.0437 0.0292
0.40 0.1252 0.0372 0.0881 0.2312 0.0456 0.0123 0.0595 0.0370 0.0062 0.1696 0.0484 0.0326
0.80 0.3144 0.0572 0.0218 0.1980 0.0654 0.0060 0.4566 0.0683 0.0676 0.2474 0.0825 0.0284

W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.3492 0.1023 0.0278
−0.40 −0.0465 0.0842 0.9796

0.00 0.1700 0.0953 0.0237
0.40 0.1688 0.0820 0.1728
0.80 0.1824 0.1660 0.2138

W=(1320.0±20.0)MeV W=(1360.0±20.0)MeV W=(1400.0±20.0)MeV W=(1440.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −1.3987 1.1282 0.7370 −0.2940 0.6058 0.2266 0.2613 0.2589 0.0699 0.0721 0.3278 0.0945
−0.40 −0.6429 1.5919 0.5853 0.1429 0.4972 0.0822 0.8928 0.2730 0.2867 0.2997 0.2643 0.1097

0.00 −1.6194 1.9901 0.6682 0.9880 0.6084 0.0935 0.0647 0.2642 0.0263 0.5673 0.2750 0.0946
0.40 −0.2720 1.8279 0.2419 0.0382 0.4184 0.1171 0.5798 0.2455 0.0246 1.0226 0.2529 0.1354
0.80 −1.8417 25.4137 0.9348 −0.3171 1.0812 0.2759 0.5201 0.3258 0.0361 0.4717 0.3483 0.0626
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W=(1480.0±20.0)MeV W=(1520.0±20.0)MeV W=(1560.0±20.0)MeV W=(1600.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.9315 0.3250 0.0826 1.6278 0.3941 0.1012 0.6995 0.3260 0.0952 0.1599 0.3106 0.2260
−0.40 1.2275 0.3206 0.1671 1.6479 0.3112 0.4269 0.8483 0.2924 0.0765 1.0386 0.2520 0.0197

0.00 1.5187 0.3261 0.2601 1.3501 0.2809 0.1371 1.1771 0.2839 0.1248 0.5179 0.1757 0.0329
0.40 1.1095 0.2507 0.2290 1.0740 0.2109 0.2252 0.6892 0.1974 0.1282 0.7860 0.1606 0.1162
0.80 0.8804 0.3450 0.1151 0.6243 0.2705 0.0038 0.4233 0.2321 0.0415 0.4991 0.1771 0.1129

W=(1640.0±20.0)MeV W=(1680.0±20.0)MeV W=(1720.0±20.0)MeV W=(1760.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.0999 0.2466 0.0954 0.5403 0.2231 0.0472 1.1302 0.1801 0.1218 0.4112 0.1077 0.0351
−0.40 0.6892 0.1832 0.1073 0.6714 0.1903 0.0719 0.9674 0.1185 0.3026 0.7838 0.1123 0.2250

0.00 0.6127 0.1634 0.0681 1.0961 0.1574 0.1723 0.7453 0.1369 0.1681 0.7479 0.1052 0.2921
0.40 1.0072 0.1380 0.2047 0.7720 0.1289 0.1077 0.6635 0.1164 0.1390 0.5467 0.0854 0.1192
0.80 0.1558 0.1617 0.0080 0.4175 0.1506 0.0146 0.2249 0.1596 0.0333 0.7522 0.1135 0.0748

W=(1800.0±20.0)MeV W=(1840.0±20.0)MeV W=(1880.0±20.0)MeV W=(1920.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2796 0.0884 0.0022 0.2755 0.0787 0.0203 0.1181 0.0791 0.0637 0.3094 0.0824 0.0600
−0.40 0.4193 0.0806 0.1200 0.4463 0.0809 0.2149 0.6048 0.0794 0.2136 0.3695 0.0592 0.0391

0.00 0.6208 0.0873 0.2695 0.6990 0.0825 1.2953 0.4735 0.0705 0.1571 0.3143 0.0659 0.0879
0.40 0.6898 0.0800 0.1408 0.3745 0.0603 0.0913 0.4374 0.0646 0.0614 0.3524 0.0531 0.0235
0.80 0.4040 0.1230 0.0009 0.5567 0.0841 0.0570 0.2671 0.0806 0.0189 0.1630 0.0725 0.0360

W=(1960.0±20.0)MeV W=(2000.0±20.0)MeV W=(2040.0±20.0)MeV W=(2080.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2080 0.0791 0.0624 0.3486 0.0586 0.0315 0.2534 0.0494 0.0138 0.1456 0.0674 0.0625
−0.40 0.3508 0.0596 0.1284 0.3260 0.0528 0.1060 0.2970 0.0443 1.4758 0.3128 0.0522 0.1505

0.00 0.3843 0.0586 0.1986 0.4062 0.0499 0.1221 0.4434 0.0492 0.0997 0.2887 0.0424 0.1139
0.40 0.1854 0.0510 0.0699 0.2573 0.0417 0.0501 0.2840 0.0388 0.0223 0.2638 0.0405 0.0183
0.80 0.3022 0.0731 0.0247 0.3899 0.0582 0.0444 0.2132 0.0645 0.0201 0.3549 0.0661 0.0675

W=(2120.0±20.0)MeV W=(2160.0±20.0)MeV W=(2200.0±20.0)MeV W=(2240.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1604 0.0446 0.0241 0.4031 0.0586 0.0642 0.1788 0.0405 0.0729 0.1763 0.0630 0.0157
−0.40 0.2510 0.0401 0.0380 0.2095 0.0410 0.0823 0.1864 0.0343 0.0228 0.1217 0.0634 0.0279

0.00 0.1356 0.0408 0.0372 0.2446 0.0461 0.0612 0.2404 0.0434 0.1561 0.1462 0.0437 0.0247
0.40 0.3442 0.0372 0.1618 0.2279 0.0456 0.0141 0.3272 0.0370 0.0236 0.2096 0.0484 0.0305
0.80 0.2524 0.0572 0.0182 0.3965 0.0654 0.0067 0.1269 0.0683 0.0267 0.4202 0.0825 0.0333

W=(2280.0±20.0)MeV

cos(θ∗
2π0 ) dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.1276 0.1023 0.0522
−0.40 0.4020 0.0842 1.0697

0.00 0.1730 0.0953 0.0329
0.40 0.2772 0.0820 0.2806
0.80 0.5715 0.1660 0.2523
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