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ABSTRACT

MEASUREMENT OF THE PHOTOPRODUCTION CROSS-SECTION OF f;(1285) IN THE
EXCLUSIVE REACTIONS yp — p’KTKgn® AT 7.5 < Ey, <11.5 GeV WITH GLUEX AT
JEFFERSON LAB

Tyler Viducic
Old Dominion University, 2024
Director: Dr. Moskov Amaryan

The f;(1285) meson is commonly understood to belong to the axial-vector nonet as
the low-mass isoscalar partner to the f;(1420) but has been suggested as a candidate for a
KK*+c.c molecule. A nearly mass-degenerate 0~ state has been observed in 7p scattering
that calls into question the established branching ratios of the f;(1285) decays. Recently,
the differential cross-section for the photoproduction of f;(1285) was measured by the
CLAS experiment and the results disagreed with theoretical predictions. Additionally, the
CLAS experiment did not observe a mass-degenerate 0~ state. We present the results of
the first photoproduction cross-section measurement do/dt of f;(1285) at 7.5 < Ey, < 11.5
GeV from the GlueX experiment at Thomas Jefferson National Accelerator Facility in the
reactions yp — p’K K,n" and yp — p’K"K;x~. We find that the production mechanism
of f1(1285) is consistent with 7-channel exchange. We also observe a difference in the
differential cross-section of fi(1285) as a function of —¢ as measured in the charge con-
jugated KTK;n* decay modes that we hypothesize to be due to baryonic N* interference.
The observed distributions of M(KK) and M(Kr) are consistent with both a ¢g state and
predictions for a KK* + c.c molecular state. Additionally, we find that the cross-section at

low M(KK ) is dominated by the 17 state.
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CHAPTER 1

INTRODUCTION

1.1 THE STANDARD MODEL

The universe is comprised of fundamental particles called quarks and leptons. Leptons
and quarks are fermions, which means they are described by Fermi-Dirac statistics. The
fermions interact via 4 fundamental forces; gravity, the electromagnetic, strong, and weak
force. The latter 3 of these forces are mediated by bosons, which are described by Bose-
Einstein statistics. The Standard Model of particle physics is the theory that describes
these particles and their interactions with one another. Figure 1 shows the Standard Model
particles and the ways in which they interact. There are 6 types, or "flavors", of quarks and
leptons and 4 types of bosons. The quark flavors are up (1), down (d), charm (c), strange
(s), top (¢), and bottom (). The lepton flavors are the electron (¢), muon (u), and tau ()
and each has a corresponding neutrino (v,, vy, v;). Each fermion has a corresponding anti-
particle § which has the same mass but opposite electrical charge. The bosons consist of
the photon (y), W and Z bosons, gluons (g), and the Higgs boson (H). The photon, W/Z,
and gluons are "gauge" or "vector" bosons and they mediate the electromagnetic, weak,
and strong forces respectively. The Higgs boson is a "scalar" boson and is an excitation of
the Higgs field, which other particles interact with or "couple to". This coupling generates

the particle’s mass.
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The Standard Model of particle physics. Figure from [1].

1.2 QUARK MODEL

Quarks and gluons have a unique intrinsic property called color charge. Particles with

color charge do not exist on their own in nature and are "confined" to colorless combi-

nations at low energies. These confined states are composite particles called hadrons.

There are two types of well established hadrons: baryons and mesons. Quarks, gluons,

and their

interactions are modeled by a quantum field theory with SU(3) symmetry called



\ K0 K S=+1

Figure 2. Vector meson nonet. Lines are drawn to show grouping by charge Q and
strangeness S (N; — Nj). Figure from [5].

Quantum Chromodynamics (QCD). The hadronic bound states governed by QCD can be
described by the quark model. The quark model was developed by Gell-Man [2], Zweig
[3], and Ne’eman [4] to classify hadrons according to their constituent quarks. In the
quark model, we can think of baryons, like protons and neutrons, as a combination of 3
quarks or antiquarks held together by gluons (¢qq or §Gg) and mesons, like the pion (7),
as quark-antiquark pairs held together by a gluon (gg).

The 3 flavors of quarks (u, d, s) and antiquarks (i, d, 5) can be grouped into 9 quark/an-
tiquark combinations called a nonet. Figure 2 shows the vector meson nonet. These nonets

are identified by the quantum numbers of the mesons that comprise them. The quantum



numbers of a particle are expressed as,

JrPe. (1)

J is the total angular momentum of the particle,

IL—S|<J<L+S, (2)

where L and S are the orbital and spin angular momentum respectively. Quarks are
fermions and as such have spin = 1/2. This means that the spin S of a meson is either

0 or 1. P is the parity of the particle given by,

pP= (_1)L+l, (3)

and C is the charge parity given by,

C=(—1)L. 4)

The different J7C nonets are given in Table 1.

There are two more quantum numbers that are used in the classification of mesons, 1°.
I is a particles isospin. Isospin is a concept developed by Heisenberg [6] to describe the
proton and neutron as two states of a nucleon. Isospin is mathematically analogous to the
concept of spin but has nothing to do with angular momentum. The proton was assigned

isospin of / = 1/2 and the neutron / = —1/2. It was since expanded upon to describe the u



Table 1. Meson Classification by J*C. Allowed quantum numbers for meson and the
corresponding classification.

L|S|J|P]|cC]| JC| Classification
0/0|0| - |+ |0 T | Pseudoscalar
O(1|1}] - |- |17~ Vector
1/0[1|+ | - |17 | Pseudovector
1(1/0[+ |+ |0T" Scalar
111+ |+ |17 | Axial-Vector
112+ |+ 27" Tensor

and d quark content of a hadron. The Is component of isospin is defined as,

13 = 1/2(nu—nd), (5)

where n is the number of u and d quarks respectively. G is the G-parity, introduced to

generalize the charge parity to the different quark groups. G is given by,

G = (_1>I+L+S. (6)

We can then classify hadrons via the quantum numbers,

19(JF6). 7

Experimentally, more potential meson states have been observed than the quark model
predicts. These excess states could be states outside of the quark model that are al-
lowed by QCD, like bound states of all valence gluons called glueballs, bound states of

valence quarks and gluons called hybrids, and bound states of more than 3 quarks called



tetraquarks/pentaquarks (qq3q)/(qqqqq). A full review of the current meson landscape is

provided in the most recent PDG review [7].

1.3 AXTAL-VECTOR AND RADIALLY EXCITED PSEUDOSCALAR MESONS

This work seeks to study the f1(1285) meson through decays of f(1285) — KTK,m+.
The f1(1285) is one of several potential resonant states that exist in the M = 1.2 — 1.5 GeV
mass region for axial-vector JF¢ = 17+ and pseudoscalar mesons J*¢ = 0. We discuss
the f1(1285) and other relevant resonances below. These other particles are all in the
proximity of the f;(1285) and could potentially make the study of the f;(1285) more com-
plicated. Additionally, there is some uncertainty about the axial-vector and radially excited
pseudoscalar nonets. There are too many observed states relative to the quark model pre-
dictions. Identifying which of the observed 17" and 0~ states are nonet members and if
there are potentially supernumerary or exotic states in this region is important for verifi-
cation of the standard model. A full review of the light meson spectrum, including a more
detailed discussion of the axial-vectors and pseudoscalars, is provided by the PDG [8].
The currently accepted axial-vector and radially excited pseudoscalar nonets are shown in

Figure 3.

1.3.1 f;(1285)

The £(1285) meson is an axial-vector meson with quantum numbers /¢ (J€) =0 (17F).
It is flavorless, which means it has no strangeness (N; — N;), charm (N, — N;), topness
(N; — Nj), or bottomness (N, —N;). The nominal mass and width of f;(1285) are 1281.9

and 22.7 MeV respectively [10]. f1(1285) was discovered independently in 1965 at both
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Figure 3. Currently accepted nonets of the radially excited pseudoscalars (A) and
axial-vector mesons (B). Figures from [9].

Brookhaven National Lab (BNL) [11] and European Organization for Nuclear Research
(CERN) [12] in KK decays and hypothesized to be a 0" (1) resonance. The 17 designa-
tion was subsequently confirmed in 1980 [13]. It fits in well with quark model predictions

for the axial-vector nonet as the isoscalar partner of the f1(1420), given by,

f1(1285) cosO++ —sinO++ N
— : (8)
f1(1420) sin@y++ cosOy++ /8
where 6,-+ is the mixing angle and f; and fg are given by,
fi = — (ui+dd +55), ©)
V3
and,
fy= x (uit+dd — 2s5) . (10)
V6



Table 2. Branching fractions for the dominant f;(1285) decay modes as given in [10].

Decay Mode | Branching Fraction (%)
4r 32.7+1.9
nrnmw 52.2+2
KKn 9.0+0.4
pY 6.1+1.0

The mixing angle was calculated to be 6;++ = 23° [14] and experimentally measured by
the LHCb collaboration to be 6;++ = 23° [15]. The f;(1285) has been hypothesized to be
a dynamically generated K*K + c.c molecular state [16], [17], though the results of [15]
find the f1(1285) to be consistent with an n7 state. The dominant decay modes of f;(1285)

are given in Table 2 [10].

1.3.2 £,(1420) and f,(1510)

The f1(1420) was first observed in 1980 in K*K decays [18] and is assumed to be the
isoscalar partner to the f;(1285) [19]. It has a nominal mass and width of 1426.3 and 54.5
MeV [20]. It also has been suggested as a potential K*K molecule [21]. The f;(1420) has
predominantly been seen in KKn decays where K* — Kx, but potentially has also been
seen in the nzx final state. Other decay modes have not been well established [20].

There is some speculation that the f;(1420) is not the s5 partner to the f;(1285) because
it hasn’t been well established in K~ p scattering. Instead, the isoscalar partner to the
f1(1285) would then be the f;(1510). The existence of f1(1510) is not well established
but has been observed in several experiments [22]. Non-observations of the state are
more common than observations, however, so the general convention is to assume that

the £1(1285) and f;(1420) belong to the axial-vector 17" nonet. If both the f;(1420) and



f1(1510) exist, then one is likely to be the axial-vector meson predicted by the quark model

and the other a supernumerary or exotic state.

1.3.3 Radially Excited Pseudoscalars

The first radial excitation - excitation in the radial component of the wave function
which preserves the quantum numbers - of the pseudoscalar nonet for n and n’ are pre-
dicted to lie between 1200-1500 MeV [23]. There are three potential candidates for these
radial excitations. They are 11(1295), n(1420), and n(1475). The n(1295) is commonly
accepted as the lowest-mass radially excited psuedoscalar. It has been observed in 77 p
scattering in the KKn [24] and nzx final state [25]. The n(1420) and n(1475) were orig-
inally thought be to be a single state 17(1440) but subsequent studies measured two states
simultaneously in 7~ p scattering, pp annihilation, and J/y radiative decay [26]-[32]. The
n(1405) has been observed in KKn and nznw decays via K*K and apm and the 1n(1475) has
been observed in KKn decays via K*K. Various studies have observed some or none of the
excited pseudoscalar candidates [33], [34].

As there are 3 candidate resonances for the 2 constituents of the radially excited pseu-
doscalar nonet, there are several interpretations of these states. First, the 11(1295) and
n(1475) are members of the nonet and 1(1405) is a glueball, as predicted by the flux tube
model [35]. Lattice QCD predicts that the lightest glueball will have a mass M > 2.0 GeV
[36], so there is disagreement about this interpretation. Second, that 11(1295) and one of
n(1405) or n(1475) are the isoscalar nonet partners where either one or the other state
exists [37]. Finally, that n(1295) does not exist and 1(1440) is the first radial excitation

[38], [39]. In this scenario, observations of 11(1295) are due to bleed-through from the
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f1(1285) and observations of n1(1405) and n(1475) are due to the splitting of 1n(1440) due

to a node in the wave function.

1.4 CURRENT EXPERIMENTAL AND THEORETICAL STATUS FOR f(1285)

AND 1(1295)

The f;(1285) meson was cleanly measured in pp central production by WA102 at CERN
and E690 at Fermilab [40]-[44]. In particular, the WA102 experiment was able to mea-
sure the branching fraction for all 4 of the major decay final states: 47, KKx, nnr, and
py. None of these studies saw evidence for a 0~ state at M = 1.28 GeV, though 0~
states are suppressed in central production. WA102 concluded that the central production
of f1(1285) was consistent with double pomeron exchange [40]. The L3 collaboration at
CERN measured f;(1285) in virtual yy fusion [33]. Figure 4 shows the L3 results, where
an 17+ signal corresponding to the f;(1285) in KK is seen at high PZ. No peak is seen in
either M(KKn) or M(nzr) at low P2, where spin-0 production should dominate. The lack
of a clear 0~ peak led to the establishment of upper limits on the yy width for the radially
excited psuedoscalar candidates. They also determined the f;(1285) branching fraction
I'(ap(980)x) /T (nnr) to be 100% and thus proposed branching fractions of ay(980). How-
ever, the L3 I'(a9(980)x)/I'(nnr) measurements are in disagreement with more recent
results [45]. The DELPHI Collaboration performed a partial wave analysis (PWA) on the
KK final state and both 17" and 0+ waves could be used to describe the low M (KK ) re-
gion [46]. Further analysis of the quark content determined that the resonance was more
likely to be f1(1285). Most recently, the f;(1285) was measured in photoproduction by the

CLAS experiment [9], [45], [47]. These studies concluded that the resonance observed at
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Figure 4. The L3 f;/n study results. Distributions of M(KKn) (A) and M(nznrx) (B) for
different values of P? are shown. In the low P? region, where production is driven by

quasi-real photons, the spin-0 state should be enhanced but no peaks are seen. Figures
from [33].

M = 1.28 GeV was dominated by the f;(1285), but neither performed a PWA.

The recent non-p7 scattering experiments have failed to identify the existence of a 0~ "
state in the region of M = 1290 MeV. Two pr experiments from the E852 collaboration that
have observed the 1(1295) measure mass and widths of the f;(1285) that are inconsistent
with the currently accepted nominal values [10], [24], [25]. This could suggest a potential
issue with the PWA procedure. [24] performed a cross-check to ensure that the f;(1285)
was not leakage from the 1(1295) and found that it was not. They did not investigate if
the reverse was true. The results from [25] are shown in Figure 5.

The cross-section for photoproduction of f;(1285), shown in Figure 6 was measured
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Figure 5. Results from the E852 Collaboration PWA of KKx. The low (A) and high (B)
mass regions both show 0~ and 17+ signals for mass dependent (lines) and independent
(points) fits. Figures from [25].
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at CLAS [45], [47]. For values of low Ey, a flatter differential cross-section was observed
relative to theoretical predictions, suggesting an s-channel N* decay production mecha-
nism. s-channel production occurs when the incoming beam photon excites the proton to
a higher mass state like a A or N* baryon which then decays to the f(1285) and a pro-
ton. Theoretical models had predicted that 7-channel Regge exchange was the dominant
production mechanism for f;(1285) [48]-[50]. ¢-channel production is modeled as an in-
teraction of a light meson like the p or @ between the proton and photon to produce the
f1(1285). These processes are shown in Figure 7A. The Regge model is an approach to
calculating scattering amplitudes via 7-channel exchange of Regge trajectories. Scattering
amplitudes, like cross-sections, represent the probability of a physics process occurring and
are expressed as a function of these Regge trajectories, which represent different types of

exchange particles. The amplitudes are given by,

A o SZ(a(t)—1)7 (1)

where s and ¢ are Mandelstam variables and a(z) are the Regge trajectories given by,

o(t) =a+br. (12)

Mandelstam-s is the square of the center-of-mass energy for the initial state particles,

s=(p1+p2)* (13)



14

and Mandelstam-7 is the momentum transfer,
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Figure 6. Model predictions and CLAS results for f(1285) cross-section at E, ~ 3.1 GeV.
Regge model predictions for photoproduction of f;(1285) and n(1295) (A) are compared
to the results from CLAS (B) for the f1(1285) cross-section (blue points). The predictions
from Kochelev (red line), Domokos (dashed blue), and Huang (dotted black) are shown.
Figures from [45], [48]-[50].

In response to these results, two new theoretical models for f;(1285) photoproduction
were produced by He [51] and by Wang [52] that sought to describe the CLAS data. The
He model fit to the CLAS result is shown in Figure 7B. The He does not use any nucleon

s-channel contributions to describe the data but the Wang model includes an s-channel
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contributions from N(2300). Both models claim good agreement with the CLAS result but
a review of both models [53] published too recently to be considered for this study found
that the s-channel contribution in [52] was necessary to describe the data.

The study of f1(1285) photoproduction is important to understand how the meson is
produced. Additionally, a better understanding of the f1(1285) can constrain the axial-
vector and radially excited pseudoscalar nonets to further validate quark model and stan-
dard model predictions. Analysis of the f;(1285) is complicated by a potentially mass
degenerate 0~ state along with additional 17" and 0~ states in the M < 1.5 GeV mass
region. In this thesis, we present the results of the measurement of the photoproduction
differential cross-section of f1(1285) at beam photon energies 7.5 < Ey < 11.5 GeV in the
reactions yp — p’K~K;nt and yp — p’K"K;n~. With all experimental evidences in hand
below we assume that the photoproduction cross-section at M(KKx) ~ 1.28 is dominated
by the f1(1285) axial-vector meson. The results are compared to the He model [51], which
has been extrapolated to higher energies [54]. We also investigate the helicity angle dis-
tribution of the f;(1285) decay products as a completeness test of the 11" identity and
present the M(KK) and M(Kr) distributions which may be relevant to recent work on the
nature of f(1285) as a dynamically generated vs. a traditional ¢g state. The results of this
work expand the available world data of the f;(1285) pursuant to a deeper understanding

of the f(1285) and other axial-vector mesons.
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CHAPTER 2

GLUEX EXPERIMENT

2.1 THOMAS JEFFERSON NATIONAL ACCELERATOR FACILITY

The GlueX experiment is one of the many experiments ran at Thomas Jefferson Na-
tional Accelerator Facility (Jefferson Lab or JLab) with the use of the Continuous Electron
Beam Accelerator Facility (CEBAF). Located in Newport News, Virginia, Jefferson Lab was
approved for construction in 1984 and first delivered beam to an experimental hall on July
1, 1994. [55]. Since then, 96 experiments have been run "behind the gate" during the 12
GeV beam era, which began on December 14, 2015, after the $335M upgrade to CEBAF to

double the energy of the deliverable electron beam [56].

2.1.1 Continuous Electron Beam Accelerator Facility

Nearly all of the experiments run at Jefferson Lab make use of Continuous Electron
Beam Accelerator Facility (CEBAF), the system and facility which produces, accelerates,
and delivers a continuous electron beam to the experimental halls. CEBAF resembles a
running track and is comprised of an electron injector, two parallel linear accelerators
(LINACs), and two arcs divided into 5 segments that allow the electrons to pass through
the LINACs multiple times [57]. After electrons are added to the machine, the particles
are accelerated through the LINACs through the use of 50 cryomodules - 25 per LINAC -

which contain Superconducting Radio Frequency (SRF) cavities. For every pass through
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Experimental
Halls A/B/C

Figure 8. CEBAF and the experimental halls. GlueX is housed in Hall D. Figure from [58].

the LINACs, the electrons increase their energy by 2.2 GeV. Hall D receives electrons that
have undergone 5.5 passes through the LINAC, corresponding to a max electrons energy

of 12.1 GeV. A schematic of CEBAF and the experimental halls is shown in Figure 8.
2.2 GLUEX

GlueX, which is housed in the most recently built experimental hall at JLab, Hall D,
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seeks to study the existence of so-called "exotic" mesons. In its mission to do so, an ex-
tremely robust physics dataset has been produced, allowing for the investigation of many
hadronic states [59]. The GlueX experimental apparatus is summarized in the following

sections. A more in-depth overview of the GlueX experiment can be found in Ref.[60].

2.3 HALL D PHOTON BEAM

Unlike the other experimental halls at JLab, GlueX does not directly use an electron
beam for its experimental program. GlueX makes use of a photon beam, which is produced
from the electron beam by way of coherent bremsstrahlung [61], [62]. Bremsstrahlung is
German for "braking radiation", and it is the process by which radiation is produced when
electrons are accelerated. The Hall D complex includes a tagger hall, which is where the
photon beam is produced. Located in the tagger hall is a diamond radiator 20 — 60um
thick. An incident electron beam on this radiator will produce a linearly polarized photon
beam via coherent bremsstrahlung. The properties of the radiator, like the orientation and
thickness, control the properties of the polarization, like the coherent peak energy and
the degree of polarization. The GlueX collaboration has chosen a 9 GeV coherent energy
peak which corresponds to a 40% peak polarization for a 12 GeV electron beam. The
photon flux and polarization vs beam energy is shown in Figure 9. The electron beam
is tuned in such a manner as to create a half-millimeter virtual focal point at the Hall
D collimator, located 75m upstream, which consequently also focuses the photon beam
onto the collimator position, though at cm scale size. Electrons that have interacted with
the diamond radiator and produced a photon are deflected into the tagging spectrometer,

called the tagger, via the tagger magnet. Non-interacting electrons, which still carry their
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Figure 9. Photon flux (top) and beam polarization (bottom) as a function of the photon
beam energy E,. A majority of the beam photons are between 8.2 —9.0 GeV. Figures from
[60].

full energy, are bent at 13.4° into the tagger dump [60].

2.3.1 TAGH and TAGM

To calculate the photon beam energy, we use a tagger hodoscopes (TAGH), called the
broadband tagging hodoscope, and tagger microscope (TAGM) to measure the energies of
the post-bremsstrahlung electrons [60]. Both of these detectors measure the energy of the

deflected electron, from which the paired photon’s energy can be calculated with,

E,=Ey—E,. (15)
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The TAGH, just behind the focal point of the tagger magnet, measures electrons with
energies between 25-97% of the incident electron beam. The TAGM is movable such that
it can be positioned to measure electrons corresponding to the coherent peak. Nominally
this means the TAGM is positioned to measure electrons with energy corresponding to
photon energy between 8.2-9.0 GeV. A schematic of the photon tagging system is shown

in Figure 10.
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Figure 10. Photon energy tagging apparatus for GlueX. The red dotted lines indicate
electron scattering trajectories corresponding to various values of "lost" energy to the
beam photon. The blue dotted lines show the position of the TAGH and the shaded blue
region shows the position of the TAGM. Figure from [60].

2.3.2 TPOL

To measure the polarization of the beam, GlueX uses a Triplet Polarimeter [63]. Via
the process of triplet photoproduction, we can calculate the degree of polarization of the

photon beam. Triplet photoproduction is the process by which a photon interacts with an
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electron in an atom and produces a high energy eTe~ pair. The struck electron is ejected
from the atom. For a polarized photon beam, the cross-section o; for triplet photoproduc-
tion is given by,

o; = op[l — PX(29)], (16)

where oy is the unpolarized triplet photoproduction cross-section, P is the photon beam
polarization, X is the beam asymmetry for the given physics process, and ¢ is the azimuthal
angle relative to the relative to the plane of polarization for the incident photon beam for
the recoil electron. At GlueX, the polarization is determined by measuring and fitting the

azimuthal distribution of the recoil electron to the function,

o; = A[l — Bcos(29)], 17)

where A and B are fit parameters, with,

B=Py, (18)

such that the polarization [60],

P=B/Y. (19)

The asymmetry, £, is dependent on the energy of the beam photon and the thickness and
geometry of the triplet production target and setup. For the GlueX setup, Ey = 9 and the

75um Be converter, ¥ = 0.1990 £ 0.0008.
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Figure 11. Schematic of the Hall D beam line and GlueX Spectrometer. Figure from [60].

2.4 THE GLUEX SPECTROMETER

The GlueX Spectrometer is located in Hall D proper, downstream from the tagger hall.
The detector is comprised of many different components. Those components will be dis-
cussed in further depth in this section. A schematic of the GlueX Spectrometer is shown in

Figure 11.

2.4.1 Pair Spectrometer

The Pair Spectrometer is located at the entrance to Hall D and is comprised of a high

resolution hodoscope (PS) and a coarse hodoscope (PSC) [64]. It is primarily used in
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Figure 12. Schematic for the pair spectrometer in GlueX. Figure from [64].

the measurement of the photon beam polarization and energy, but also is used to mea-
sure the photon beam flux. The PS works in conjunction with the TPOL to measure the
photon beam energy. The TPOL measures the energy of the recoil atomic nucleus while
the PS measures the produced ete™ pair. The PS can measure electrons with momentum
3.0 < E, < 6.2 GeéV/c, corresponding to photons in the energy range of 6.0 to 12.4 GeV.
Additionally, detection of an e*e™ pair in the PS is the "trigger" for the TPOL upon detec-
tion of a recoil electron. The flux of the photon beam can be calculated by calculating the
fraction of photons interacting with atomic electrons in the Be target and hitting the PS. A

schematic of the PS is shown in Figure 12.

2.4.2 Solenoid Magnet

Built at SLAC in the 1970s and refurbished at JLab, the GlueX superconducting solenoid
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magnet is the core component of the GlueX spectrometer, housing various drift cham-
bers and calorimeters [60]. The magnet is comprised of four superconducting coils and
cryostats and operates at a nominal current of 1350A, producing a 2T field along the beam
line, where the magnet’s axis lies. Because the momentum resolution of the GlueX detec-
tor is worse than 1%, fraction-percent accuracy is sufficient for field determination of the
solenoid. The field was calculated with a 2-dimensional field calculator and compared to
measured values of the field at various radial distances and azimuthal angles. At R =0, the
deviation from the calculation did not exceed 0.2%, and the largest deviation was 1.5%
on the downstream edge at the largest measured radius, which has no noticeable impact
on momentum resolution. The mapped field is used to reconstruct particle tracks in the

detector.

2.4.3 Target

The GlueX experiment uses a hydrogen target for it’s physics program. The helium
itself is contained in a vacuum chamber and cooled to approximately 18K /18 psi. The

vacuum chamber is 30cm long and has a radius of about 0.8cm

2.4.4 Start Counter

The GlueX Start Counter (SC) is used to measure the start time of a scattering event
off of the target [65]. The SC provides up to 90% of solid angle coverage for particles
scattering off the center of the target. The SC is made of 30 scintillator paddles in the shape
of a cylinder of radius 78mm with a downstream conical "nose" section that slopes down

to a radius of 20mm. Each paddle has a decay time of 2.1 ns and a bulk attenuation length
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Figure 13. GlueX Start Counter (SC) and LH, target. Figure from [65].

of 380 cm. Because the resolution of the SC must be sufficient to identify the electron
beam bunch corresponding to the scattering event, the SC was designed to operate for
tagged photon beams with intensities up to 10® photons/s. The timing signal of the SC is
mostly independent of particle type and trajectory, and as such can function as a first level
trigger if needed. For the same magnetic insensitive requirements as the BCAL, SiPMs at
the upstream end of each paddle are used to detect the light. A schematic for the target

and SC is shown in Figure 13.

2.4.5 Central Drift Chamber

The Central Drift Chamber (CDC) is located inside the solenoid magnet, surrounding

the target and start counter. The CDC is used to track charged particles after scattering
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Figure 14. Schematic for the straw positions of the CDC. Black dots represent the
position of axial wires, red dots represent the position of +6° stereo wires, and blue dots
represent the position of —6° stereo wires. Figure from [66].

off of the Hydrogen target at polar angles between 6° and 168° [66]. The detector itself is
made of 3522 20um Gold-plated Tungsten anode wires inside layers of Mylar straw tubes.
The tubes each have a diameter of 1.6cm and are arrayed in a 1.5m long cylindrical volume
with an inner and outer radius of 10cm and 56cm respectively as measured from the beam
line. 12 of the 28 layers are axial, and 16 are arranged at stereo angles of +6° for 2-D
spatial tracking. The cross-sectional straw positions are shown in Figure 14. A mixture
of 50% Argon and 50% Carbon Dioxide gas along with an admixture of 1% isopropanol
is run through the tubes. The gas mixture was chosen for its drift time characteristics.
The isopropanol is used to prevent age-related performance loss. The process for track
reconstruction and momentum determination in the CDC and FDC (§2.4.6) is outlined in

82.5.
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Figure 15. Artist rendering of an FDC cell. Figure from [60].

2.4.6 Forward Drift Chamber

The Forward Drift Chamber (FDC) is located downstream of the CDC and target and is
used for tracking scattered particles in the forward direction [60]. The FDC is comprised
of 24 1m diameter disc-shaped planar drift chambers separated into 4 groups at the bore
of the solenoid magnet. Particles scattering at polar angles between 1° and 10° can be
detected with all of the chambers, with partial coverage extending to 20°. Each chamber
consists of a wire plane of sense and field wires spaced 5mm apart. The sense wires are
20um in diameter and the field wires are 80um in diameter. The wires are held at a high
voltage of 2.2kV and -0.5kV for the sense and field wires respectively. A schematic of an
FDC cell is shown in Figure 15. Each package of 6 chambers is separated by thin aluminum
Mylar. Each of the chambers in the package is rotated 60° relative to the previous chamber
for 2D spatial tracking. In order to reduce effects of the magnetic field on tracking, a "slow’
gas mixture is used for the FDC, comprised of 40% Ar and 60% carbon dioxide. The total

length of the detector, the distance between the first and last package, is 1.69m.
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2.4.7 Barrel Calorimeter

The Barrel Calorimeter (BCAL) is an electromagnetic sampling calorimeter that used to
detect photons with a minimum energy of 0.05 GeV up to several GeV over a polar angle
range of 11° —126° [67]. Because it is shaped like an open cylinder, the BCAL provides
a full 360° coverage in the azimuthal plane. The target is located near the upstream end
of the calorimeter. The BCAL is comprised of 48 optically isolated modules, where each
module had 158 layers of the 0.5mm lead sheets and 15,000 1.0mm fibers which run
parallel to beam line, which is also the axis of the detector. The modules are trapezoidal
and form a 3.9m long cylinder with an inner radius of 65cm and an outer radius of 90cm.
Light generated by the fibers is collected by light guides which transport the light to silicon
photomultipliers (SiPMs). The SiPMs were specifically chosen due to their insensitivity
to magnetic fields. Various schematics of the BCAL geometry and modules are shown in

Figure 16.
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Figure 16. Schematic view for various viewing orientations of the BCAL and the
individual module. Figure from [67].

2.4.8 Forward Calorimeter

The second calorimeter used by GlueX is located 5.6m downstream of the target. The
Forward Calorimeter (FCAL) consists of 2800 4x4x45cm lead glass blocks arrayed in a
circle with a diameter of 2.4m and can detect photons with energies ranging from 0.1 GeV
to several GeV over a polar angle range of 1° — 11° [60]. The lead blocks and most of the
photomultiplier tubes (PMTs) were repurposed from the E852 experiment at Brookhaven

National Laboratory and the RadPhi Experiment at JLab. Prior to being used in the GlueX
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Figure 17. Picture of the FCAL. Figure from [68].

FCAL, glass on the blocks is annealed via heating treatment. An image of the FCAL in Hall

D is shown in Figure 17.

2.4.9 Time of Flight Counters

The Time of Flight Counter (TOF) is used to measure fast time signals from scattered
charged particles such that we can identify the species of the detected particle (PID) [60].
The TOF is a "wall" of comprised of two planes scintillator paddles stacked in both the
horizontal and vertical directions located 5.5m downstream of the target. A majority of the
paddles measure 2.54x6x252cm,4 shorter paddles measure 2.54x6x120cm and 2 measure
2.54x3x252cm. The four paddles of length 120cm are used to make a "hole" in the detector

to allow unscattered beam photons to continue along the beam line. The two "thin" paddles
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Figure 18. Picture of the TOF (A). Theoretical 8 vs j curves for various particle species
calculated for the TOF in GlueX (B). Figures from [69].

are the first two full-length paddles closest to the beam hole on either side and are used
to keep detector counts below 2MHz. To move the light from the scintillator to the PMT,
light guides made of UV transmitting plastic are used. Every paddle is wrapped in a layer
of highly reflective material and a layer of black film to ensure light "tightness". The full
length paddles have a PMT to readout the detector on either end, whereas the shorted
paddles have just a single readout PMT. A picture of the TOF and the theoretical particle

species curves in the detector are shown in Figure 18.
2.4.10 Trigger

The GlueX trigger is used to select as many high-energy hadronic interaction events as
possible while reducing electromagnetic and low-energy hadronic interaction background

events to an acceptable level [60]. While many detectors - like the PS, taggers, SC, and
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TOF - can be used as supplementary triggers, the primary GlueX trigger is based on the
PS Trigger measuring beam photon flux and on energy deposited into the FCAL and BCAL.

The physics trigger is satisfied when either,

2Epcar +Epcar, > 1 GeV and Epcar, > 0 GeV, (20)

or,

Epcar > 1.2 GeV. (21)

The trigger conditions were chosen to accept 100% of events with 2 or more hadrons
with minimally ionizing signals left in the calorimeter. A majority of the scattering events
of interest have forward-moving particles, which will satisfy the first trigger requirement.
The second trigger requirement is to measure physics with scattered with large py. The
PS trigger rate for the GlueX-I Spring 2018 run period was ~ 3kHz, corresponding to
a coherent peak photon flux of about 2.5 x 10’ photons/s. The total trigger rate was ~
40kHz. When operating at maximum livetime, GlueX collects about 600 MBs of data per

second.

2.5 TRACKING

The flight path, or "tracks", for charged particles can be measured in the CDC and FDC.
Drift chambers are filled with wires held at some constant potential and a gas. When
charged particles fly through a drift chamber, they interact with the gas and produce ions.
These ions then "drift" towards the wires. As they do, they also interact with the gas and

produce more ions, which also drift towards the wires. This creates a shower of ions. As
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they reach the wires, a "pulse", or "hit", is read out. The drift time #, of the hit is,

tg =1t — 1, (22)

where ¢, is the pulse time and 1, is event vertex time as reconstructed by any of the fast
timing detectors. The drift velocity v, of the ions is a known property of the gas. Therefore

the position r; of the particle relative to a wire is,

ri =Vatig, (23)

where #; 4 are the drift times of the particle traveling across the drift chamber.

Charged particle tracks are reconstructed in three stages [60]. First, hits in adjacent
CDC straws and or FDC chambers are put together to form potential track segments. These
track segments are combined to form track hypotheses. Then, a Kalhman Filter is used to
estimate the properties of the track at point closest to the beamline, starting from hits
furthest away and working inwards [70]. The drift time information is not used at this
stage. All tracks with p > 0.8 GeV are assumed to be pions and tracks with p < 0.8 GeV
are assumed to be protons. After the initial track properties are estimated, each track is
matched to one of the fast timing detectors (TOF, BCAL, FCAL) to determine the track’s
vertex time fy. Then, each track is re-fitted for each of the potential charged particle

hypotheses (e, 7,K, p).
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Figure 19. Relative momentum resolution % for protons (A) and pions (B) as a function
of polar angle 6. Figures from [60].

The track’s momentum p is given by,

(24)

where ¢ is the particle charge, r is the radius of curvature of the track, B is the magnetic

field. and 6 is the track’s measured azimuthal angle. The charge ¢ is determined via the

direction the particle travels in the magnetic field. The momentum resolution for pions

and protons is shown in Figure 19. There is significant uncertainty on very small angle

detected particles and for protons with p < 0.5 GeV/c
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CHAPTER 3

EVENT SELECTION

In this analysis, we studied two charge-conjugated channels of yp — p’K*K,nT in the
exclusive final states p’ K-zt n~ and p’K~ 7~ 7~ n+ where a 777~ pair is assumed to be
decay products of K;. The GlueX-I dataset was taken over 3 run periods in the Spring of
2017, the Fall of 2018, and the Spring of 2018. The entirety of the 3 run periods combines
for an integrated luminosity of 499.6pb~'. The fractional luminosity is given in Table 3
[71]. The analysis code was primarily written in Python using pyROOT and can be found in

the GitHub repository at [72].
3.1 PRELIMINARY DATA SKIM

An initial skim of our final state is done using the GlueX ReactionFilter software [73].
This software is used to skim across all of the GlueX-I data to identify candidate events for
a given final state topology. An event will pass the ReactionFilter and be added to the
data skim if it satisfies several conditions. Our analysis requires that an event must contain

3 positively charged tracks and 2 negatively charged tracks corresponding to the proton,

Table 3. Relative fraction of the total GlueX-I luminosity for each of the 3 run periods
[71].

Run Period | Fraction of GlueX-I
Spring 2017 0.174
Spring 2018 0.504

Fall 2018 0.321
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final state kaon, final state pion, and the decay products of the neutral kaon. The event
RF Time must correspond to a beam photon within 4 timing bunches of the central timing
peak. The kinematic fit must converge, i.e the value of the confidence level cannot be null.
The kinematic fit and confidence level are discussed further in §3.3. To select potential
K, decays, the invariant mass of at least 1 combination of the positive and negative tracks
must be within a loose range around the nominal value of the K; mass. Two of the positive
tracks and one of the negative tracks must share a vertex and the remaining positive and
negative track corresponding to the K; candidate must also share a vertex. The vertex is
defined by the kinematic fit. All of the particles must satisfy at least one of the particle
identification (PID) criteria defined by various detector responses and properties in §3.2.
The missing mass squared of the event (Eqn. 36) must be less than +0.1 GeV. The missing

mass squared of the event is discussed further in §3.4.

3.2 PARTICLE IDENTIFICATION

PID is done by combining information from various detector subsystems and fundamen-
tal properties of physics to identify which particle is being measured. No neutral particles
are in our final state topology, so neutral particle PID at the detector level will not be dis-
cussed. A charged particle hypothesis is only considered if it has a hit in one of the BCAL,

FCAL, or TOF. More information about PID can be found in [74].

3.2.1 Timing Cuts

Timing cuts are applied only for the detector with the best timing information. The

ordering of detectors by quality of timing information is: BCAL, TOF, FCAL, SC. The BCAL
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is ordered ahead of the TOF for convenience as there is almost zero overlap between hits
in the BCAL and TOF. Some events will not have a hit in any of these detectors and will
therefore not have any timing cuts applied. These cuts are applied first with the measured
quantities for preliminary hypothesis selection and then again after the kinematic fit (§3.3)
using the "true" momentum and vertex quantities. The cuts are applied to the difference
between the RF time and the reconstructed start time from the detector timing readout
propagated back to the event vertex A¢(RF). For particles coming from a detached vertex,
the timing is first propagated back to the secondary vertex and then to the event vertex. For
an incorrect particle hypothesis, the back-propagation will lead to larger A¢(RF) because
the assumed relationship between velocity and momentum will be wrong. Since measure
the momentum of charged tracks with the CDC/FDC, for a given PID hypothesis for a

particle with mass m we can relate the momentum to the particles velocity via,

m=|p|\/1-B*/B, (25)

where the relativistic velocity f is given by,

B =r/(tc), (26)

and r and r are the distance and time, respectively, from the particle vertex to the detector
with the best measured timing information [75]. The timing cuts for a given particle
species are given in Table 4. For kaon hypotheses, an additional constraint is applied to

reduce large background from pions and protons. The kaon hypothesis must have a hit
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Table 4. Timing cuts for each particle in the final state topology for this study. The cuts
are placed on the difference between the back-propagated start time from the detector
and the RF start time, A7(RF), and are given in nanoseconds (ns)[74].

Particle | BCAL | TOF | FCAL SC
i +1.00 | +0.50 | £2.00 | +2.50

T £1.00 | £0.50 | £2.00 | £2.50
K+ +0.75 | £0.30 | +2.50 | £2.50
K~ +0.75 | £0.30 | £2.50 | £2.50

p +1.00 | £0.60 | £2.00 | £2.50

in at least one of the timing detectors or have a sufficient number of hits in the CDC to
calculate the energy loss as a function of position (dE/dx) (§3.2.2).

The B vs p plots for negatively charged tracks in the GlueX data and f1(1285)p" —
p'KTK,n* Monte Carlo samples are shown in Figure 20. Kaon/pion separation is possible

up to ~ 2 GeV. Beyond that, we must rely on the kinematic fit for pion/kaon separation.
3.2.2 Track Energy Loss

Particles traveling through the GlueX Central Drift Chamber (CDC) will deposit energy
into the detector as a function of the distance traveled dE/dx. For each particle species,
the dE/dx "curve" as a function of the measured momentum is extracted by fitting an
exponential function to the dE /dx vs p distribution for a given species. We can apply a cut
for a given particle hypothesis based on this function. If the dE/dx for a given hypothesis
does not fall below the upper bound of the hypothesis species dE /dx curve, that event is

cut. For kaons and pions, the hypothesis must satisfy,

dE /dx < e” P13 462, 27)
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Figure 20. 3 vs p distributions for negative tracks in the TOF. The data (A) and Monte
Carlo sample of f1(1285)p’ — p’K~ K,x™ (B) have bands corresponding to the 7~ from Kj
decay and the K~. The f;(1285)p’ — p’K"K;n~ Monte Carlo sample (C) does not have a
K~ in the final state, so only the 7~ track curve is observed.
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Figure 21. dE /dx vs p distributions for positively charged tracks in GlueX data (A) and
Monte Carlo simulation of p’f;(1285) — p’K~ Ks;x"™ (B). The curved band represents
proton tracks and the horizontal line represents pion, kaon, and electron tracks.

where p is the momentum of the particle. Proton hypotheses must satisfy,

dE [dx < e T2 1 1.0. (28)

Figure 21 shows the dE /dx vs p curves for GlueX data and Monte Carlo. Our Monte Carlo
sample has a more prominent proton band, as a majority of our protons are low momentum
by virtue of the generated 7-slope of the Monte Carlo. The Monte Carlo sample is discussed

further in Chapter 4
3.2.3 Invariant Mass and Missing Energy

Exclusive reactions are reactions in which there are no "missing" particles i.e each final
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state particle is detected. For exclusive reactions, a cut is placed on the missing energy of
the system such that,

|Ey+E,—Y Ei| <3 GeV, (29)
i

where i is the number of particles in the final state and E; is the energy of the ith particle
hypothesis in the event.
For "long-lived" intermediate particles, a cut is placed on the invariant mass of the

decay particle hypotheses. The invariant mass of any system of particles is defined to be,
M? = ppy, (30)
where p is the 4-momentum p* = (E, py, py, p;). For a K, hypothesis we require,
0.3<M(XTX")<0.7GeV, (31)

where M is the invariant mass of the decay particle hypotheses X, X . for the K this will
be the invariant mass of the 777~ from a shared vertex.
Beyond these loose selection criteria, PID is predominantly done via selections on the

Kinematic Fit and kinematic cuts.
3.3 KINEMATIC FIT AND PHOTON TIMING

After reducing the total GlueX-I dataset to events that may satisfy our final state hy-
pothesis, we take advantage of the GlueX Kinematic fitter to further shrink our dataset

to a reasonable size for targeted data analysis. The kinematic fitter serves two primary
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purposes in our analysis:

* Account for measurement uncertainty by adjusting measured momenta and vertex

positions to "true" values.
* Quantify the likelihood of a given event satisfying the final state topology hypothesis.

The kinematic fitter works by shifting the values of the momenta and vertices based on
prescribed constraints to minimize some defined y? of the fit using a method called the

least squares fit with constraints. The expression that we seek to minimize is given by,

=u-n0)" Vv, (y-n)+2A"t, (32)

where y is the measured quantity in our detector, like p, 8, and ¢, n is the "true" value
of the quantity, Vy is the covariance matrix for the measured quantity, A is the set of
Lagrangian multipliers that minimize y2, and f are the physics constraints,like conservation
of momentum and energy.

The constraints in this analysis are four-momentum conservation and shared vertices.
The four-momentum constraint is pfl = p?, requiring the initial state four-momentum
(y+ p) must be equal to the four-momentum of the final state (p' + KT + 7t + 7t + 7).
The vertex constraint requires that the detected proton, charged kaon, and a charged pion
share a vertex while the remaining pion pair also share a vertex. Details of the implemen-
tation of the constraints, and how the fitting algorithm works, can be found in[76], [77].
We do not use the K, invariant mass constraint for the decay of K; — 77—, as that will

lead to some non-negligible background contribution that we will attempt to subtract out.
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Figure 22. Kinematic fit y2/nd f distributions for Monte Carlo (blue) and data (red). The

shaded region shows the selected data events. All selection criteria is applied to both
plots except for the y?/ndf and CLgjpi; cuts.

To ensure a level of confidence that our selected events satisfy our final state hypothesis
of yp — p'KTK,n*, we place a preliminary loose cut on the kinematic fit x?/ndf < 5. This
is determined via our Monte Carlo f;(1285) sample (Chapter 4). We find that nearly all of
the signal Monte Carlo events populate the region below y?/ndf = 5. We can confidently
assume most of the events with higher y?/nd f values are not f;(1285) — KTK,n™ events.
The x? distributions of the data and Monte Carlo are shown in Figure 22.

For each event, there can be multiple combinations of the final state particle hypotheses
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that satisfy the outlined conditions. To significantly reduce the impact of beam accidentals
and combinatorics, we "flatten" our data by selecting only the "best" in-time combination
per event, defined to be the combo with the smallest x?/ndf. If an event does not have an
"in-time" beam photon, that event is discarded. In-time refers to events with a time differ-
ence between the event vertex and RF time that lies within the central peak around 0. The
event vertex time is determined from the times of the final state particles in the detector
propagated back to the vertex. Our initial data skim contains all events within +4 timing
peaks, but we consider only combos within the central timing peak. The peaks around the
central timing peak provide information about the expected number of mistagged events
that mimic in-time combos. Figure 23 demonstrates a reduction in the statistical back-
ground arising from mistagged timing events by applying a x?/ndf cut. The assumption
follows that choosing only the best in-time combo per event reduces the statistical signif-
icance of mistagged events to a negligible amount, as mistagged events are unlikely to
satisfy that requirement. Internal studies at GlueX have shown that the "best x?" method
of event selection yields consistent cross-section values compared with the accidental RF
sideband statistical subtraction method, which involves using events from any of the tim-
ing peaks to assign each combo a weight corresponding to how far away from the central
peak the event occurs [78]. A comparison of the two methods for the cross-section of
yp — p'n’ — p'ntnny, is shown in Figure 24.

An additional cut is placed on the kinematic fit confidence level later in the event

selection process, after using the y?/ndf < 5 criteria to reduce and flatten to 1 combo per
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event. The confidence level [79] for the kinematic fit is given by,

nd 2
CLkinFit = 1 —P(Tf, %); (33)
where P is the regularized gamma function [80] given by,
’ 22 T(n/2)2n/2 ’
with n = ndf and the I function [81] is given by,
['(n) = / e ldr. (35)
0

The confidence level of the kinematic fit tells us the probability of a larger x> value being
produced for a correct modeled event by chance. A confidence level close to 1 is the
ideal value. We determine our cut value by comparing the signal Monte Carlo CLginrit
distribution against the data distribution with all selection criteria applied and make a
judgement call that selects good events that preserve enough real data events to perform

our analysis. These distributions are shown in Figure 25.
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selection criteria except the CLx;uric cut is applied to both distributions.

3.4 EXCLUSIVITY

To ensure exclusivity, we require that the missing mass squared be very close to zero
such that no undetected massive particles were a part of the event combo. The missing

mass squared for our final state is defined to be,

MZ(pKKm) =p*p"(y+p—p' — KT —n7 -t —77). (36)
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We require that,

IM2(pKKT)| < 0.01 GeV>. (37)

The distributions of M?(pKKr) before and after the event selection criteria is applied for
both charge conjugated modes are shown in Figure 26. This cut is a more-strict veto
compared to the cut on the kinematic fit y2/nd f. By choosing the best kinematic fit x2/nd f
combo per event, we reduce the number of events with a non-negligible missing mass. This

cut ensures further exclusivity.
3.5 LOW MOMENTUM PROTONS

The GlueX detector has a poor reconstruction efficiency for events with low proton
momenta. This region represents an "edge case", so we cannot be confident that our
Monte Carlo simulation is correctly modeling the detection efficiency of these protons. In
the interest of staying within the well-modeled bounds of our detector, a cut is placed on

the momentum of the detected scattered proton,

p(p') > 0.4 GeV. (38)

This also represents a cut on the region of Mandelstam-s that our differential cross section

will be measured over, as we define,

~t=(p-p)’, (39)

where p is four-momentum of our target proton and p’ is the four-momentum of our
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detected scattered proton. The effect of this cut on the Mandelstam-¢ distributions is shown

in Figure 27.

3.6 K5 SELECTION

The short-lived neutral kaon, K; decays most often to two pions Ky — 77 ".

This

decay occurs rapidly after the particle is produced, such that the kaon itself is not detected

in the experiment but rather it’s decay products are. Our final state requires two oppositely

charged pions be detected in the mass range of the Kj, between 0.3 GeV and 0.7 GeV.

3.6.1 Pathlength Significance

The pathlength significance is defined to be the vertex separation from the kinematic
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fit results divided by the uncertainly of the vertex separation,

Pathlength Significance = L, (40)

r

where r is the distance between the primary event vertex and the secondary vertex of the
K, hypothesis as determined by the kinematic fit. Even for small vertex separations, a small
uncertainty will lead to larger pathlength significance values. As the value of pathlength
significance increases, there are fewer non-resonant background events. We select events
that satisfy,

Pathlength Significance > 5. (41)

Figure 28 shows the M(n*7~) distributions of both final states before and after the
pathlength cut is applied. A Gaussian-like feature is observed around the mass of the Kj
consistent with the value provided in the PDG [82], but there is significant background.
The pathlength cut significantly reduces the background. The width of this distribution is

due to the detector resolution.
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Figure 28. Selection of K| events with pathlength significance cut. Invariant mass
distributions of the dipion system M(n+7~) for final states p’K~K;&" (A) and p’ K"K,
(B) before (gray) and after (blue/red) after applying a cut on the pathlength significance
according to Eqn. 41.

3.6.2 K; Mass Cut

After applying the pathlength significance cut to select only 71z~ pairs with a good
likelihood of originating from a secondary vertex, we then remove events far outside of
the region of the K; mass. To do this, the M(x" ™) distribution is fit with a function of the
form,

F(M;G):Gl(M;Gl)—I—Gz(M;Gz)—l—B(M), 42)

where M is M(n* ™), G1(M;0) and G,(M; o) are Gaussian distributions given by,

1
G(M, (7) = —We_Mz/zo-z, (43)
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o is the width of the distribution, and B (M) is a first-order polynomial of the form

B(M)=cM+C. (44)

The mean and width of this distribution is determined by weighting the mean and width

of each Gaussian by the relative size of each distribution with [83],

Ok, = 8101+ (1 —g1)02, (45)

where g is the fraction of events in G;(M;o7). The fit to the data is shown in Figure
29. The mean and width are taken to be the mass M(K;) and detector resolution ok,,
respectively, of the K. For normal distributions, 95% of events will fall within +20, of the

mean of a given distribution[84]. Therefore, we keep events that satisfy,

|M(n" ™) — M(Ky)| < 20k, (46)

We have sufficiently removed non-resonant 777~ events from our sample so we will
designate the secondary vertex dipion system as K-short (K;) for the rest of the analysis.

We have now identified events that satisfy the exclusive final state hypothesis of KTK .

3.7 BARYON REJECTION

There are several reactions with baryonic A/N* — pm and A — Kr decays that have a
pKKr final state. To isolate the f;(1285) — KTK,x* decay channel, we attempt to remove

these baryonic events via kinematic cuts.
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3.7.1 A/N* Rejection

The final state topology of our reaction allows for A and N* baryons to be included
in our data in the decay of yp — AT+/OKTK, and yp — N*KTK, where A**/0 — p/z* and
N*— p'n~. In the M(pn+) distributions shown in Figure 30, there are peaks corresponding
to the A baryon, which has a mass of 1.238 GeV [85]. To exclude these events, we select
events that satisfy,

M(p'n*) > 1.4 GeV. 47)

This cut removes A contamination from both final states. However, there are other
peaks corresponding to N* decays. There are many N* resonances [86] that lie in the

region of 1.4 < M(pn~) < 3.0 GeV and the most narrow of them has a decay width of 70
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MeV. This means that there is no simple way of removing these events via kinematic cut
while allowing for a sufficiently large population of f;(1285) signal events to survive such

that yields in bins of Mandelstam-¢ can be extracted.

3.7.2 A and X Rejection

There may also be A and ¥ baryons in the p’K*Ksn™ data sets via the reaction yp —
AKr and yp — XK where A — p’K* and X — p'K,. We consider the p’KT and p'K, com-
binations to evaluate A/X contributions.

The distribution for M(p’K ™) is given in Figure 31A. We observe two peaks in the lower
mass side of the distribution, which likely indicate the presence of A(1520) and A(1820).
Both A(1520) and A(1820) have a primary decay mode of NK [87], [88]. To remove these

unwanted resonances, we select only events that satisfy,

M(p'K™) > 2.0 GeV. (48)

The charge conjugated distribution for M(p’K") is shown in Figure 31B. We observe no
obvious enhancements that would indicate the presence of any baryon resonance but the
same cut is applied to M(p’K™) for completeness and to exclude any non-obvious reso-
nances lurking under the large phase space background. In Figures 55 and 56, it can be
seen that choosing symmetric cuts has a minimal impact on the final measurement of the
f1(1285) cross-section.

The p'K; combination appears in both final states. In the topology of p’K*K;n~, as

seen in Figure 31D there is an enhancement in the region of M(p'K;) = 1.75 GeV that could
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be the ¥£(1775) baryon. Just like in the case of the A rejection, only events which satisfy

M(pK;) > 2.0 GeV in either final state are kept.
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Figure 31. Distributions of M(pK~) (A), M(pK~) (B) and M(pK;) for the pK~ K;nt (C)
and pK"K;n~ (D) final state topologies. Features are seen in the M(p'K~) and M(p'K;)
(p’K~Kn) distributions. A symmetrical cut is applied for completeness.
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3.8 KKm MASS DISTRIBUTION

The KK mass distributions with all of the outlined selection criteria applied are shown
in Figure 32. There is a clear enhancement around M(KKn) = 1.28 GeV and potentially an-
other enhancement around M(KKn) = 1.4 GeV. Both enhancements sit atop a large phase
space background. The enhancement around M(KKnr) = 1.4 GeV may be some combina-
tion of f;(1420) [20], n(1405) [89], and n(1475) [90], which have all observed in KK«
decays. As discussed in §1.3.2 and §1.3.3 there is lots of uncertainty about these states.
This uncertainty makes prospect of using Monte Carlo methods to model the region a
daunting one. Without a way to accurately model the potential superposition of these par-
ticles, we seek a way to dramatically reduce the contamination from these enhancements

in the M(KKr) distribution.



60

x10° x10°
> 200 2 18-
=& = I
o 185 © 16
%16? %14}
S 14 S 12
12? "
105 C
B 8-
8- C
Gi 6
4- 4-
of 20
O: \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 0: \I\\‘\I\\‘\I\\‘\I\\‘\I\\‘\I\\
11 12 13 14 15 16 1.7 18 11 12 13 14 15 16 1.7 18
M(KKsm*) [GeV] M(K'K.Tr) [GeV]
A B

Figure 32. M(K K,n") (A) and M(K*K,n~) (B) distributions after all event selection
criteria has been applied except for the K* rejections. A clear enhancement around
M(KKm) = 1.28 GeV is seen in both channels. Additionally, there appears to be an
additional enhancement around M(KKx) = 1.4 GeV.

3.9 K* REJECTION

f1(1285) has not been observed to decay to KK* as the threshold for KK* produc-
tion is well above the mass and width of f;(1285). Conversely, the potential higher mass
states have been observed to decay through KK* [20], [89], [90]. To further reduce non-
f1(1285) background, we reject events with likely K* — K7 decays. The M(Kr) distribu-
tions for both final states are shown in Figure 33. Features corresponding to the charged
and neutral K* mesons can be seen at M(Kn) = 0.890 GeV. The dalitz plots of the KKx
system in different mass regions of KK encompassing the mass values of the higher mass

f1 and ns are shown in Figure 34. These dalitz plots confirm that there is very little kine-
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matic phase space for the K* to decay through in the M(KKr) region of f;(1285).
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Figure 33. Distributions of M(K~7") (A), M(K™n~) (B), M(K,nt) (C), and M(K;x~) (D).
A peak corresponding to the charged and neutral K* can be seen about 0.890 GeV. The
events selected via Eqn. 49 are shaded in blue/red.
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do not observe evidence of the K* resonances at low M(KKm) as there is not enough
kinematic phase space for such a decay to occur. The grey boxes show the region of
exclusion corresponding to Eqn. 49.

We can remove much of the resonant background by rejecting the events in the K* mass
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region of M(Kr). The nominal values for the mass and width of the K* are M = 891.67 and
I" = 51.4 MeV for the charged K** and M = 895.55 and I" = 47.3 MeV for the charged K*°
[91]. We reject Kn events within twice the width of the K* from the central value such
that,

[M(Km) — M(Kpgq)| > 2T, (49)

The M(KTK,n*) distributions before and after applying the K* rejection criteria are
shown in Figure 35. The enhancement at M(KKr) = 1.28 GeV is mostly unaffected by
this cut while the higher mass enhancement and background are suppressed. These two
distributions represent the final data sample of scattering events collected at GlueX that
we will analyze to measure the cross-section of f1(1285). We believe we have isolated the
M(KKm) = 1.28 GeV enhancement and removed most of the potential contamination from
other processes with p’KTK,n™ final states. A tabulated list of all the selection criteria used

is given in Table 5.

Table 5. Tabulated selection criteria used to clean the GlueX dataset to measure the
f1(1285) cross-section.

Cut Criteria
x> /ndf X /ndf <5
Kinematic Fit Confidence Level CLginpic > 107>
Exclusivity |MZ(p'KTK,n*)| < 0.01 GeV*
Proton Momentum |p| > 0.4 GeV
Pathlength Significance Pathlength Significance > 5
K, Mass Cut IM(ntn~)—M(K;)| < 20k, GeV
A Rejection M(p'n¥) > 1.4 GeV
A/X Rejection M(p'K) > 2.0 GeV
K* Rejection M(Kr) —M(K;dg) > ZFK;‘dg
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CHAPTER 4

MONTE CARLO SIMULATION

4.1 GENERATION OF MONTE CARLO DATA

The use of simulated data is extremely important to this work. We use simulated data
to evaluate detector acceptance, correct for detector efficiency, and establish reasonable
selection criteria. To generate this simulated data, we use a process called Monte Carlo
(MC). Monte Carlo techniques are a method of randomly sampling probability density
functions (pdf). Because we know that the physics processes we are investigating are
described by some pd f, we can use these Monte Carlo techniques to generate large sets of
randomly sampled data that, for large enough sample sizes, model the distributions that
observe in the experiment. These techniques are covered in detail in [92]. The Monte
Carlo samples used in this analysis were generated with a combination of the Inverse
Transform and Von Neumann methods via the gen _amp software package [93]. The back
end of the generation and reconstruction process was handled via the MCWrapper GlueX

software package [94].

4.1.1 yp — p'f1(1285)

One of the techniques used in simulating yp — p’f1(1285) events is the inverse trans-
form method. For a given probability density function f(x) in the range of —co < x < oo,

there exists some cumulative probability function F(a) that describes the probability of
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x < a, given by,

Fla) = / Fx)dx. (50)

If we choose the value of a from some random probability density f(a), then F(a) is also
a random variable following a uniform probability density from [0, 1]. For some randomly

and uniformly generated value m, we can find a unique x chosen from the pdf f(x) if,
m=F(x), (51)
if we can define an inverse of F such that,
x=F Y(m). (52)

The advantage of this method is that it has a 100% efficiency and doesn’t waste compute
resources. It is useful for functions that have an easily calculable inverse, like the Breit-
Wigner and exponential functions.

The first step of simulating yp — p’f1(1285) is generating or "throwing" events where
the f1(1285) mass follows a Breit-Wigner distribution with the mass and width as given by
the nominal PDG values [10]. We can use the inverse transform method to throw f;(1285)
events that follow the prescribed Breit-Wigner. To do this, we generate a random number

p between —x and 7 and calculate s via,

s=Mj +MpTy tan(p), (53)
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where My, and I'y, are the mean and width of the Breit-Wigner given as the mass and decay
width of the f(1285). If s > 0, we assign the mass of the f;(1285) for the generated event
to be /s.

As we are seeking to measure the differential cross-section as a function of —¢, we must
also ensure that the simulated distribution of — that we see in the region of f|(1285) in

data. The — distribution can be described with an exponential function of the form,

ft)=e*, (54)

where « is the "t-slope" and ¢ is Mandelstam-t as given by Eqn. 39. We fit a function of the
form Eqn. 54 to the —¢ distribution in our data in the mass region of f;(1285) from Eqn.
68 to determine the value of a that we will use to simulate yp — p’f;(1285) events. We
again use the inverse method to throw a value of — for the event with 100% efficiency. By

definition, this sets the scattering angle 6 via the two-body scattering relationship,

t =m?+m2 —2E,E.+2qq cos(8), (55)

where @ and ¢ denote the incoming and outgoing particles in either the upper or lower
vertex and m, E, and g are the mass, energy, and momentum, respectively, of the particles
calculated in the Center of Mass (CM) frame [95]. As the generated value of —¢ gives us
the scattering angle 6 in the CM frame, this also assigns the value of the momentum and

energy to the p’ and f;(1285) in the CM frame.
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4.1.2 f1(1285) — KTK,n*

The f(1285) — KTK,n™ 3-body decay is handled via the Von Neumann, or "accept/re-
ject" method of Monte Carlo simulation [92]. This method is useful when the cumulative
probability function F(x) is unknown or too complicated to find an inverse. In short, for a
given x, we can randomly generate a value for the variable of interest, lets call it P, uni-
formly between a minimum and maximum of the pdf f(x) which describes that variable.
We compare the randomly generated value to f(x) for the given x. If P > f(x) we reject
that value. If P < f(x), we accept that value.

3-body phase space decays cannot be defined in the same way as 2-body back-to-back
CM decays where the system is completely determined from a randomly generated scat-
tering angle. Instead, we must treat 2 of the 3 particles as an intermediate isobar with a

randomly generated mass. The mass of the isobar is randomly generated such that,

(M() —|—M1) <1W]0,1 < (MX —Mz), (56)

where M represents the masses of the particles in the decay X — 0,1,2 and Iy is the
intermediate isobar comprised of the particles 0, 1. After randomly assigning a mass to the
isobar between the bounds given in Eqn. 56, we proceed as if we have a 2-body decay
in the rest frame of X. We assign random polar and azimuthal angles uniformly between
(—m, m) and (0, 27) respectively to the isobar. The momentum of the isobar is given by,

VNN,

2M

p(MamlamZ): (57)
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where,

Ny = (my +my) [Mz—(ml—i—mz)} , (58)

and,

N2 = (m1 —m2) [Mz — (m1 —mz)} . (59)

The momentum of the decay particle 2 is given by —p(ly 1), which mean we have fully
described particle 2 in the rest frame of X. For particles 0 and 1, we decay the isobar Iy
to particles O and 1 in the rest frame of Iy ; in the exact same manner in which we treated

the decay of X — Iy ; +2. Once we have the momentum for all 3 particles, we ensure that,

‘ﬁ0|‘ﬁ]0,1| <W, (60)

where W is a randomly generated weight between 0 and the maximum Lorentz factor of
the decay, given by,

M3 /4. (61)

If not, we reject the event. We repeat this process of momentum generation until the event
is accepted. After an event is accepted, we boost particles 0 and 1 into the rest frame of
X. We then boost again into the lab frame to get the simulated event that we would see in
our experiment. Functionally, this process is equivalent to defining the dalitz plot for the
3 particle system and randomly sampling it to produce the simulated data distribution. In
our case, the particle X is the generated f(1285) and particles 1,2,3 are KT,K,,#*. The
generation code can be found in [96].

Figure 36 shows the generated M(KKr) and —¢ distributions. The M(KKr) distribution
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Figure 36. Thrown Monte Carlo distributions for M(K~K;w ") (A) and —¢ (B). Both
distributions follow the pdf they were generated with.

follows a Breit-Wigner lineshape with the mass and width at the PDG values and the —¢
distribution has the correct slope. Our Monte Carlo generation procedure produces dis-
tributions following the pdfs they were generated with and can be used to simulate the

detector response and efficiency for f;(1285) — KTK,n*.

4.2 RECONSTRUCTED DATA

4.2.1 Detector Simulation

Because our physics events are simulated, we must also simulate the GlueX detector to
evaluate how event would interact with the detector. The detector is simulated with the
hdgeant4 software package [60], [97] using the GEANT4 library [98]-[100]. This simula-
tion models the way the real detector subsystems interact with particles. Databases store

real-time detector information, like magnetic field and detector geometry, that are passed
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as inputs to the detector simulation. To ensure the outputs of the detector simulation are
true-to-life, particles undergo a "smearing" that models effects such as detection efficiency
and measurement resolutions. Accidental background triggers are also added to the output
sample to ensure a more lifelike reconstructed sample. The smeared detector responses
for each event and accidental triggers are recorded and passed along to the reconstruction

process.

4.2.2 Event Reconstruction

We pass the generated events with detector responses through the reconstruction soft-
ware and analysis procedure to validate that the simulated data is in good agreement with
the observed data. These events are reconstructed and analyzed in the same manner as
the data reconstruction and analysis process.

Figure 37 shows the —¢, and M(zn"7n~) distributions for reconstructed Monte Carlo
events. We can see a broadening of the M(n* 7~) distribution, showing that there is a non-
negligible momentum resolution in GlueX that must be considered. All of the selection
criteria is applied except for the cut on M(n=n~). The —¢ distribution shows the same
drop off at low values, which we expect because low-momentum protons are difficult to

reconstruct in GlueX.
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Figure 37. Reconstructed distributions of Mandelstam-7 (A) and mass of the K via
M(nt7~) (B). All selection criteria is applied except cut on M(n*x~). The broadening of
the K; mass points to a non-negligible detector resolution. The observed ¢-slope in data is
well produced by the Monte Carlo.

Figures 38, 39, and 40 show kinematic distributions for the final state proton, and pion,
and kaon for data and Monte Carlo. There is disagreement between the data and Monte
Carlo in the momentum of the final state pion and kaon. The difference is likely due to
a combination of background contamination and an isobar decay mode of the f;(1285) —
ap(980)m with a¢(980) — KK (§5.6.2) that is not modeled by the Monte Carlo.

To evaluate the impact of this difference on the cross-section measurement, we investi-
gate the reconstruction and analysis efficiency of the f;(1285) signal Monte Carlo events as
a function of p(K¥) and p(n*). Figure 41 shows that the acceptance as a function of j for
the pion and kaon varies by approximately 10% over the range of good statistical precision

in Monte Carlo and data. Figure 42 shows the acceptance vs p for the pion and kaon in
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the —¢ bins that the cross-section is measured in. The shape of this acceptance is stable
vs —t, which means that the difference in the Monte Carlo and the data may lead to an
overall normalization systematic error. This is discussed in further in §5.5.3. Notably, the
only other measurement of the photoproduction cross-section of f;(1285) in KKn decay
also used 3-body phase space Monte Carlo [9], [45] and one of the goals of this study is
to extend those results to higher beam energies. Additional discussion of the Monte Carlo

model can be found in §5.6.2 and §6.7.
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CHAPTER 5

DATA ANALYSIS

5.1 PHASE SPACE EFFICIENCY CORRECTIONS

The first thing we consider is how the K* rejection criteria, which suppresses both
the potential resonances at M(KKn) = 1.4 GeV and the phase space background, impacts
the extraction of the f1(1285) yield. The rejection has a significant impact on the shape
of our phase space background. This means that the standard method of describing the
phase space background with a smooth polynomial when modeling the data distribution
for yield extraction cannot be used. The rejection of M(Kr) events in the mass region of K*
introduces some artificial shaping to the KKx phase space distribution. To account for this
shaping, we calculate the efficiency of the K* rejection on 3-body KKn phase space using
Monte Carlo generated data as a function of the KKz mass and correct the M(KKr) data
distributions by this efficiency on a point-by-point basis. This allows us to account for the
phase space background shaping due to the K* rejection while still removing a majority of
the resonant M = 1.4 GeV region events.

We select some bin size in M(KKx) and for each mass bin between 1.0 < M(KK7) < 3.0
GeV, generate 10,000 KK7 3-body phase space events with the center-mass value being the
middle of the given mass bin. The Monte Carlo sample for this correction is generated with
the ROOT. TGenPhaseSpace () [101] method and is not run through the reconstruction and

analysis procedures. We verified that the simple generated efficiency produced the same
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results as the full Monte Carlo chain outlined in Chapter 4. Each generated KKxm phase
space event is assigned a weight proportional to it’s representation of the total phase space.
We then test whether the generated event would pass or fail the K* rejection criteria for
both the neutral K*zT and charged K;nT combos by applying the criteria given in Eqn. 49.
The efficiency is calculated by the sum of the weights of events that survived the selection

criteria divided by the sum of the all the generated weights, given by,

£ = ZWpassed (62)

Z ‘/Vthrown

We correct our observed M(KKn) distribution on a bin-by-bin basis using the calculated
efficiency to produce a distribution that represents the f1(1285) and non-resonant KK7«
background with a greatly suppressed contribution from the f(1420) or 1n(1405). The
binned efficiency is shown in Figure 43. Figure 44 shows the M(KKr) distributions before
and after applying the charged and neutral K* rejections and correcting the resulting dis-

tribution by the efficiency given by Eqn. 62.



1.0 —

Weight Passed
Weight Generated
l

06 —

04 —

0.2 —

1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 2.6
M(KKn) [GeV]

Figure 43. K* rejection efficiency vs M(KK ). The efficiency of the K* rejection is given
by Eqn. 62 and the Monte Carlo procedure outlined in §5.1.
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5.2 FITTING

5.2.1 Model Selection

The fitting procedure to extract the yield of f1(1285) — KKn events is a multi-step
process beginning with determination of the function to describe the enhancement cor-
responding to the f;(1285) at M(KTK,x*) = 1.28 GeV. Short-lived, "narrow" particles like
the f1(1285) can be described with a Breit-Wigner function, where the mean of the func-
tion represents the mass of the particle and the width is the inverse of the particles life-

time[102]. The Breit-Wigner distribution is given by,

1 r
L(E—M,F):E(E_M)2+F2/4, (63)

where M is the mean of the distribution, representing the particle mass, E is the invariant
mass of the KK system M(KTK,n*), and I is the Breit-Wigner width, which is the parti-
cle decay width[103]. However, the GlueX detector has some non-negligible momentum
resolution, which broadens the resonant particle’s observed Breit-Wigner distribution. As
such, we cannot use a simple Breit-Wigner to model the f;(1285) resonance feature in the
M(KKm) distribution. To account for the effect of the detector resolution, we will use a
Voigt profile, which is a Breit-Wigner distribution convoluted with a Gaussian distribution

[9]. The Voigt profile is given by,

V(M:E:T;0) — / " G(M: 6)L(E — M:T)dE, (64)
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where G is a Gaussian as given in Eqn. 43 and L is the Breit-Wigner given by Eqn. 63.
The Breit-Wigner part of the function will describe our resonance and the Gaussian will
describe the detector resolution broadening effect. The mean, or mass, M and Breit-Wigner
width I' are free parameters in fits to the data.

We use our signal Monte Carlo sample, outlined in Chapter 4, to determine the M(KK )
resolution of the GlueX detector. We have simulated 100M yp — f1(1285)p’ events where
fi = K*K;n™ for each of the three GlueX-I run periods - Spring 2017, Spring 2018, and
Fall 2018. Each of these Monte Carlo samples model the f;(1285) as a Breit-Wigner with
the mass and decay width set to the nominal PDG values of M = 1.281 GeV and I =22.7
MeV. We fit a subset of these events with a Voigt function with the mass and Breit-Wigner
width fixed at the generated values while allowing the Gaussian width parameter ¢ to
float. The fit for the f;(1285) — K~ K;n* decay Monte Carlo is shown in Figure 45. The
individual Monte Carlo samples for each run period are weighted by the relative fraction
of the total GlueX-I luminosity collected during that run period (Table 3) to ensure an
accurate representation of the data. We then use the value of ¢ from the fit to the Monte
Carlo data as a fixed parameter in the Voigtian component in fits to the real data. The
resolution in both channels is c = 11.27 MeV.

We must determine how to model the background events in the M(KKr) distribution
that are not due to f(1285) — KTK,n* decays. This background is comprised mostly of
KTK,n* phase space from arbitrary sources and higher-mass resonant f;/n — KK,z
decays that were not removed with the K* rejection criteria as described in §3.9. phase

space backgrounds are often modeled by n-order polynomials, so we choose to model our
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KKr phase space with a 2nd-order polynomial of the form,

B(E) = c1E + c2E* 4¢3, (65)

where E is M(KKr) system. We choose a 2nd-order polynomial because it is the simplest
model that describes the data sufficiently well. ¢y, ¢;, and c3 are all free and unconstrained
parameters in the fit.

For simplicity, we use a Gaussian function to model the small enhancement we observe
in the 1.35 < M(KKm) < 1.42 GeV region that is likely from higher-mass f;/n tail events
that were not removed by the rejection of events in the K* mass range as given in Eqn.
49. The mean and width of the Gaussian are both floating parameters out of necessity.
In order to constrain or fix those parameters, a sufficiently accurate Monte Carlo data
sample would need to be produced to model the potential f; and 1 mesons but due to the
complexities of the potentially triply resonant feature and relatively sparse amount of data
on said resonances, generating a suitable Monte Carlo sample goes beyond the scope of
this work [20], [89], [90]. The Gaussian parameters to model this feature are constrained
to broad reasonable ranges but are otherwise allowed to float in our fit.

Our final model is then,

f(E) =AV (Mg EL0,) +AgG(E — lg: 0g) + B(E), (66)

where V(My,;E;T’; 0,) is a Voigt function given by Eqn. 64, G(E — ug; 0,) is a Gaussian func-

tion given by Eqn. 43, B(E) is a 2nd-order polynomial given by Eqn. 65, E = M(KTK,n%),
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My, and I are the mean and Breit-Wigner width of the Voigtian representing the mass and
decay width of the f;(1285), o is the GlueX detector’s M(KK) resolution, A, and A, are
the amplitudes of the Voigtian and Gaussian functions, and u, and o, are the mean and

width of the Gaussian modeling any leftover f;/n resonance contamination.
5.2.2 f1(1285) Mean and Width Determination

We must determine the f;(1285) yield as a function of E, and —¢ (85.3) to calculate the
cross-section. We constrain the values of the f1(1285) mass and width in order to minimize
the number of free parameters in the model that we fit to our E, and —¢ binned data. We
measure the values of My, (1235) and I by fitting our model given in Eqn. 66 to the M(KKr)
distributions integrated over all E, and —¢. In the fits to the binned data to extract the
yield, we fix these parameters to the values obtained from the integrated fit. The fitting
is done via x> minimization using the MINUIT2 [104] package and the ROOT.TH1.Fit ()
method [105]. The fits to the data are shown in Figure 46. Table 6 gives the values for
the mass and width extracted from the fits for both charge-conjugated final state topology,
as well as the values in the PDG for the f;(1285) [10] and 1(1295)[106]. The PDG values
for the f1(1285) mass and width were passed as initial guesses to the model before the fit
was performed. The fit range was chosen to produce reasonable y?/nd f values for both
final state topologies. The amplitudes for the Voigtian and Gaussian components were

constrained to be non-zero such that,

Ay,Ag > 0. (67)
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Figure 46. M(K K;n™) (A) and M(K"K,n~) (B) distributions with total model (blue/red
line) fit to the data. Voigt (solid blue/red fill) and background Gaussian and polynomial
functions (magenta) are shown. Mass, width, and fit quality is also shown on the figure.
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The mass value obtained from the fits to both the K" K,#+ and KTK,7~ data are in
agreement with the nominal values from the PDG [10]. Additionally, they are not con-
sistent with the PDG values for 1n(1295) by several standard deviations. The measured
width of ~ 28.5+2 MeV is ~ 2 standard deviations wider than the world data, but is well
within the range of measurements used for the average [10]. Our mass and width are in
agreement with the values of the f;(1285) and disagree with the values of 1(1295). We

can define the mass region of f(1285) to be,

IM(KTK ™) — My, | < 2Ty, (68)

where My, and Iy, are the measured mass and width of f;(1285) from fits to the integrated
M(KKr) distribution. The values for the Gaussian and mean and width are given in Table
7. The mass and width parameters are fixed in the fits to the binned data when extracting
the f;(1285) yield with the goal of reducing the degrees of freedom for the more-sparse

data distributions.

Table 6. Voigt profile parameters from fits to the M(K~ K;x") and M(K" K,z ™)
distributions. Currently accepted mass and width values from the PDG for f;(1285) and
1(1295) and shown for comparison [10], [106]. The mass and width parameters
extracted from the fit are in agreement with the f;(1285) but not 11(1295). Uncertainties
are statistical only.

Mass [MeV] | Width [MeV] | y?/ndf
K K,t™ 1279.98 £0.50 | 28.77+1.59 1.52
K K,t~ 1284.56 £0.40 | 28.13+£1.25 1.95
PDG f;(1285) 1282 +0.50 22.7+1.1 -
PDG 11(1295) 1294 +4.00 55.0+£5.0 -
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Table 7. Gaussian parameters from fit to integrated M (KK =) distributions for both
nT K™K and 7~ K"K, decay modes. Uncertainties are statistical only.

Channel | Gaussian Mean [MeV] | Gaussian Width [MeV]
K K™ 1371.80+4.05 34.56 +4.62
K K.~ 1362.60+4.15 42.85+3.93

Having determined the mean and width for the Voigtian and Gaussian components of

the model, we now extract the yields of f(1285) in bins of E, and —¢ and calculate the

do

cross-section G-

5.3 CROSS SECTION

The differential cross-section of f;(1285) as measured in either final state f;(1285) —

K~ K,mt or f1(1285) — KT K;n~ can be calculated as,

do Y(Ey;—t) x I
(E?’;_t): R )
At x of (E;—t) x BRX L

dt (69)

where Y (E;—t) is the f(1285) yield in a given E and — bin, [ is the isospin normalization
of KK states, Ar is the size of the bin in —¢, &/ (E;—t) is the reconstruction efficiency or
acceptance of f1(1285) for that bin, BR is the branching ratio of f;(1285) — KKx, and .¥

is the integrated luminosity for a given Ey bin.
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5.3.1 Yield

Binned Fits

To measure the yield of f;(1285) events as a function of E; and —¢, we first bin our
data in beam energy, Ey, and Mandelstam-¢. The beam energy bins will be 1 GeV wide bins
spanning,

7.5 <Ey<11.5GeV, (70)

and they will be referred to by the energy of middle of the bin, corresponding to integers 7,
8, 9, and 10 GeV. The bin width in Mandelstam-¢, Az, varies over the range of measurement
due to statistical constraints at higher —¢ values. Evenly spaced bins do not allow for a
sufficient number of events in higher — bins to make the measurement. The bin size was
chosen such that a fit can converge to extract a yield in each bin of —¢. The bin centers

and widths can be found in Table 8. They will also be referred to by bin center value.

Table 8. —r bin centers and widths. Bins were chosen to allow for measurement of
cross-section to be calculated at the highest possible values of —¢ given statistical
constraints.

Bin Middle [GeV?] | Bin Width [GeV?]
0.150 0.10
0.250 0.10
0.350 0.10
0.525 0.25
0.775 0.25
1.150 0.50
1.650 0.50
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We fit our model given in Eqn. 66 to the M(KKr) distributions that fall into the given
Ey and —t bins using the ROOT.TH1.Fit () method. Due to statistical constraints at higher
—t values, we reduce the number of free parameters by fixing the mean and width of the
Voigtian and Gaussian components to the values obtained from the fits to the integrated
data given in Tables 6, 7. The free parameters in the fit are the amplitudes of the Voigtian
and Gaussian components A, and A, and background parameters c;. The fit range is ex-
tended to higher M(KKn) values because the statistical precision is not good enough in
the binned distributions to accurately describe the shape of the phase space background
over a smaller fitting range. Selected examples of these fits are shown in Figure 47 and
the rest can be found in Appendix B in Figures 84-91. The yields are calculated by numer-
ically integrating the Voigtian component of the model from 1.16 < M(KKr) < 1.5 GeV.
The ROOT.TF1.Integral() method uses the Adaptive Singular algorithm for the numeri-
cal integration, the specifics of which can be read about in Ref.[107]. The binned f;(1285)

yields are given in Tables 9, 10.
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Figure 47. Fits to M(KK) distributions in selected bins of Ey and —t. M(K~K,n™") (A, C)
and M(K*K;m~) (B, D) distributions with full model (solid blue/red line), Voigt
component (filled blue/red distributions), and background (dashed magenta line) shown.
The bin information, f;(1285) yields, and fit quality y>/ndf are displayed on the figures.
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Table 9. Yield, uncertainty, and fit quality for f;(1285) — K~ K,n" decay mode for each E,
and —¢ bin

E,| -t |Yield | Yield Uncertainty | x°/ndf
8 | 0.150 | 503 76 1.68
8 | 0.250 | 953 88 1.15
8 | 0.350 | 869 79 1.86
8 | 0.525 | 1467 93 1.25
8 | 0.775 | 845 64 1.28
8 | 1.150 | 748 68 1.21
8 | 1.650 | 167 34 0.90
9 | 0.150 | 392 61 0.99
9 10.250 | 733 82 1.50
9 | 0.350 | 573 72 0.87
9 10.525 | 1272 84 0.96
9 | 0.775 | 764 64 1.20
9 |1 1.150 | 431 57 1.03
9 | 1.650 | 138 30 0.74
10 | 0.150 | 209 58 1.01
10 | 0.250 | 505 63 0.79
10 | 0.350 | 396 68 1.48
10 | 0.525 | 719 71 1.33
10 | 0.775 | 429 56 0.93
10 | 1.150 | 260 55 1.39
10 | 1.650 | 68 28 0.72
11 | 0.150 | 166 46 1.15
11 | 0.250 | 260 55 1.38
11 | 0.350 | 248 50 1.34
11| 0.525 | 529 61 0.76
11 | 0.775 | 302 48 1.02
11 | 1.150 | 217 43 1.62
11 | 1.650 | 56 23 0.62
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Table 10. Yield, uncertainty, and fit quality for f1(1285) — K" K,m~ decay mode for each
Ey and — bin.

E,| -t |Yield | Yield Uncertainty | x°/ndf
8 | 0.150 | 664 64 0.81
8 | 0.250 | 1483 78 1.01
8 | 0.350 | 1488 75 1.06
8 | 0.525 | 2768 96 2.09
8 | 0.775 | 1218 67 0.77
8 | 1.150 | 747 58 1.29
8 | 1.650 | 142 30 0.83
9 | 0.150 | 511 56 1.29
9 |10.250 | 1144 76 1.30
9 | 0.350 | 1249 72 1.13
9 | 0.525 | 2186 85 1.01
9 | 0.775 | 1024 66 1.03
9 | 1.150 | 572 66 1.74
9 | 1.650 | 126 29 0.71
10 | 0.150 | 257 44 1.17
10 | 0.250 | 586 56 1.19
10 | 0.350 | 577 63 1.49
10 | 0.525 | 1219 69 1.10
10 | 0.775 | 509 54 0.68
10 | 1.150 | 310 46 0.71
10 | 1.650 | 62 27 0.88
11| 0.150 | 175 41 1.41
11 | 0.250 | 452 55 1.76
11| 0.350 | 511 53 1.29
11| 0.525 | 892 60 0.74
11 | 0.775 | 451 52 1.11
11 | 1.150 | 264 42 0.97
11 | 1.650 | 37 19 0.73

Statistical Uncertainty

The fits to the binned data are quite good by both the "eye test" and y?/ndf values.
However, as the initial statistical error from the fit is obtained simply via the the relative

error on the amplitude of the Voigtian term, a correctness check is performed using a
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bootstrapping process. For each bin of E, and —¢, corresponding to a histogram with
an M(KKr) distribution, we generate 10,000 new pseudo-data histograms. The value
for each bin of M(KKr) in these histograms is randomly generated based on a normal
distribution with a mean of the event count in the bin of the nominal histogram and
a standard deviation of the uncertainty on the count in bin. We fit these pseudo-data
histograms with our model and the amplitudes of the Voigtian component are recorded.

The mean of the individual amplitudes of the sample 4 is calculated as [108],

1
pa = ;ZAi, (71)

i

where A; are the individual amplitudes and » is the number of pseudo-data histograms.

The unbiased estimator for the variance of the amplitudes 642 is given by [108],

; (72)

[S—

The standard deviation o4 from the bootstrapping procedure for each E, and —¢ bin is com-
pared to the corresponding value obtained from MINUIT2. Figure 48 shows the ratio of the
bootstrapped standard deviation to the MINUIT2 uncertainty. The bootstrapped standard
deviations are between 1.2 —2.4x larger than the uncertainties obtained from MINUIT2,
suggesting that the MINUIT2 uncertainty is likely underestimated. We denote the stan-
dard deviation obtained from the bootstrapping procedure to be our statistical uncertainty
of the fit amplitude. Sample distributions of the bootstrapped amplitudes can be found in

Figure 49, and the rest can be found in Appendix B in Figures 92-97. These figures show
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Figure 48. Ratio of the standard deviation obtained from the bootstrapping procedure to
the uncertainty given by MINUIT. The different shades correspond to different beam
energies. The shades of blue are for the K~ Kz ™ final state and shades of red are for the

KT K,n~ final state. The bootstrapping procedure gives relative uncertainties 1.2-2.4
times larger than MINUIT.

that the amplitudes follow a normal distribution as expected, so the variance estimator
provides a reasonable value for the statistical uncertainty of our obtained f;(1285) yield.
As such, the statistical uncertainty on our cross section measurement for each Ey and

t bin is the calculated cross-section value multiplied by the relative uncertainty on the

bootstrapped amplitudes,
5= <d—c) oA (73)
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Figure 49. Distributions of the Voigt profile amplitudes obtained via the bootstrapping
procedure as a function of —¢ for K~ K;n" (A) and K™ K,w~ (B) at Ey =9 GeV. The
amplitudes follow a normal distribution and the uncertainty is assigned to be the
standard deviation as calculated via the variance estimator given by Eqn. 72.
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The statistical uncertainties on the cross-section can be found in Tables 9, 10.

5.3.2 Normalization

Efficiency/Acceptance </

Our final data sample will not include every f;(1285) event produced by the GlueX
experiment. Most of our events will be undetected and more still will be removed by
our selection criteria. To account for this, we calculate the fraction of f;(1285) Monte
Carlo events that survive the reconstruction and analysis process relative to how many
were generated (Chapter 4). For each bin of E, and —¢ the number of events that are
reconstructed and survive the event selection are divided by the number of events thrown

and tagged such that,

o/ = N(Reconstructed) /N (Generated). 74)

This number is our efficiency (or acceptance) for f;(1285) — KTK,n*. The values of the

binned acceptance are given in Table 11.
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Table 11. f;(1285) — KTK,n™ acceptance from signal Monte Carlo for the 7tK~K; and
n~ K"K, decay modes for all bins of E, and —.

Ey[GeV] | —t [GeV?] | o (K K;nT) | & (KTK,m)
8 0.15 0.0157 0.0159
8 0.25 0.0398 0.0404
8 0.35 0.0416 0.0424
8 0.53 0.0408 0.0417
8 0.78 0.0378 0.0386
8 1.15 0.0321 0.0331
8 1.65 0.0245 0.0248
9 0.15 0.0164 0.0166
9 0.25 0.0420 0.0427
9 0.35 0.0449 0.0455
9 0.53 0.0446 0.0454
9 0.78 0.0421 0.0430
9 1.15 0.0366 0.0377
9 1.65 0.0287 0.0295

10 0.15 0.0167 0.0170
10 0.25 0.0435 0.0440
10 0.35 0.0472 0.0477
10 0.53 0.0481 0.0492
10 0.78 0.0470 0.0478
10 1.15 0.0427 0.0434
10 1.65 0.0351 0.0358
11 0.15 0.0160 0.0163
11 0.25 0.0421 0.0425
11 0.35 0.0462 0.0470
11 0.53 0.0490 0.0496
11 0.78 0.0489 0.0497
11 1.15 0.0456 0.0464
11 1.65 0.0393 0.0403

Isospin

We are evaluating the cross-section in f;(1285) — KK, not just f;(1285) — K~ K,n or

f1(1285) — KTK;w~, so we need to account for the isospin of the KKx decay to various
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particle combos. The total KK isospin wave function is given by [109],

1

"G (\@K—Koyﬁ VKK —KTK 1 +K°1€0n0> . (75)

Each of the KTK°n* decays represent 1/3 of the total I =0 f;(1285) — KK« decay. Because
we require the detection of all of our final state particles, the KTK; ™ final state is excluded
from our analysis. Therefore, each of the final states we measure are 1/6th of the total
KKr decay and we multiply the measured differential cross-section by 6 to normalize for

the KKn decay modes.

Branching Ratio

The branching ratio BR (branching fraction) is the fractional probability for a particle to
decay to a given final state. The PDG gives the branching ratio of f1(1285) — KKx decay to
be 9.14+0.4% [10]. The f,(1285) decays to KKn primarily through the intermediate state
of f1(1285) — ap(980)7 where a(980) — KK but that f;(1285) branching fraction has not
been measured. Indeed, the branching ratio of ay(980) — KK has not been well measured
either [40], [110]. For these reasons, this cross-section measurement is focused on the

KK final state, disregarding intermediate isobars.
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Table 12. Tagged GlueX-I luminosity for each Ey bin the cross-section is measured in.

Beam Energy [GeV] | Tagged Luminosity [pb~']
7 42.73
8 141.07
9 112.30
10 70.81
11 60.14

Integrated Luminosity

The integrated luminosity is defined to be the number of beam particles incident on the

GlueX target per unit area. The luminosity can be defined as,
£ = ®Pprlr, (76)

where ® = N, /second, pr is the target density, and /7 is the target length [111]. The

integrated luminosity is then,
N. [
&L= /Zdt: /@dt (77)

The full GlueX-I tagged luminosity for each of the energy ranges of this analysis is provided
in Table 12. The GlueX luminosity can be calculated for any beam energy range Ey, with

the use of the script in [112].
5.3.3 Measured Cross Section

The result of our cross-section measurement as obtained from the outlined methodol-
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ogy is shown Figure 50. The values of the cross-section and statistical error are given in
Table 13. Further discussion of the cross-section is in §6.2. There is a clear difference in
the f1(1285) cross-section depending on the KT K;n* final state it was measured in. This is

studied further in §5.4 and discussed in §6.5.
5.4 CROSS-SECTION ASYMMETRY

Figure 50 shows that we obtain different values for cross-section of f;(1285) depending
on the final state topology we measure it in. The f;(1285) — KT K,7~ measurement gives
us a consistently larger value of ‘fl—‘t’ compared to the fi(1285) — K~ K;#" measurement.
Notably, the asymmetry between the two is not constant and appears to change as a func-
tion of —r. This was an unexpected result, as we expect there to be no physical difference
between the two charge conjugated decay modes. We performed several studies to vali-
date this behavior being a real effect rather than an analysis mistake.

The following were considered to be likely sources of systemically different values of
the f;(1285) cross-section and each was investigated to determine if it could explain the
asymmetry between the measurements in the change conjugated f;(1285) — K7K,z* de-

cay modes.

* Reconstruction/acceptance asymmetry or bug
e Asymmetric impact of kinematic cuts

* Baryonic contamination
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Table 13. Differential cross-section and statistical uncertainties for each bin of E, and —¢
for £(1285) from both of the £;(1285) — KT K,n* decay channels.

Ey [GeV] | —t [GeV?] | do/dt + Gstar [nD/GeV?] | do/dt £ Sstar [nb/GeEV?]
(K~ K,mt) (KTK;m™)
8.0 0.150 150 +£23 195+19
8.0 0.250 112 410 17149
8.0 0.350 98 +9 164+8
8.0 0.525 67 +4 124+4
8.0 0.775 42 +3 5943
8.0 1.150 22 +2 2142
8.0 1.650 6 +1 541
9.0 0.163 141 +£22 180+20
9.0 0.263 102 +11 157+10
9.0 0.362 75 49 16149
9.0 0.537 67 +4 113+4
9.0 0.787 43 +4 56+4
9.0 1.162 14 +2 18+2
9.0 1.662 6 +1 541
10.0 0.175 116 +£32 141+24
10.0 0.275 108 +£14 124+12
10.0 0.375 78 £13 113+12
10.0 0.550 56 +£6 92+5
10.0 0.800 34 +4 40+4
10.0 1.175 11 +£2 13+2
10.0 1.675 4 +1 3+1
11.0 0.188 114 +£31 118+28
11.0 0.287 68 +14 117+14
11.0 0.387 59 +12 119+12
11.0 0.562 47 +£5 79+5
11.0 0.812 27 +4 40+5
11.0 1.188 10 £2 12+2
11.0 1.688 3+1 241
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5.4.1 Reconstruction and Acceptance

The most obvious candidate for producing an asymmetric cross section between charge
conjugated decay modes was the acceptance of the GlueX detector. To study this, a com-
pletely new Monte Carlo sample was generated for both decay channels to ensure no bugs
were present in the generation of initial samples we used for our measurement. Addi-
tionally, we also tested different reconstruction software versions to see if the asymmetry
changed based on software updates. We saw no change in the behavior of the cross-section
for the new Monte Carlo samples, and were able to rule out a Monte Carlo software issue
as the source of the difference.

We investigated the acceptance for each charge conjugated decay mode to see if there
was an obvious detector reconstruction effect that could lead to the asymmetry. The ra-
tio of the acceptance for f(1285) — K~ K;x" to f1(1285) — K" K;n~ for each of the beam
energy bins is shown in Figure 51. We can see that there is a very slight asymmetry
in the acceptance between the charge conjugated modes, but in the "wrong" direction.
The 7" K~ K charge conjugated mode, where we observe a smaller cross-section, had the
smaller acceptance. Due to the way the the cross-section is calculated, this small accep-
tance asymmetry will actually work in the opposite way, where all else being equal, the
nT K™K, would see an enhancement rather than the 7~ K"K, enhancement we observe.
Regardless, the 1-3% difference in the acceptance is far too small to explain the difference

in the measured cross-section, particularly at low and medium values of —z.
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Figure 51. The ratio of the acceptances for f(1285) — K~ K,n* to f1(1285) — KTK,m~
from signal Monte Carlo for different bins of E,. There is a slightly better acceptance for

the K~ K;nt decay mode, but the ratio of efficiency for the two final states is stable and
does not vary by more than 3%.

We studied the kinematic distributions of the final state particles to see if there was any
obvious reconstruction differences in the two states. Figures 52, 53 show 2D distributions
of M(KTK,n*) vs the momentum and polar angle 6 of the final state KT and 7 respec-
tively. There is no clear difference between the two that would indicate reconstruction as
the source of the difference in the f;(1285) cross-section measured in the two final state

topologies.
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Figure 52. Kaon kinematics comparison. M(KTK,n*) vs momentum (top) and polar
angle (bottom) distributions for final state K~ (left) and K™ (right) after all selection
criteria is applied. There are no obvious differences between the distributions that would
point to a cause of the charge conjugation cross-section difference.
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Figure 53. Pion kinematics comparison. M(KTK,n*) vs momentum (top) and polar angle
(bottom) distributions for final state 7 (left) and 7~ (right) after all selection criteria is
applied. There are no obvious differences between the distributions that would point to a
cause of the charge conjugation cross-section difference.
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Figure 54 shows the real data count ratio of N(K~K,n")/N(K"K,x~) with all of the
event selection criteria applied except for the K* rejection. We observe a large, mass-
dependent deviation from unity in this count ratio in the regions of M(KK ) corresponding
to the f;(1285) and higher mass f;/n resonances. In the M(KKr) > 1.6 region where
we do not expect to see resonant states, there is a constant, near-unity count ratio in
line with the 97% acceptance ratio in Figure 51. If there were a systemic reconstruction
asymmetry, we would expect it to be a global phenomena across the entire mass space as
opposed to localized in regions where we expect to see resonant features. This strongly
suggests a physical - not analytical or experimental - reason for the cross-section disparity

as measured in the different charge conjugated final states.

5.4.2 Asymmetric Impact of Kinematic Cuts

While the two charge conjugated KT K,n™ modes were studied separately and had their
selection criteria applied independently, the cuts were symmetric across both channels. We
studied the efficiency of each cut on real data and signal Monte Carlo data to see if one
of the selection protocols was producing an outsized effect on one channel relative to the
other. Table 14 shows the sequential and total impact of the cuts in data and MC. No cut
had a significantly larger efficiency relative to the other charge channel. We can assume

the event selection criteria is not cause of the cross-section discrepancy.

5.4.3 Baryonic Contamination

With the knowledge that the cross-section difference was likely not due to a reconstruc-

tion or Monte Carlo issue, we studied the possibility of baryonic background contamination
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Figure 54. Count ratio of yp — p’K~K;n to yp — p’K"K,mw~ events as a function of
M(KTK;n*). All event selection criteria applied except the K* rejections. The gray shaded
region shows the mass range of f;(1285) as given in Eqn. 68 and the gray hatched region
shows the mass range for the 11(1405)/f1(1420) as given by [M(n) —2I'(n),
M(f1)—2T(f1)] [20], [89]. There are variable asymmetries of the binned data count ratio
in the regions corresponding to resonant states at higher mass values.
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Table 14. Sequential cut efficiency in data and MC for p’KTK,n*. The efficiency is given
by Eqn. 68). Both the p’K~K;nt and p’K*K;n~ final states are shown.

Cut Datae (K" K;nt) MC | Datae (KTK,m~) MC
CLxinFit 0.78 0.95 0.79 0.95
MZ(pIKTK ™) 0.63 0.90 0.65 0.90
5(p) 0.77 0.89 0.79 0.89
Pathlength 0.37 0.75 0.39 0.75
M ) 0.76 0.93 0.78 0.93
M(pr™®) 0.93 0.93 0.90 0.93
M(pKT) 0.99 0.99 0.99 0.99
M(pK;) 0.99 0.99 0.99 0.99
M(K7%) 0.83 0.95 0.79 0.95
Total 0.082 0.47 0.087 0.47

contributing to a yield asymmetry as a function of Mandelstam-t. We looked at the follow-

ing as sources of potential baryonic contamination:

e A= p'K~
e X" — p'K;

* A/IN*=p'm

We know that the difference in the values for the cross-section varies as a function of —z,

so we investigated the baryonic background distributions in the M(KKn) region of the

f1(1285) as a function of —¢. Additionally, we can better isolate the source of any potential

baryonic contribution by considering only the events that survive the event selection crite-

ria.

The 7-binned distributions of M (p’KT) and M(p'K;) are shown in Figures 55, 56 respec-

tively. There is an excess of events in the K™K~ final state compared to the K~ K,z ™" final

state, but there is no enhancement structure indicating background contamination from
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Figure 55. r-binned distributions of M(p/KT) for the K~ K;x™ (blue) and K"Kz~ (red)
final states in the mass region of f;(1285). Bin center values of —¢ are shown on the plot.
No obvious contamination from the A baryon is observed.
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Figure 56. ¢-binned distributions of M(p/Kj) for the K~ K;x™ (blue) and KT K;w~ (red)
final states in the mass region of f;(1285). Bin center values of —¢ are shown on the plot.
No obvious contamination from the X baryon is observed.

The M(p'n) distributions for the f;(1285) mass rage binned in —¢ are shown in Figure

57. There is an enhancement around the region of M(p'n~) =1.5—1.9 GeV in several of the
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K*K;n~ final state distributions which indicates the presence of N* — pn~ decay events in
these —¢ bins. The enhancement appears to be —t dependent. The measured cross-sections
is not uniform as a function of —r either so this points to a connection between the two.
The statistical precision in the region of f1(1285) does not allow for a definitive assessment
of N* baryonic contamination, but we can make some inferences about the presence of un-
wanted baryons by comparing the M(p'n*) distributions in the mass region of f;(1285) to
those same distributions over the full M(KKr) range, which is shown in Figure 58. There
are clear enhancement structures in this distribution at M(p'n~) = 1.5 and M(p'n~) = 1.7
GeV from likely N* — pr~ decays. There are 8 potential N* candidates in this mass region
and all have widths between 0.11 < T'(N*) < 0.25 GeV, so we cannot determine the contri-
bution from any individual excitation [86]. This provides strong evidence that the excess
of events observed in the f;(1285) mass region of the M(p'n~) t-binned distributions from
1.5 <M(prr~) < 1.9 GeV are likely due to the presence of N* — pn~ decay events. A fur-
ther suggestion of N* contamination can be drawn from the maximum range of observed
excess M(p'n~) events. The disparity between the two distributions appears to have a
maximum value of M(p'n*) = 2.2 GeV, after which the binned counts appear to be roughly
equal. This maximum mass value corresponds to the mass values of the heaviest confirmed

N* states [86].
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Figure 57. t-binned distributions of M(p’'n™*) for the K~ K;nt (blue) and KK~ (red)
final states in the mass region of f;(1285). The shaded region indicates the events that
survive the event selection criteria. There appears to be some structure at M(p'n~) = 1.5
GeV that suggests the presence of 1 or more N* resonances. These potential N* states
have a decay width I" > 0.1 GeV.
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Figure 58. t-binned distributions of M(p/n*) for the K- K x* (blue) and K*K,w~ (red)
final states over the full M(KKr) mass range. The shaded region indicates the events that
survive the event selection criteria. There is clear structure in the surviving events at
M(prmr~—)=1.5and M(p/n~) = 1.7 GeV. There are 8 confirmed N states in this mass
range.
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5.5 SYSTEMATIC UNCERTAINTY

Every decision we make in our analysis could potentially introduce some uncertainty
to the cross-section measurement. In this work, these uncertainties, called the systematic

uncertainties or "systematics", come from 3 main sources:

1. Fitting procedure §5.5.1

2. Event selection criteria §5.5.2

3. Normalization §5.5.3

The systematic uncertainty from the fitting procedure and event selection are calculated on
a point-by-point basis and included in the error bars for each data point. The normalization
uncertainty represents uncertainty that applies equally to every data point in the same

direction and are not included in the point-by-point uncertainty calculation or error bars.

5.5.1 Fitting Procedure Systematic Uncertainty

To measure the uncertainty on our fitting procedure, we study the degree to which
different variations of the model change the value of the measured cross-section. The
overall complexity of our chosen model means that we have many so-called "knobs to
turn". We tested 15 variations of our model to evaluate the impact our fitting procedure
has on our cross section measurement. A description of these variations are given in Table
15 and the change relative to nominal for each variation is given in Appendix A Tables

24-38. The variation that produces the largest change in the cross section for each bin of
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Ey, and —t is chosen to be the "fit systematic" &g, for that bin such that,
Ofic = MAX {;fic } (78)

where 9, g, is the relative deviation from the nominal fit value for a given variation. The

relative deviation from nominal is given by,

|Onominal — Ovaried| (79)

Y

6i7ﬁt B Onominal
where O is the differential cross-section ‘2—‘; of the nominal and varied fitting procedure
as outlined in §5.3. The values for each of the bin’s systematic uncertainty from the fit
can be found in Appendix A Tables 39, 40. The statistical properties of fitting procedure
systematic uncertainty for each channel is given in Table 16. A large majority of bins
have their fit systematic attributed to the shape of the function that we use to model the
background distributions of the higher-mass resonant contamination and non-resonant
phase space. The uncertainty from the fit model is approximately on the order of the

statistical uncertainty.
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Table 15. Fit variation descriptions. The variations on the fit model used to evaluate
systemic uncertainty from the fitting procedure along with a short description of each.

Fit Variation

Description

Order 1 background

Use a polynomial of the form y = ¢;x+ ¢, to model the
background.

Order 3 background

Use a polynomial of the form y = ¢;x> + cox> + c3x+c4
to model the background.

No Gaussian component

Remove the Gaussian term that is used to describe tails
of the higher-mass resonance.

Fit range Change the range the function is fit over, making it
more wide or more narrow on one or both sides.
Voigt Width Values Fix the Voigtian width to +10 from the integrated fit

results.

Gaussian Mean/Width Values

Fix the Gaussian mean and width at +10 from the
integrated fit results.

Table 16. Statistical description of the fitting procedure component of the total

systematic uncertainty.

Channel | Mean | Std. Dev.

T KTK; | 0.137 0.109

TTK K | 0.158 0.099

5.5.2 Event Selection

Each event selection criteria we introduce to the analysis may introduce some uncer-

tainty in the measurement of the f;(1285) cross-section. For each of our selection criteria,

we change the threshold value of the quantity we are cutting on to make it more and

less restrictive and re-calculate the cross-section given that varied criteria. The size of the
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Table 17. Cut variations used to calculate event selection systematic uncertainty.

Cut Nominal | Loose | Tight
CLkinFit > X 1073 10°° | 107¢
Pathlength Significance > x 5 4 6

IM(K;) —M(n" )| < no [GeV] 2.0 2.5 1.5

M(p'm) > x [GeV] 1.4 1.3 1.5

M(Kp') > x [GeV] 2.0 1.9 2.1

p(p) > x [GeV] 0.4 0.35 | 0.45

|M(K*%) — M(KF1*)| < no [GeV] 2.0 1.5 2.5
|M(K*) —M(K;n™)| < no [GeV] 2.0 1.75 | 2.25
IM2(y+p—p —KT—K,—n)| <x [GeV*] | 0.01 0.02 | 0.007

variations are chosen to be reasonable while not changing the underlying statistical dis-
tribution of M(KKnr) by more than +10%. A description of each of the variations can be
found in Table 17 and plots of each distribution with cut positions marked can be found in
Appendix A Figures 73-82.

We utilize the Barlow Test [113] to evaluate if a cut should be included in the cal-
culation of the event selection systematic uncertainty. The Barlow Test is used to assess
whether the deviation from nominal for a given event selection is statistically significant or
potentially due to the change in the underlying statistical distribution. The barlow statistic

Obharlow 1S given by,

Onominal - Ovariation
Obarlow = s (80)
52 _ 52
stat, nominal stat, variation

where O is the nominal/varied cross-section values and g, is the statistical uncertainty on
that value. By convention, we use Opaow = =4 as a guardrail in this evaluation. If a clear
majority of deviations for a given cut lie within the +4 boundary, we choose to exclude

that cut in the calculation of the systematic uncertainty for the event selection criteria.
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The Barlow Tests for the cut variations are given in Figure 59 except for proton mo-
mentum cut j(p), which is a unique case. From these barlow statistic distributions, we
conclude that only the rejections of the K* via imposing a cut on M(Kx) warrant consider-
ation as systematic uncertainty. The rejections of the charged and neutral K* resonances
have enough deviations from nominal that produce barlow statistic values of |Gpariow| > 4
to indicate the difference in the cross-section for the varied event selection criteria from
the nominal value are unlikely to be due to changes in the underlying statistical distribu-
tion and are likely due to the change of cut threshold. The Barlow Test for j(p) is shown
in Appendix A Figure 83. This cut primarily impacts the lowest —¢ bin, and all of the devi-
ations are within the 6y,,1,w = =4 threshold. We do not include this cut in the calculation
of the systematic uncertainty.

For each cut, we test a more and less restrictive variation of the criteria. We conser-
vatively take the larger absolute variation of the two to be the variation for that cut in
both directions. For example, if the looser cut has a 4% change from nominal and the
tighter cut has a 6% change from nominal, the tighter cut’s value of 6% is be considered
the uncertainty arising from that event selection criteria. If we deem that a cut has "fails"
the barlow test we must assume that the deviations from nominal in any Ey and —¢ bin is
due to the change in the event selection criteria. The relative cut systematic uncertainty is
given by,

6cuts - 613*0 + 61%&7 (81)

where 8.0, and Og«+ are the relative uncertainties from the variations on the neutral K*

and charged K* rejections respectively. The values for dg«0, and &x-+ are obtained in the
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Figure 59. Barlow Test for each of the event selection criteria except the j(p) cut. The
blue points are for K~ K;w" and the red points are for K™ K,w~. The shades of the colors
represent the different energy bins the cross section is measured in. The Gy 0w = 4
threshold is indicated by the black dashed lines. M(KTx*) and M (K;n*) are chosen as
the contributions to the event selection systematic.
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same way we calculated §; 5 by Eqn. 79 . The values for dcys are given in Table 18.
5.5.3 Normalization

There are overall normalization uncertainties that are not included in the error bars
on the measurement itself because they impact both charge conjugated modes of the
f1(1285) — KTK,n* decay the same amount in the same direction.

In §4.2.2 we showed that our Monte Carlo model disagrees with the data for the mo-
mentum of the pion and kaon (Figures 39, 40). This disagreement is not 7-dependent (Fig-
ure 42) so any error arising from the Monte Carlo model will be an overall normalization
on the scale of the differential cross-section. We calculate this Monte Carlo normalization
uncertainty dyc by finding the maximum deviation from nominal on a bin-by-bin basis for

the pion and kaon momentum such that,

o, — o
Svic,(k.x) = MAX {M} , (82)

where Syic (k z) is the uncertainty for the K or nt, “; , (k,x) 18 the efficiency for a given bin
of p(K) or p(m), and < is the overall acceptance over the f}(1285) mass range integrated
over Ey and —¢ as given by Eqn. 74. The overall systematic uncertainty from the Monte
Carlo model is conservatively chosen to be the linear sum of the kaon and pion momentum

acceptance uncertainties such that,

omc = Omc x + Ovc x- (83)



Table 18. Cut systematic uncertainty for each bin of E, and —. Values of the relative
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systematic uncertainty from event selection criteria dcys for each Ey and —¢ bin for both

charge conjugated decay modes of the f1(1285) — KTK,x* as described in Eqn. 81.

Ey [GeV] | —t [Gev2] Ocuts (K_Kyﬂ+> Ocuts (K+Ks77:_)
8 0.15 0.125 0.129
8 0.25 0.137 0.139
8 0.35 0.083 0.151
8 0.53 0.139 0.126
8 0.78 0.083 0.109
8 1.15 0.074 0.096
8 1.65 0.137 0.082
9 0.15 0.106 0.112
9 0.25 0.131 0.128
9 0.35 0.071 0.107
9 0.53 0.092 0.105
9 0.78 0.089 0.139
9 1.15 0.065 0.167
9 1.65 0.151 0.112
10 0.15 0.167 0.105
10 0.25 0.076 0.150
10 0.35 0.052 0.094
10 0.53 0.066 0.142
10 0.78 0.052 0.151
10 1.15 0.086 0.097
10 1.65 0.121 0.136
11 0.15 0.150 0.167
11 0.25 0.084 0.139
11 0.35 0.135 0.100
11 0.53 0.092 0.113
11 0.78 0.093 0.109
11 1.15 0.086 0.156
11 1.65 0.100 0.196
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The GlueX detector has some overall uncertainty on the tracking of charged particles
Orrack- The tracking efficiency of pions 87, depends on the particle’s polar angle 6 with

respect to the beamline [114]. For pions with a polar angle between,
1<6<15°, (84)

a conservative uncertainty of 2% is suggested. An uncertainty of 5% is assigned for all
pions with a larger polar angle. The overall pion tracking efficiency is a weighted average

of the fraction of pions that satisfy each criteria, added linearly;,

(85)

O < 15)
N

872 = 0.02 [”(

10.05 {”(Q’T—MS)] ,

where &7 is the tracking uncertainty for any of the 3 pions, x;, in the final state, N is the
number of events in the data sample in the KKz mass region of f;(1285), and n(0y) is the
number of m; for 6; < 15 or 6; > 15. The total uncertainty on the pion tracking 67 is a

linear sum of the individual uncertainties, given by,

3
Orn = Z OT 1.i- (86)

i=1

There is also an uncertainty 7, on the tracking of the proton. For each detected proton
in the final state, we assign a 5% uncertainty [115]. We have a single proton in our final

state. The overall tracking efficiency is then,

OTrack = 5T,7r + 6T,p- (87)
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Table 19. Source and values for various normalization uncertainties.

Source Relative Uncertainty o
Pion Tracking 0.066
Proton Tracking 0.050
Overall Tracking 0.116
Luminosity 0.050
Branching Fraction 0.044
Monte Carlo (Pion) 0.150
Monte Carlo (Kaon) 0.118
Total 0.300

Additionally, the tagged luminosity has a conservative preliminary estimation for the
uncertainty 0 of 5% [116] and the branching fraction of the f;(1285) — KKx has an
uncertainty dggr of approximately 4% [10].

The overall normalization uncertainty is calculated by adding the Monte Carlo, track-

ing, luminosity, and branching fraction in quadrature,

Snorm = \/61\2/[C + S%rack + 6022” + SL%R' (88)

Values for the sources and total of the normalization uncertainty is given in Table 19
5.5.4 Total Uncertainty

The total uncertainty on the cross-section measurement of f;(1285) — KK not from a

normalization factor is given by,

5t0tal = 532tat + 552ys, (89)
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where,
Soys = 1/ O + Scur- (90)

The values for the individual sources and the total uncertainty on the cross-section are
given in Tables 20, 21. The total uncertainty on the measurement of the f;(1285) cross-

section is reasonable for the first-ever measurement in this decay channel at high E,.
5.6 HELICITY ANGLES

The only way to truly separate two resonances in the same mass region with different
spins is a partial wave analysis, which extends beyond the scope of this work. However,
there is a fairly straightforward hypothesis test that can rule out that the enhancement at
M(KKr) = 1.28 GeV is dominated by a J = 0 particle like the 1(1295). We can consider
the distribution of the decay angles of the decay particles in the parent resonance’s helicity
frame. The helicity frame is defined to be the rest frame of a resonance M with the z-axis

defined to be along the p(M) in the reaction’s center-of-mass frame [117].
5.6.1 Helicity Frame

The center-of-mass frame shares the same axes orientation as the lab frame but is
defined such that the sum of momenta of the particles in the frame is 0. We can boost into
this frame with a Lorentz boost along the z-axis, which is defined to be along the beamline.

The boost velocity is given by,
_ b
"~ Eyt+mpc?

B 9D

where E, is the energy of the photon beam and m,, is the mass of the proton. The relativistic



Table 20. Individual contributions and total relative uncertainty for the bin-by-bin
cross-section measurement of f;(1285) — KK from the f;(1285) — K~ K& decay

126

channel.

Ey[GeV] | —t [GeV?] | do/dt [nb/GeV?] | Sstat | Ot | Ocut | Osys | Ototal
8 0.150 150 0.151 | 0.117 | 0.125 | 0.171 | 0.228
8 0.250 112 0.093 | 0.133 | 0.137 | 0.192 | 0.213
8 0.350 98 0.091 | 0.074 | 0.083 | 0.111 | 0.143
8 0.525 67 0.063 | 0.063 | 0.139 | 0.152 | 0.165
8 0.775 42 0.076 | 0.116 | 0.083 | 0.143 | 0.162
8 1.150 22 0.091 | 0.105 | 0.074 | 0.128 | 0.157
8 1.650 6 0.202 | 0.189 | 0.137 | 0.234 | 0.309
9 0.150 141 0.155 | 0.196 | 0.106 | 0.222 | 0.271
9 0.250 102 0.112 | 0.101 | 0.131 | 0.166 | 0.200
9 0.350 75 0.125 | 0.103 | 0.071 | 0.126 | 0.177
9 0.525 67 0.066 | 0.121 | 0.092 | 0.152 | 0.166
9 0.775 43 0.084 | 0.122 | 0.089 | 0.151 | 0.173
9 1.150 14 0.133 | 0.096 | 0.065 | 0.116 | 0.177
9 1.650 6 0.217 | 0.134 | 0.151 | 0.202 | 0.296
10 0.150 116 0.276 | 0.306 | 0.167 | 0.348 | 0.445
10 0.250 108 0.126 | 0.196 | 0.076 | 0.210 | 0.245
10 0.350 78 0.171 | 0.146 | 0.052 | 0.155 | 0.231
10 0.525 56 0.099 | 0.085 | 0.066 | 0.108 | 0.146
10 0.775 34 0.131 | 0.199 | 0.052 | 0.206 | 0.244
10 1.150 11 0.211 | 0.142 | 0.086 | 0.166 | 0.269
10 1.650 4 0.410 | 0.145 | 0.121 | 0.189 | 0.451
11 0.150 114 0.274 | 0.508 | 0.150 | 0.530 | 0.597
11 0.250 68 0.213 | 0.489 | 0.084 | 0.496 | 0.539
11 0.350 59 0.202 | 0.196 | 0.135 | 0.238 | 0.312
11 0.525 47 0.115 | 0.096 | 0.092 | 0.133 | 0.176
11 0.775 27 0.159 | 0.138 | 0.093 | 0.166 | 0.230
11 1.150 10 0.197 | 0.128 | 0.086 | 0.154 | 0.250
11 1.650 3 0.415 | 0.192 | 0.100 | 0.216 | 0.469




Table 21. Individual contributions and total relative uncertainty for the bin-by-bin
cross-section measurement of f;(1285) — KK from the f;(1285) — KT K,x~ decay
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channel.

Ey[GeV] | —t [GeV?] | do/dt [nb/GeV?] | Sstat | Ot | Ocut | Osys | Ototal
8 0.150 195 0.097 | 0.152 | 0.129 | 0.200 | 0.222
8 0.250 171 0.053 | 0.060 | 0.139 | 0.152 | 0.161
8 0.350 164 0.050 | 0.071 | 0.151 | 0.167 | 0.174
8 0.525 124 0.035 | 0.039 | 0.126 | 0.132 | 0.137
8 0.775 59 0.055 | 0.057 | 0.109 | 0.124 | 0.135
8 1.150 21 0.078 | 0.097 | 0.096 | 0.136 | 0.157
8 1.650 5 0.213 | 0.101 | 0.082 | 0.130 | 0.249
9 0.150 180 0.110 | 0.201 | 0.112 | 0.230 | 0.255
9 0.250 157 0.066 | 0.097 | 0.128 | 0.161 | 0.174
9 0.350 161 0.058 | 0.055 | 0.107 | 0.120 | 0.133
9 0.525 113 0.039 | 0.043 | 0.105 | 0.113 | 0.120
9 0.775 56 0.065 | 0.070 | 0.139 | 0.156 | 0.169
9 1.150 18 0.115 | 0.081 | 0.167 | 0.186 | 0.219
9 1.650 5 0.231 | 0.117 | 0.112 | 0.162 | 0.282
10 0.150 141 0.172 | 0.423 | 0.105 | 0.435 | 0.468
10 0.250 124 0.095 | 0.178 | 0.150 | 0.233 | 0.252
10 0.350 113 0.110 | 0.091 | 0.094 | 0.131 | 0.171
10 0.525 92 0.057 | 0.073 | 0.142 | 0.160 | 0.170
10 0.775 40 0.106 | 0.090 | 0.151 | 0.176 | 0.205
10 1.150 13 0.149 | 0.134 | 0.097 | 0.166 | 0.223
10 1.650 3 0.437 | 0.207 | 0.136 | 0.247 | 0.503
11 0.150 118 0.234 | 0.518 | 0.167 | 0.544 | 0.592
11 0.250 117 0.122 | 0.302 | 0.139 | 0.332 | 0.354
11 0.350 119 0.103 | 0.132 | 0.100 | 0.166 | 0.195
11 0.525 79 0.067 | 0.078 | 0.113 | 0.137 | 0.153
11 0.775 40 0.116 | 0.090 | 0.109 | 0.142 | 0.183
11 1.150 12 0.157 | 0.164 | 0.156 | 0.227 | 0.276
11 1.650 2 0.513 | 0.328 | 0.196 | 0.382 | 0.640
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y factor is given by,

Ey+m pc2
N S o 2
=" (92)
where s is the center-of-mass energy given by,
_ 2 _ 2 2
s=(p1+p2)” = mpc™(2Ey+mpc”), (93)

where p; and p, are the four-vectors of beam photon and target proton. The boost vector
B is then given by,

—

B =10,0,—p]. (94)

We can then calculate the 4-momentum in the CM frame by,

E Yy 0 0 —By E
PxC 0 1 0 O PxC
= i (95)
PyC 0O o001 O PyC
pzC —By 0 0 Y pzC
CM lab

After boosting our final state particles into the CM frame via Eqn. 95 we can boost again
into the helicity frame of the f;(1285). We will refer to the KKx system as the f;(1285).

For the boost into the rest frame of f;(1285), we define,

p% =" (K$—{—Ks—|—7ti) = (Ef17 Px.f16 Py.fi€ pz,f1c)7 (96)
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and,

Pl = /(e + () + (pec)?. 97)

B and y of the boost are then,

Prc
Ey,
and,
Eflc
_ Ene. (99)
Mfl

where My, is the invariant mass of the KK« system M (KT K;n*). The 3-momenta compo-
nents of 3 are given as,

Di.fi€
Bi=——, (100)
Ey,
where i indicate the x,y,z axes. The Lorentz boost to the f; rest frame for each daughter

particle is given as,

E 4 —B.y —Byy —B.y E
3 ﬁxﬁ’ ﬁXﬁz

prc By 1+(y-DE (y-1ERE (y-1) prc

_ p? ﬁj p? . (101)

pyC _ﬁyy (7’_1)% (7’_1)%2 (Y_I)ﬁf}lzgz pyC
2

pc By (r-DEE (-1DBE (r-1F | \pe

f1, Daughter CM

Once we have boosted into the rest frame of the f;(1285), we then define the axes of

the system. The unit vector J ,» is defined to be normal to the production plane such that,

. Py, oM X Pf;, M
Yo == — ,
\Py, oM X Py, eM|

(102)
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where p, cm and py, cm are the 3-momentum of the beam photon and f;(1285) respec-

tively. The unit vector Z , is defined to be in the opposite direction of the boost, such that,

b= LhCM (103)
’pfl, M|
and the unit vector £, is then,
X =V X - (104)

Finally, for a daughter particle i, we can define,

Cos 0 = f;ij‘j‘. (105)

5.6.2 fi — ao(980)7

A majority of the fi(285) — KTK,n* events likely have an intermediate isobar decay
of f1(285) — ao(980)x, where ay(980) — KTK;. Looking at distribution of M(KTK;n*) vs
M(KTK;) in Figure 60, we see an enhancement near threshold that likely corresponds to
the decay of ay(980) — KTKj;. There are several reasons why we do not assume this isobar
in the calculation of the cross-section. The nominal a((980) mass is below the threshold
mass of the KTK; system, requiring a more complex Monte Carlo model to simulate the
decay. Additionally, the a¢(980) is not a well-understood particle [110]. The nominal
mass and width values in the PDG are highly model dependent and the experimental
averages for ap(980) — KK are based on a single measurement each. There are no nominal

values for the branching fraction of ay — KK, further complicating the measurement of the
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Figure 60. Distributions of M(KTK;) vs M(KTK;n*). An enhancement near threshold of
M(KTKy) is seen in the region of 1.22 < M(KTK,n¥) < 1.34 GeV in both final states,

P'K K,mt (A) and p’KTK,m~ (B), consistent with ag(980) — KK decay events. The gray
box shows the region of interest for the helicity angle study.

f1(1285) cross-section (Eqn. 69). In experiments that the 17(1295) was observed, it was
seen to decay primarily through a((980)7. We can model the cosine of the helicity angle
distribution of the g from the decay of f;(1285) — agx in the helicity frame of the f; (or
n) to evaluate potential strength of each JFC state’s contribution to the cross-section.

To select candidate events from f; — a¢(980)7 decays with ay(980) — KT K;, we require
that,

M(K¥K,) < 1.05 GeV. (106)

The M(KKr) distribution before and after this cut is shown in Figure 61. The enhance-
ments corresponding to fi/n resonant states in M(KTK,n™) are still clearly present. We
only consider the mass region of the f;(1285), as defined in Eqn. 68 and look at the distri-
bution of cos 6, 4, of the K F K system which will refer to as the ap and cos 0, 4, .

The acceptance as a function of cos 8, ,, for phase space yp — K TK,n* and acceptance
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Figure 61. Distributions of M(K~K;x") (A) and M(K"K;x~) (B) before (gray) and after
(blue/red) the cut on M(KTKj) is made via Eqn. 106 to select a(980). The enhancements
in both resonant regions are still observed.

corrected distribution of cos 6, ,, are shown in Figure 62. There is a very sharp falloff
in both the acceptance and acceptance corrected cos 6, 4, distributions towards forward
angles of 6, that is likely non-physical. We expect a decline in the acceptance for these
angles, but not to that degree. Likely, there is a detection inefficiency that is not being
modeled properly by our Monte Carlo, which is why we see the corresponding non-physical
falloff in the data for cos 6, ,,. As we suspect that this is not a well-modeled sector of the
detector for our decay channel, we will confine the pseudoscalar hypothesis test to only

the region in which we believe the acceptance is being modeled correctly, such that,

cos 0 4y < 0.7. (107)
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Figure 62. Phase space acceptance of yp — KTK,m~ Vs cos 6, (A) and the acceptance
corrected distribution of cos 6, ,, (B) for the p’K*K,n~ final state. There is a sharp falloff
in the acceptance towards forward angles that is likely not a true representation of the
detector response.

5.6.3 Pseudoscalar Helicity Angle Hypothesis

The hypothesis test for the pseudoscalar n is found in [47]. The distribution of a
daughter particle in the helicity frame of it’s parent particle can be described as a function
of the spin-parity of the parent particle. A pseudoscalar (J*¢ = 0~) parent particle will

produce an angular distribution according to,

do

Bk b 1) Y 108
dcos 0y [dool” = e, (108)

and an axial-vector (J¢ = 1*1) parent particle will produce an angular distribution given

by,
do

———— o< aldgo|* + B(|d o> +|dL o|*) = arcos’ 6.1 + B os® Oz, (109)
dcos 8 ’ ' :
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where a and f are scaling factors and d are the Wigner d functions defined as,

di](lao 72/77,’) - dl‘{4]70’ (110)

where J is the spin of the mother particle and A is the helicity of the mother and daughter
particles.

We fit the distribution of cos 8, ,, with functions corresponding to the pseudoscalar
Eqn. 108 and axial-vector Eqn. 109 hypothesis and evaluate the goodness of the fit to
determine the probability of the distribution being entirely from a pseudoscalar or axial-
vector. These fits don’t take into account any mixing of the states. A full partial wave
analysis would be needed and that extends beyond the scope of this work. This is discussed
further in §6.7. The fits to the cos 6, distributions and the corresponding x2/nd f values
for both KTK ™ final states are shown in Figures 63A, 63B. The pseudoscalar hypothesis
does not describe the observed cos 8, ,, distribution well. The axial-vector hypothesis is in
much better agreement with the data, particularly for the K*K;z~ final state. We cannot
use this test to state that the resonance at M(KKx) = 1.28 GeV is unequivocally f;(1285),
but it does let us reject the hypothesis that the resonance is entirely 11(1295). Indeed, it
also suggests that the observed enhancement is primarily f;(1285), as the hypothesis for
the axial vector is much stronger than that of the pseudoscalar. These fit results are in
good agreement with the fits from [47] which are shown in Figures 63C, 63D. The strong
suggestion of spin-1 dominance at M(KKx) = 1.28 GeV is also agreement with the results

of [9] and other non-7p scattering experiments.
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Figure 63. 0~ and 1" hypothesis fits to cos 6, ,, for GlueX and CLAS]. GlueX
distributions of cos 0, 4, for p’K~K,n™ (A) and p’K"K,n~ (B) in the region of trusted
detector efficiency modeling with fits to the data for the pseudoscalar 0~*(n) (red) and
axial-vector 17+ (f;) (blue). Fit quality y%/ndf is shown on the plots. The axial-vector
hypothesis fits are in much better agreement with the data compared to the pseudoscalar.
The GlueX results are in good agreement with those from CLAS (C, D). CLAS figures from
[47].
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5.7 KK AND K7 MASS DISTRIBUTIONS

As discussed in §1.3.1, the f1(1285) has been proposed as a dynamically generated
KK* molecule. The authors of [17] calculated the lineshape of the M(KK) and M(Kr)
distributions assuming f;(1285) were a KK* molecule but did not have data distributions
to compare their predictions to. Figure 64 shows the normalized data distributions of
M(KTK), M(KTn*), and M(K,x*) for both KTK,x* final states in the mass region of
f1(1285) without the K* rejection criteria applied. The M(KK) distribution is forward
peaked, as expected due to the ay(980)7 decay mode. In turn, this shifts the M(Kx) dis-
tribution to higher masses. These distributions are not background subtracted, and the
background could be on the order of 50%. These distributions are consistent with both the

axial-vector nonet and KK* molecule interpretation of the f;(1285).
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Figure 64. M(KK) and M(Kr) distributions in mass region of f}(1285). The normalized
distributions of M(KTK;) (A), M(KTx*) (B), and M (K,n*) (C) for p’K~K,n™ (blue) and
p'KTK,n~ (red) final states in the mass region of f;(1285) without K* rejection criteria
applied are shown These distributions were requested to evaluate the status of f;(1285)
as a KK* molecule.
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CHAPTER 6

CONCLUSIONS

We have successfully measured the photoproduction differential cross-section as a func-
tion of Mandelstam-t of f;(1285) in the decay channels f1(1285) — K~ K,z and f;(1285) —
K*K;m— at photon beam energies between 7.5 — 11.5 GeV using the GlueX experiment,
studied the helicity angle distribution of the f;(1285) daughter particles, and produced
M(KK) and M(Kr) distributions that could be useful in evaluating the status of f1(1285)

as a KK* molecule. These results will be discussed in greater detail in this chapter.

6.1 PARTICLE SPECIES IDENTIFICATION

While the f;(1285) is the more-oft studied particle, there is some evidence that there
could be a pseudoscalar meson that decays to KK 7 in the same mass region - the 17(1295).
Evidence for the existence of this particle is sparse in non-7p scattering and there is spec-
ulation that the observed pseudoscalar may be a phantom state. Indeed, 1n(1295) has
rarely been observed in KK7 final states. Our fits to the data over all Ey and —¢ bins
produce mass and width values that are multiple standard deviations closer to the PDG
values for the f; compared to the 1. This supports the assumption of the enhancement at
M(KKm) =1.28 GeV being dominated by the f;(1285). Additionally, the cos(®g) distribu-
tion has the parabolic shape expected for a 17" particle decay as opposed to the flat shape
for a0~ resonance. We cannot rule out a J = 0 1 contribution without a partial wave anal-

ysis - which has its own set of challenges - but preliminary studies of the K+ K~z channel
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at GlueX have shown evidence that the 1(1295) is not present in this decay mode and may
be a phantom state due to bleed-through from other waves in the PWA fits [118]. Previ-
ous photoproduction results from the CLAS collaboration also conclude that the feature at
M(KKn) = 1.28 GeV is dominated by the f1(1285) and not the n(1295). Finally, n(1295)
has only been clearly observed in n — KK= in two studies, both in pr scattering experi-
ments at BNL, and has been unobserved in many more [25], [33]. It is for these reasons
we assume that the cross-section that we measure is dominated by the f;(1285) meson. To
be clear, we cannot definitively state that the enhancement feature at M(KKn) = 1.28 GeV
is entirely due to f1(1285) without a partial wave analysis to separate the different spin
contributions, but due to the aforementioned reasons, we made a reasonable assumption
that the measured photoproduction cross-section for M(KTK;n*) < 1.3 is dominated by

the f;(1285) meson.

6.2 CROSS-SECTION

The final photoproduction cross-section values of f;(1285) measured in both charge
conjugated decay modes of fi(1285) — KTK,n™, with the bin-by-bin systematic uncertain-

ties included, is shown in Figure 65 and the values given in Tables 22, 23.
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Figure 65. Photoproduction cross-section of f(1285) with all uncertainties. Cross-section

do
values &

as a function of — for the photoproduction of f;(1285) measured in the

f1(1285) — K~ K,z™ (blue points) and f1(1285) — KTK,n~ (red points) decay channels at
different values of the photon beam energy Ey. The error bars represent the statistical
uncertainty and the shaded bands represent the systematic uncertainty from the fit and
event selection criteria. Normalization uncertainties are not shown. (A) shows E, =8
GeV, (B) shows E, =9 GeV, (C) shows Ey = 10 GeV, and (D) shows Ey, = 11 GeV. The
beam energy the cross-section was measured in is also shown on the figure.



Table 22. Differential cross-section and uncertainties for each bin of Ey and —t for

f1(1285) from the f1(1285) — K" K;n~ decay channel.

Ey [GeV] | —t [GeV?| | do/dt [nb/GeV?] | Sstat | sys | Srotal
8.0 0.150 149.9 22.7 | 25.7 | 34.2
8.0 0.250 111.9 104 | 21.4 | 23.8
8.0 0.350 97.7 8.9 | 10.8 | 14.0
8.0 0.525 67.3 4.3 |1 10.2 | 11.1
8.0 0.775 41.8 3.2 6.0 6.8
8.0 1.150 21.8 2.0 2.8 3.4
8.0 1.650 6.4 1.3 1.5 2.0
9.0 0.163 140.8 21.8 | 31.3 | 38.1
9.0 0.263 102.4 11.5|17.0 | 20.5
9.0 0.362 75.0 94 94 | 13.3
9.0 0.537 67.0 44 |1 10.2 | 11.1
9.0 0.787 42.7 3.6 6.4 7.4
9.0 1.162 13.8 1.8 1.6 2.4
9.0 1.662 5.6 1.2 1.1 1.7
10.0 0.175 116.0 32.0| 404 | 51.6
10.0 0.275 108.1 13.6 | 22.7 | 26.5
10.0 0.375 78.1 13.3 | 12.1 | 18.0
10.0 0.550 55.7 5.5 6.0 8.1
10.0 0.800 34.0 4.4 7.0 8.3
10.0 1.175 11.3 2.4 1.9 3.0
10.0 1.675 3.6 1.5 0.7 1.6
11.0 0.188 114.1 31.3 604 | 68.1
11.0 0.287 67.7 14.4 | 33.6 | 36.5
11.0 0.387 58.7 11.9 | 14.0 | 18.3
11.0 0.562 47.4 54 6.3 8.3
11.0 0.812 27.1 4.3 4.5 6.2
11.0 1.188 10.4 2.1 1.6 2.6
11.0 1.688 3.1 1.3 0.7 1.5
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Table 23. Differential cross-section and uncertainties for each bin of Ey and —t for

f1(1285) from the f1(1285) — K~ K;n™ decay channel.

Ey [GeV] | —t [GeV?| | do/dt [nb/GeV?] | Sstat | sys | Srotal
8.0 0.150 194.7 18.8 | 38.9 | 43.2
8.0 0.250 171.4 9.0 | 26.0 | 27.5
8.0 0.350 164.1 8.2 | 27.4 | 28.6
8.0 0.525 124.2 4.3 | 164 | 17.0
8.0 0.775 59.0 3.3 7.3 8.0
8.0 1.150 21.1 1.6 2.9 3.3
8.0 1.650 5.3 1.1 0.7 1.3
9.0 0.163 180.4 19.9 | 41.5 | 46.1
9.0 0.263 157.3 104 | 25.4 | 27.4
9.0 0.362 161.2 93 | 19.3| 214
9.0 0.537 113.0 44 | 12.8 | 13.5
9.0 0.787 55.8 3.6 8.7 9.4
9.0 1.162 17.8 2.1 3.3 3.9
9.0 1.662 5.0 1.2 0.8 1.4
10.0 0.175 141.2 24.3 | 61.5 | 66.1
10.0 0.275 123.9 11.8 | 28.9 | 31.2
10.0 0.375 112.6 12.4 | 14.8 | 19.3
10.0 0.550 92.3 5.2 | 14.8 | 15.7
10.0 0.800 39.7 4.2 7.0 8.1
10.0 1.175 13.3 2.0 2.2 3.0
10.0 1.675 3.2 1.4 0.8 1.6
11.0 0.188 117.8 27.6 | 64.1 | 69.8
11.0 0.287 116.7 14.3 | 38.8 | 41.3
11.0 0.387 119.4 12.3 | 19.8 | 23.3
11.0 0.562 78.8 5.3 | 10.8 | 12.0
11.0 0.812 39.8 4.6 5.7 7.3
11.0 1.188 12.5 2.0 2.8 3.4
11.0 1.688 2.0 1.0 0.8 1.3

6.3 SHAPE OF THE CROSS SECTION

142

The shape of the differential cross section as a function of Mandelstam-¢ ‘2—‘[’ can pro-

vide insight into the process by which a particle is produced in a scattering event. The
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photoproduction of f;(1285) is expected to be ¢t-channel dominant. Our results show an
exponential fall-off in ‘2—‘; towards higher values of —¢ which is consistent with the produc-
tion mechanism for the photoproduction of the f;(1285) meson being ¢-channel dominant.
Previous measurements of fj(1285) photoproduction did not see a differential cross sec-
tion that suggested t-channel dominant production, so this result is notable, as it is more
in-line with the production mechanism used to describe this reaction in theoretical models
like [48], [51], [54]. In particular, the CLAS measurement results were more consistent
with an s-channel N* decay, but there were no reasonable N* candidates in the expected
mass region per the PDG [9], [86]. The results of this work do not suggest any s-channel
production and are in-line with the expected shape for a t-channel production mechanism.

Generally, the shape of the differential cross-secton as a function of —¢ can be expressed
as,

9 poe (111)

where As is some scaling factor, ¢ is Mandelstam-t, and b is the "slope". We fit this function
to our measured cross-section for each E, bin to evaluate if there is an energy dependence
to the cross-section. These fits are shown in Figure 66. The uncertainty on these slopes is
on the order of 15%, so we are not sensitive to an energy dependence of the cross-section
that is smaller than that. Therefore we can only conclude that if there is a dependence for
the photoproduction cross-section of f;(1285) on the incoming beam photon energy E,, it
is smaller than our measurement is sensitive to.

We also can compare the slope of the cross-sections to other types of mesons, like

the vector meson ¢. We fit the slope of the differential cross-section ‘fl—‘[’ for ¢ measured in
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Figure 66. Cross-sections of f;(1285) with fits for 7-slope. The cross-sections from Figure
65 with fits of the form ‘il—‘t’ = Ae™"". Cross-sections are shown on a log scale. The cyan and
orange lines show the fits to the K~ K;n" and K" K;n~ data respectively. The values for
the energy E, and slope parameter b are shown on the figure. Error bars represent total
uncertainty. (A) shows E, = 8 GeV, (B) shows E, =9 GeV, (C) shows E, = 10 GeV, and (D)
shows E, = 11 GeV. The beam energy the cross-section was measured in is also shown on

the figure.
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Figure 67. b vs E, for ¢ (CLAS) and f1(1285). Slope of the differential cross-section ‘fl—‘t’ of
the vector meson ¢ measured in K;K; decays at CLAS (black points) [119] compared to
the cross-section of f;(1285) measured in K~ K,nt (blue points) and K" K;n~ (red points)
decays in this work. The fits to the respective datasets are shown in the black, blue, and
red lines, and the slope values are shown. The f;(1285) slope is smaller than that of ¢.
This suggests that f;(1285) is produced with a different mechanism compared to the ¢.

photoproduction at CLAS [119] and the f;(1285) in this work with a constant to get an idea
of the relative scale of the ¢-slopes. Figure 67 shows the slope of the measured differential
cross-section as a function of beam photon energy Ey for ¢ and f;(1285). The slope of ¢ is
steeper than that of f;(1285). The ¢ meson is produced via pomeron exchange, which the

f1(1285) cannot be. The cross-section of f;(1285) is consistent with Regge exchange.
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6.4 MAGNITUDE OF THE CROSS SECTION

The measurement of f1(1285) photoproduction at low E;, with the CLAS experiment
prompted the formulation of new theoretical models for the production mechanism of
f1(1285) in photoproduction. These models sought to describe the production mechanism
of f1(1285) with an interpolated Regge model [51], [52]. The result of both models fit the
CLAS data well. The authors of [51] expanded their predictions to the higher photon beam
energies of GlueX such that we could test the model [54]. The theoretical predictions at
different photon beam energies are shown along with the measured values in this work in
Figure 68. The magnitude of our measured cross-section disagrees with the predictions by
roughly an order of magnitude. Indeed, the absolute magnitude of our measurement is in
better agreement with the measurements made by CLAS, seen in Figure 69 [45]. However,
the shape of the cross-section is in good agreement with the model predictions which
further reinforces our conclusion that the photoproduction of f;(1285) is dominated by t-
channel exchange. The magnitude of our measured cross-section is also seemingly in good
agreement with the predictions made by Kochelev at Ey ~ 3 GeV for the CLAS experiment
[48]. We requested that updated predictions for GlueX beam energies be produced by
the authors, but unfortunately the lead author on the paper passed away. We believe that
producing higher E, predictions for f(1285) would be an interesting and worthwhile study

for the theory community to undertake.
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Figure 68. Comparison between the cross-section of f;(1285) (points with error bars) as
measured in f;(1285) — K~ K,n™ (A) and f,(1285) — KTK,w~ (B) and theoretical
predictions (solid lines) from He [51], [54] for different values of E,. Bin centers are
shifted slightly in —¢ for clarity. Error bars represent total uncertainty.
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Figure 69. Differential cross-section 4 e for f1(1285) from this work at GlueX (blue
points) and at CLAS (green points) for relevant values of — [9]. The CLAS cross-section
is flat at low Ey but grows sharper as E, increases, consistent with s-channel production
due to the lower center-of-mass energies at CLAS near the N* mass threshold. The
absolute magnitude for the cross-section across all beam energies shown is comparable.
Bin centers are shifted slightly in — for clarity. Error bars represent total uncertainty.
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6.5 DIFFERENCE IN CROSS-SECTION BY DECAY MODE

The difference in the cross-section measured in different charge conjugated channels of
f1(1285) — KTK,n* appears to be due to a physical effect as opposed to an analytical one.
We have ruled out that the difference is due to a difference in reconstruction or analysis
efficiency. Figure 54 shows quite strikingly that the asymmetry between the data counts
exists only in the M(KKnr) regions corresponding to the potential resonant states. It is
particularly notable that the slope of the ratio changes right at the edge of the f;(1285)
mass region. The behavior of the KTK,x* count ratio points to an underlying physical
mechanism as the source of the difference.

The most likely candidate of the source of the difference appears to be N* resonances.
Figure 57 shows that there is an excess of events in the M(pn™) regions where we know
N* resonances exist in our data, as seen in comparisons to the full M(KK ) range in Figure
58. We suggest some type of constructive/destructive interference between the amplitudes
of these two states as a potential source of the cross-section asymmetry.

This result was unexpected and striking. However, it appears that this may not be the
only analysis to have observed a yield difference in the f(1285) — KTK,n™ decay modes.
A careful study of published M(KTK,x*) distributions from CLAS and Fermilab show that
the asymmetrical behavior in both resonant M(KKr) regions at 1.28 and 1.4 GeV has
been seen before. These distributions are shown in Figure 70. These distributions are
not acceptance corrected and were not produced by GlueX, so it is impossible to make
concrete statements on the nature of the count discrepancy, but the observed behavior of

f1(1285) — KK, work is also seen in these studies. This is further evidence of a real



physical phenomena driving the difference in the measured cross-section.
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Figure 70. Raw count distributions for K™ K;n~ (left) and K~ K,z ™ (right) from CLAS (A,
B) [9] and FNAL E690 (C, D) [44]. The blue and red lines extending to the y-axis show

the value of maximum counts of the M(K~K,n*) and M(K"K,;n~) enhancements at
M =1.28 and M = 1.4 GeV, respectively. The same asymmetric behavior is seemingly

observed. Figures taken from [9], [44].
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6.6 f1(1285) AS A KK*+ C.C. MOLECULE

The f1(1285) is generally assumed to be the low-mass ¢g member of the axial-vector
nonet, which is experimentally supported by the results of [15] and [46]. However, it has
been proposed that f1(1285) is a dynamically generated state from a KK* molecule and
the potential M(KK) and M(Kr) distributions given that assumption have been calculated
[17]. The authors requested that these distributions be produced so that this hypothesis
could could be studied in greater detail. We have presented these distributions in Figure
64 and compare them to the theorized distributions in Figures 71, 72. Our observed distri-
butions are consistent with both the predicted distributions of a molecular state and a gg
state decaying to ap(980)x but there is a significant amount of background contamination.

We hope this data can be used in further study of the status of f;(1285).
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6.7 FUTURE WORK

The photoproduction of f;(1285) and the other axial-vector and pseudoscalar particles
with 1.2 < M < 1.5 requires more study. Most importantly, partial wave analyses of the KKx
and nrr final states are needed to identify and constrain the radially excited pseudoscalar
nonet and definitively determine if n(1295) is observed in photoproduction. Additionally,
the asymmetry in the cross-sections of the different KTK,7* charge conjugated modes re-
quires a deeper study to understand the mechanism for the discrepancy. As this asymmetry
appears to have been present in past fj — KKx studies at CLAS and Fermilab, determining
the underlying physical process for the difference is important for the understanding the
production of the f;(1285).

As a direct extension of this study, producing a more robust Monte Carlo sample that
also includes the f1(1285) — agm decay, higher mass resonances, and background phase
space could play a part in reducing the uncertainty on the measured cross-section as you
wouldn’t need the K* exclusion to isolate the f;(1285) from the background and would
have a better constrained background in the binned fits. This could be useful for measuring

branching fractions of f}(1285) and potentially a((980).
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Table 24. Cross-section deviations for 1st-order polynomial model variation. Relative
difference from nominal for using a 1st-order polynomial for phase space background for
each Ey and —¢ bin for 77K~ K, and 7~ K* K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.023 0.152
8 0.25 0.019 0.035
8 0.35 0.065 0.036
8 0.53 0.037 0.023
8 0.78 0.063 0.040
8 1.15 0.105 0.097
8 1.65 0.189 0.101
9 0.15 0.196 0.201
9 0.25 0.009 0.097
9 0.35 0.007 0.033
9 0.53 0.065 0.030
9 0.78 0.090 0.070
9 1.15 0.096 0.081
9 1.65 0.129 0.117

10 0.15 0.306 0.423
10 0.25 0.196 0.178
10 0.35 0.054 0.091
10 0.53 0.043 0.066
10 0.78 0.199 0.002
10 1.15 0.142 0.071
10 1.65 0.145 0.207
11 0.15 0.508 0.518
11 0.25 0.489 0.302
11 0.35 0.072 0.132
11 0.53 0.094 0.078
11 0.78 0.138 0.090
11 1.15 0.128 0.164
11 1.65 0.192 0.328
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Table 25. Cross-section deviations for 3rd-order polynomial model variation. Relative
difference from nominal for using a 3rd-order polynomial for phase space background for
each Ey and —¢ bin for 77K~ K, and 7~ K* K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.031 0.019
8 0.25 0.029 0.020
8 0.35 0.044 0.038
8 0.53 0.028 0.037
8 0.78 0.028 0.011
8 1.15 0.016 0.012
8 1.65 0.086 0.032
9 0.15 0.017 0.014
9 0.25 0.018 0.003
9 0.35 0.012 0.018
9 0.53 0.003 0.011
9 0.78 0.005 0.035
9 1.15 0.012 0.011
9 1.65 0.034 0.036

10 0.15 0.000 0.010
10 0.25 0.041 0.002
10 0.35 0.002 0.001
10 0.53 0.002 0.033
10 0.78 0.005 0.090
10 1.15 0.002 0.134
10 1.65 0.013 0.023
11 0.15 0.020 0.005
11 0.25 0.035 0.005
11 0.35 0.196 0.001
11 0.53 0.044 0.007
11 0.78 0.088 0.002
11 1.15 0.029 0.033
11 1.65 0.014 0.102
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Table 26. Cross-section deviations for removing Gaussian component model variation.
Relative difference from nominal for removing Gaussian component that describes
resonant tails from full model for each E, and —¢ bin for 7K~ K and n~ K"K, decay
modes.

E,[GeV] | —1[GeV?] | |5(K K,")| | |6i(K Kt
8 0.15 0.115 0.065
8 0.25 0.133 0.060
8 0.35 0.074 0.071
8 0.53 0.063 0.039
8 0.78 0.116 0.057
8 1.15 0.062 0.036
8 1.65 0.059 0.048
9 0.15 0.085 0.088
9 0.25 0.089 0.073
9 0.35 0.103 0.055
9 0.53 0.121 0.043
9 0.78 0.122 0.063
9 1.15 0.078 0.043
9 1.65 0.134 0.032
10 0.15 0.186 0.058
10 0.25 0.097 0.091
10 0.35 0.071 0.062
10 0.53 0.085 0.073
10 0.78 0.180 0.050
10 1.15 0.118 0.004
10 1.65 0.006 0.028
11 0.15 0.121 0.096
11 0.25 0.337 0.100
11 0.35 0.014 0.084
11 0.53 0.096 0.073
11 0.78 0.071 0.049
11 1.15 0.074 0.062
11 1.65 0.030 0.006
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Table 27. Cross-section deviations for wider fit range on low mass side variation. Relative
difference from nominal for fitting the model over a wider range on low M(KKr) side for
each Ey and —¢ bin for 77K~ K, and 7~ K* K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.117 0.029
8 0.25 0.055 0.022
8 0.35 0.022 0.004
8 0.53 0.001 0.006
8 0.78 0.018 0.004
8 1.15 0.011 0.004
8 1.65 0.062 0.018
9 0.15 0.044 0.029
9 0.25 0.101 0.032
9 0.35 0.041 0.017
9 0.53 0.013 0.006
9 0.78 0.017 0.025
9 1.15 0.027 0.002
9 1.65 0.011 0.032
10 0.15 0.096 0.010
10 0.25 0.101 0.046
10 0.35 0.146 0.048
10 0.53 0.027 0.007
10 0.78 0.071 0.030
10 1.15 0.009 0.006
10 1.65 0.025 0.036
11 0.15 0.128 0.083
11 0.25 0.103 0.009
11 0.35 0.116 0.006
11 0.53 0.015 0.014
11 0.78 0.022 0.002
11 1.15 0.023 0.047
11 1.65 0.045 0.066
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Table 28. Cross-section deviations for wider fit range on high mass side variation.
Relative difference from nominal for fitting the model over a wider range on the high
M(KKr) side for each Ey and —¢ bin for 77K~ K, and 7~ K"K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.005 0.018
8 0.25 0.031 0.002
8 0.35 0.016 0.001
8 0.53 0.013 0.007
8 0.78 0.000 0.006
8 1.15 0.002 0.002
8 1.65 0.028 0.011
9 0.15 0.025 0.004
9 0.25 0.006 0.002
9 0.35 0.008 0.008
9 0.53 0.003 0.002
9 0.78 0.010 0.011
9 1.15 0.031 0.010
9 1.65 0.014 0.014

10 0.15 0.046 0.005
10 0.25 0.034 0.039
10 0.35 0.023 0.011
10 0.53 0.000 0.003
10 0.78 0.001 0.006
10 1.15 0.003 0.009
10 1.65 0.030 0.019
11 0.15 0.010 0.007
11 0.25 0.069 0.003
11 0.35 0.012 0.009
11 0.53 0.007 0.000
11 0.78 0.002 0.005
11 1.15 0.010 0.008
11 1.65 0.027 0.003
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Table 29. Cross-section deviations for wider fit range variation. Relative difference from

nominal for fitting the model over a wider range on both sides of M(KKr) for each E,

and —t bin for 77K~ K and 7~ Kt K; decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.111 0.015
8 0.25 0.027 0.022
8 0.35 0.031 0.000
8 0.53 0.002 0.005
8 0.78 0.017 0.001
8 1.15 0.009 0.003
8 1.65 0.074 0.010
9 0.15 0.028 0.031
9 0.25 0.094 0.030
9 0.35 0.034 0.022
9 0.53 0.010 0.008
9 0.78 0.009 0.026
9 1.15 0.037 0.007
9 1.65 0.024 0.021
10 0.15 0.059 0.013
10 0.25 0.093 0.040
10 0.35 0.126 0.055
10 0.53 0.028 0.008
10 0.78 0.069 0.034
10 1.15 0.012 0.013
10 1.65 0.048 0.022
11 0.15 0.132 0.086
11 0.25 0.095 0.007
11 0.35 0.123 0.001
11 0.53 0.011 0.012
11 0.78 0.023 0.002
11 1.15 0.026 0.053
11 1.65 0.058 0.061




Table 30. Cross-section deviations for narrower fit range on low mass side variation.
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Relative difference from nominal for fitting the model over a narrower range on the low

M(KKr) side for each Ey and —¢ bin for 77K~ K, and 7~ K"K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.067 0.030
8 0.25 0.070 0.020
8 0.35 0.019 0.016
8 0.53 0.013 0.001
8 0.78 0.025 0.008
8 1.15 0.009 0.005
8 1.65 0.055 0.025
9 0.15 0.054 0.056
9 0.25 0.062 0.020
9 0.35 0.043 0.014
9 0.53 0.020 0.008
9 0.78 0.015 0.000
9 1.15 0.025 0.000
9 1.65 0.010 0.041
10 0.15 0.026 0.029
10 0.25 0.004 0.016
10 0.35 0.118 0.034
10 0.53 0.004 0.003
10 0.78 0.021 0.023
10 1.15 0.031 0.008
10 1.65 0.009 0.076
11 0.15 0.124 0.086
11 0.25 0.155 0.021
11 0.35 0.018 0.021
11 0.53 0.044 0.008
11 0.78 0.021 0.010
11 1.15 0.100 0.001
11 1.65 0.068 0.041




Table 31. Cross-section deviations for narrower fit range on high mass side variation.
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Relative difference from nominal for fitting the model over a narrower range on the high

M(KKr) side for each Ey and —¢ bin for 77K~ K, and 7~ K"K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.054 0.001
8 0.25 0.027 0.008
8 0.35 0.010 0.018
8 0.53 0.010 0.009
8 0.78 0.021 0.008
8 1.15 0.009 0.013
8 1.65 0.001 0.006
9 0.15 0.004 0.007
9 0.25 0.009 0.003
9 0.35 0.030 0.003
9 0.53 0.005 0.000
9 0.78 0.010 0.001
9 1.15 0.010 0.000
9 1.65 0.002 0.001
10 0.15 0.014 0.007
10 0.25 0.018 0.019
10 0.35 0.003 0.011
10 0.53 0.006 0.001
10 0.78 0.013 0.004
10 1.15 0.007 0.007
10 1.65 0.002 0.023
11 0.15 0.003 0.002
11 0.25 0.017 0.006
11 0.35 0.020 0.004
11 0.53 0.001 0.005
11 0.78 0.003 0.003
11 1.15 0.045 0.008
11 1.65 0.010 0.018
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Table 32. Cross-section deviations for narrower fit range variation. Relative difference
from nominal for fitting the model over a narrower range on both sides of M(KKr) for
each Ey and —¢ bin for 77K~ K, and 7~ K* K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.030 0.034
8 0.25 0.053 0.012
8 0.35 0.033 0.013
8 0.53 0.002 0.004
8 0.78 0.002 0.014
8 1.15 0.002 0.011
8 1.65 0.055 0.017
9 0.15 0.051 0.050
9 0.25 0.077 0.050
9 0.35 0.018 0.019
9 0.53 0.028 0.009
9 0.78 0.004 0.000
9 1.15 0.014 0.000
9 1.65 0.013 0.046

10 0.15 0.001 0.019
10 0.25 0.025 0.041
10 0.35 0.119 0.050
10 0.53 0.005 0.005
10 0.78 0.039 0.020
10 1.15 0.024 0.014
10 1.65 0.008 0.032
11 0.15 0.131 0.091
11 0.25 0.176 0.030
11 0.35 0.044 0.028
11 0.53 0.048 0.006
11 0.78 0.027 0.006
11 1.15 0.118 0.001
11 1.65 0.054 0.025
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Table 33. Cross-section deviations for narrower Voigtian variation. Relative difference
from nominal for fixing the Voigtian width to be 10 smaller than the nominal value, as

given in Table 6, for each E, and —¢ bin for 7K~ K and n~ K K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.028 0.002
8 0.25 0.026 0.002
8 0.35 0.033 0.002
8 0.53 0.031 0.002
8 0.78 0.024 0.002
8 1.15 0.027 0.002
8 1.65 0.026 0.003
9 0.15 0.030 0.002
9 0.25 0.035 0.002
9 0.35 0.038 0.002
9 0.53 0.030 0.002
9 0.78 0.029 0.003
9 1.15 0.032 0.002
9 1.65 0.027 0.002
10 0.15 0.036 0.002
10 0.25 0.013 0.002
10 0.35 0.034 0.002
10 0.53 0.033 0.002
10 0.78 0.026 0.002
10 1.15 0.021 0.002
10 1.65 0.016 0.001
11 0.15 0.031 0.002
11 0.25 0.033 0.002
11 0.35 0.033 0.002
11 0.53 0.035 0.002
11 0.78 0.029 0.002
11 1.15 0.008 0.002
11 1.65 0.026 0.002
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Table 34. Cross-section deviations for wider Voigtian variation. Relative difference from
nominal for fixing the Voigtian width to be 1c larger than the nominal value, as given in

Table 6, for each Ey and —7 bin for 77K~ K, and 7~ KK, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.028 0.002
8 0.25 0.026 0.002
8 0.35 0.033 0.002
8 0.53 0.027 0.002
8 0.78 0.024 0.002
8 1.15 0.027 0.002
8 1.65 0.026 0.003
9 0.15 0.030 0.002
9 0.25 0.035 0.002
9 0.35 0.039 0.002
9 0.53 0.030 0.002
9 0.78 0.028 0.003
9 1.15 0.032 0.002
9 1.65 0.027 0.002
10 0.15 0.036 0.002
10 0.25 0.077 0.002
10 0.35 0.035 0.002
10 0.53 0.033 0.002
10 0.78 0.026 0.002
10 1.15 0.021 0.002
10 1.65 0.016 0.001
11 0.15 0.031 0.002
11 0.25 0.033 0.002
11 0.35 0.033 0.002
11 0.53 0.035 0.002
11 0.78 0.029 0.002
11 1.15 0.066 0.002
11 1.65 0.025 0.002




Table 35. Cross-section deviations for Gaussian mean lighter variation. Relative
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difference from nominal for fixing the Gaussian mean to be 1¢ smaller than the nominal
value, as given in Table 7, for each E, and — bin for 7*K~ K, and n~ K K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.013 0.014
8 0.25 0.010 0.013
8 0.35 0.000 0.014
8 0.53 0.001 0.009
8 0.78 0.009 0.015
8 1.15 0.004 0.009
8 1.65 0.003 0.015
9 0.15 0.011 0.024
9 0.25 0.001 0.016
9 0.35 0.002 0.009
9 0.53 0.011 0.011
9 0.78 0.010 0.016
9 1.15 0.001 0.008
9 1.65 0.010 0.007
10 0.15 0.015 0.019
10 0.25 0.031 0.023
10 0.35 0.001 0.014
10 0.53 0.007 0.016
10 0.78 0.003 0.011
10 1.15 0.001 0.002
10 1.65 0.000 0.007
11 0.15 0.015 0.038
11 0.25 0.023 0.027
11 0.35 0.009 0.020
11 0.53 0.000 0.014
11 0.78 0.006 0.011
11 1.15 0.006 0.009
11 1.65 0.011 0.001




Table 36. Cross-section deviations for Gaussian mean heavier variation. Relative
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difference from nominal for fixing the Gaussian mean to be 1¢ larger than the nominal
value, as given in Table 7, for each E, and — bin for 7*K~ K, and n~ K K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.010 0.012
8 0.25 0.009 0.012
8 0.35 0.004 0.003
8 0.53 0.007 0.000
8 0.78 0.006 0.013
8 1.15 0.002 0.008
8 1.65 0.002 0.013
9 0.15 0.013 0.025
9 0.25 0.002 0.014
9 0.35 0.001 0.007
9 0.53 0.008 0.010
9 0.78 0.007 0.014
9 1.15 0.003 0.006
9 1.65 0.007 0.006
10 0.15 0.010 0.020
10 0.25 0.055 0.022
10 0.35 0.005 0.011
10 0.53 0.010 0.013
10 0.78 0.003 0.009
10 1.15 0.003 0.002
10 1.65 0.000 0.008
11 0.15 0.013 0.035
11 0.25 0.016 0.026
11 0.35 0.010 0.018
11 0.53 0.004 0.015
11 0.78 0.010 0.009
11 1.15 0.032 0.013
11 1.65 0.010 0.001
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Table 37. Cross-section deviations for Gaussian width narrower variation. Relative
difference from nominal for fixing the gaussian width to be 1 smaller than the nominal
value, as given in Table 7, for each E, and — bin for 7*K~ K, and n~ K K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.000 0.011
8 0.25 0.006 0.011
8 0.35 0.006 0.010
8 0.53 0.000 0.009
8 0.78 0.004 0.012
8 1.15 0.007 0.006
8 1.65 0.005 0.015
9 0.15 0.023 0.017
9 0.25 0.004 0.015
9 0.35 0.009 0.009
9 0.53 0.000 0.009
9 0.78 0.006 0.010
9 1.15 0.009 0.007
9 1.65 0.001 0.008

10 0.15 0.010 0.017
10 0.25 0.007 0.020
10 0.35 0.014 0.014
10 0.53 0.012 0.014
10 0.78 0.011 0.009
10 1.15 0.021 0.001
10 1.65 0.000 0.002
11 0.15 0.006 0.041
11 0.25 0.016 0.024
11 0.35 0.006 0.019
11 0.53 0.002 0.015
11 0.78 0.006 0.009
11 1.15 0.038 0.006
11 1.65 0.011 0.001
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Table 38. Cross-section deviations for Gaussian width wider variation. Relative difference

from nominal for fixing the gaussian width to be 1¢ larger than the nominal value, as
given in Table 7, for each E, and —¢ bin for 7K~ K and n~ K K, decay modes.

Ey[GeV] | —t[GeV?] | |§(K Kn')| | |6i(K Komh)]
8 0.15 0.007 0.012
8 0.25 0.030 0.011
8 0.35 0.013 0.024
8 0.53 0.009 0.013
8 0.78 0.003 0.011
8 1.15 0.002 0.006
8 1.65 0.001 0.015
9 0.15 0.015 0.017
9 0.25 0.009 0.015
9 0.35 0.010 0.009
9 0.53 0.008 0.008
9 0.78 0.002 0.010
9 1.15 0.003 0.007
9 1.65 0.008 0.007
10 0.15 0.022 0.017
10 0.25 0.037 0.021
10 0.35 0.018 0.014
10 0.53 0.003 0.014
10 0.78 0.002 0.009
10 1.15 0.010 0.001
10 1.65 0.000 0.000
11 0.15 0.002 0.040
11 0.25 0.016 0.025
11 0.35 0.003 0.019
11 0.53 0.009 0.015
11 0.78 0.001 0.010
11 1.15 0.028 0.007
11 1.65 0.010 0.001




Table 39. Value and source for fit systematic for each Ey and —¢ bin for
f1(1285) — K~ K decay mode
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E, [GeV] | —¢ [GeV~] Variation | Varied - Nominal | /Nominal
8 0.150 1st-Order Polynomial 0.152
8 0.250 No Gaussian Component 0.060
8 0.350 No Gaussian Component 0.071
8 0.525 No Gaussian Component 0.039
8 0.775 No Gaussian Component 0.057
8 1.150 1st-Order Polynomial 0.097
8 1.650 1st-Order Polynomial 0.101
9 0.150 1st-Order Polynomial 0.201
9 0.250 1st-Order Polynomial 0.097
9 0.350 No Gaussian Component 0.055
9 0.525 No Gaussian Component 0.043
9 0.775 1st-Order Polynomial 0.070
9 1.150 1st-Order Polynomial 0.081
9 1.650 1st-Order Polynomial 0.117

10 0.150 1st-Order Polynomial 0.423
10 0.250 1st-Order Polynomial 0.178
10 0.350 1st-Order Polynomial 0.091
10 0.525 No Gaussian Component 0.073
10 0.775 3rd-Order Polynomial 0.090
10 1.150 3rd-Order Polynomial 0.134
10 1.650 1st-Order Polynomial 0.207
11 0.150 1st-Order Polynomial 0.518
11 0.250 1st-Order Polynomial 0.302
11 0.350 1st-Order Polynomial 0.132
11 0.525 1st-Order Polynomial 0.078
11 0.775 1st-Order Polynomial 0.090
11 1.150 1st-Order Polynomial 0.164
11 1.650 1st-Order Polynomial 0.328
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Table 40. Value and source for fit systematic for each Ey and —¢ bin for
f1(1285) — = K+ K, decay mode.

Ey [GeV] | —¢ [GeV’] Variation | Varied - Nominal | /Nominal
8 0.150 Wider Fit Range (Low Side) 0.117
8 0.250 No Gaussian Component 0.133
8 0.350 No Gaussian Component 0.074
8 0.525 No Gaussian Component 0.063
8 0.775 No Gaussian Component 0.116
8 1.150 1st-Order Polynomial 0.105
8 1.650 1st-Order Polynomial 0.189
9 0.150 1st-Order Polynomial 0.196
9 0.250 Wider Fit Range (Low Side) 0.101
9 0.350 No Gaussian Component 0.103
9 0.525 No Gaussian Component 0.121
9 0.775 No Gaussian Component 0.122
9 1.150 1st-Order Polynomial 0.096
9 1.650 No Gaussian Component 0.134
10 0.150 1st-Order Polynomial 0.306
10 0.250 1st-Order Polynomial 0.196
10 0.350 Wider Fit Range (Low Side) 0.146
10 0.525 No Gaussian Component 0.085
10 0.775 1st-Order Polynomial 0.199
10 1.150 1st-Order Polynomial 0.142
10 1.650 1st-Order Polynomial 0.145
11 0.150 1st-Order Polynomial 0.508
11 0.250 1st-Order Polynomial 0.489
11 0.350 3rd-Order Polynomial 0.196
11 0.525 No Gaussian Component 0.096
11 0.775 1st-Order Polynomial 0.138
11 1.150 1st-Order Polynomial 0.128
11 1.650 1st-Order Polynomial 0.192
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Figure 73. CLy;,r;; Variations. Distributions of CLg;ypi; for final states p’K~ K,w™ (A) and
p'KTK;n~ (B). All other selection criteria is applied. Nominal (solid/middle line), loose
(dashed/right line), and tight (dot-dash/left line) cut positions are marked
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Figure 74. Pathlength Significance variations. Distributions of Pathlength Significance for
final states p’K~ K;n™ (A) and p’K"K,w~ (B). All other selection criteria is applied..
Nominal (solid/middle line), loose (dashed/left line), and tight (dot-dash/right line) cut
positions are marked
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Figure 75. M(n* ) variations. Distributions of M(x" ™) for final states p’K~K,n+ (A)
and p’KTK;n~ (B). All other selection criteria is applied. Nominal (solid/middle line),
loose (dashed/outer line), and tight (dot-dash/inner line) cut positions are marked



195

X

—

o
w

Counts
S

3000

Counts

2500

2000

1500

1000

500

-
OAI‘I‘““I““I“‘“l‘l“l‘l“ll‘l
L
N:_
L
=
O)A
=
m_
MA
OA
M_

224262830
M(p'm) [GeV]
B
Figure 76. M(pn) variations. Distributions of M(pr) for final states p’K~K,x™ (A) and

p'KTK;n~ (B). All other selection criteria is applied. Nominal (solid/middle line), loose
(dashed/left line), and tight (dot-dash/right line) cut positions are marked
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Figure 77. M(pK™) variations. Distributions of M(pK¥) for final states p’K~K,n* (A) and
p'KTK;n~ (B). All other selection criteria is applied. Nominal (solid/middle line), loose
(dashed/left line), and tight (dot-dash/right line) cut positions are marked
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Figure 78. M(pK;) variations. Distributions of M(pKj) for final states p’K~K,w" (A) and
p'KTK;n~ (B). All other selection criteria is applied. Nominal (solid/middle line), loose
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p'KTK;n~ (B). All other selection criteria is applied. Nominal (solid/middle line), loose

(dashed/left line), and tight (dot-dash/right line) cut positions are marked
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9.5 < E; < 10.5 GeV.
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Figure 91. Fits to ¢-binned distributions of M(K" K,z ™) for photon beam energy
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Figure 93. Bootstrapped amplitude distribution for K~ K,x" at Ey = 10 GeV. Distributions
of the amplitudes obtained via the bootstrapping procedure outlined in §73 as a function
of —t for K~ K,n™" at E, = 10 GeV. Value of —¢ for each bin is shown above the figure. The

amplitudes follow a normal distribution and the uncertainty is calculated using the

variance estimator given by Eqn. 72.
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Figure 94. Bootstrapped amplitude distribution for K~ K,x" at Ey = 11 GeV. Distributions
of the amplitudes obtained via the bootstrapping procedure outlined in §73 as a function
of —t for K~ K;n" at Ey = 11 GeV. Value of —¢ for each bin is shown above the figure. The
amplitudes follow a normal distribution and the uncertainty is calculated using the

variance estimator given by Eqn. 72.
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Figure 95. Bootstrapped amplitude distribution for K" K,n~ at E, = 8 GeV. Distributions
of the amplitudes obtained via the bootstrapping procedure outlined in §73 as a function
of —t for KTK,w~ at E, = 8 GeV. Value of — for each bin is shown above the figure. The

amplitudes follow a normal distribution and the uncertainty is calculated using the

variance estimator given by Eqn. 72.
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Figure 96. Bootstrapped amplitude distribution for K™ K,n~ at E, = 10 GeV. Distributions
of the amplitudes obtained via the bootstrapping procedure outlined in §73 as a function
of —t for K*K,n~ at Ey = 10 GeV. Value of —¢ for each bin is shown above the figure. The
amplitudes follow a normal distribution and the uncertainty is calculated using the

variance estimator given by Eqn. 72.
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Figure 97. Bootstrapped amplitude distribution for K™ K;n~ at Ey = 11 GeV. Distributions
of the amplitudes obtained via the bootstrapping procedure outlined in §73 as a function
of —t for K*K,mw~ at Ey = 11 GeV. Value of —¢ for each bin is shown above the figure. The
amplitudes follow a normal distribution and the uncertainty is calculated using the

variance estimator given by Eqn. 72.
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