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Abstract

Jlab experiment E01-011, carried out in 2005 in JLab Hall C, is the sec-
ond generation of the hypernuclear spectroscopy experiments by the (e,e’K™)

reaction.

The (e,e’K™) reaction is complimentary to the associated production re-
actions (K=, 77), (7", K1) since, due to a larger momentum transfer to a

hyperon, excitations of both spin-non-flip and spin-flip states are possible.

The experiment uses high quality and continuous primary electron beam
to produce neutron rich hypernuclei on various targets by the electropro-
duction. The experimental setup consists of splitter magnet, high resolution
kaon spectrometer (HKS) and electron spectrometer (Enge) implemented in

new configuration, the so called ”Tilt Method”.

Production data was taken on multiple targets: CH,, %Li, "Li, °Be, B,
12 and 28Si. In present study the analysis of CHs, 2C and 2857 is presented.
The elementary processes of p(e,e’ KT)A/3 from CHy data were used for
calibration of the spectrometer optics and kinematics. The hypernuclear
spectra of 2B was obtained with ground state resolution of 0.47 + 0.07
MeV (FWHM), the best ever achieved. Feasibility of the electroproduction
reaction to study medium to heavy targets has been proven with the first

high resolution beyond p-shell hypernuclear spectra from 38Al hypernuclei.

The obtained results of the E01-011 experiment confirmed that hyper-

nuclear spectroscopy by the (e,e’KT) reaction is a very useful technique.
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Chapter 1

INTRODUCTION

1.1 Hypernucleus

A hypernucleus is a particle-stable nuclear system formed when one or more

nucleons in a normal nucleus are replaced by strange baryons - hyperons.

Hyperons , such as A, ¥ and Z, in SU(3); quark model classification are
baryons with spin J = 1/2 with at least one of the quarks in qqq structure
being a strange quark. Baryon octet with strangeness S = —1 hyperons is
shown in Fig.1.1. Conservation laws allow heavier hyperons to decay strongly
in the nuclear matter to A hyperons which then can decay weakly. With a
typical lifetime of 263 ps A hyperon can bound to nuclear medium and form
stable system, A hypernucleus with lifetime of 200 ps [7] [34] .

With this new degree of freedom, strangeness, hyperon is distinguishable
from nucleons and therefore does not experience Pauli blocking from nucleons
in the nucleus. With this property hyperon can populate deeply bound states
and allow us to investigate the interior structure of nuclei which is not possible
by excitation of normal nuclei. Without Pauli blocking A hypernuclear level
structure becomes narrower when compared to the the ordinary nuclei. This
effect is discussed in Ref.[5] showing that while nucleon deep hole states have
widths of few 10 MeV, widths of A bound states are on the order few 100

keV because AN interaction is weaker than the NN interaction.
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FIGURE 1.1: THE OCTET OF LIGHT J"™=1/2" BARYONS DISPLAYED ON ISOSPIN

I3 AND STRANGENESS S PLANE.

1.2 Hyperon-nucleon Interaction

There is still an ongoing effort in physics community to understand baryon-
baryon interaction. A part of this is also the study of hyperon-nucleon in-
teraction which will provide us with information on hyperon-nucleon inter-
action and the relation of hyperon-nucleon (YN) and nucleon-nucleon (NN)
forces and ultimately leading to a unified understanding of SU(3) structure
of baryon-baryon interaction [13] [90] [18] [19].

In large measure the A maintains its identity in the nuclear medium.
Thus, the structure of the hypernuclei can be described using a simple single-
particle model basis [75]. The binding energies By up to the g-shell have been
extracted from analysis if the structure observed in the (m, K) reaction as
shown in Fig.1.2. Also, the extracted depth of a local Woods-Saxon (A-
nucleus) potential well was ~30 MeV. Binding energy data can be described
[89] with a phenomenological A-nucleus potential based on a spherical Skyrme

Hartree-Fock approach as shown in solid curves in Fig. 1.2.



1.2. HYPERON-NUCLEON INTERACTION 3

With A being a isoscalar particle, since it does not posses isospin (T=0),
the long range one-pion-exchange (OPE) force as seen in NN interaction is
not present in the A — N interaction because nucleons carry isospin T=1/2
and so A and nucleon can not exchange a single pion (T=1). Without OPE
force present in the A — N interaction the short range properties of the
baryon-baryon interaction become important. The long-range component
is due to two-pion-exchange, in the three body ANN interaction, which is
overshadowed by OPE in the NN force in the ordinary nuclear physics. The
OPE is still present but only in second order through AN — XN coupling.
With the A-Y mass difference is only 80 MeV, the A (T=0) and the ¥ (T=1)
couples more strongly than the N and D in the non-strange sector. This
strong coupling leads to a non negligible tensor force in the AN channel and
could be responsible for the glue-like role of A in the nuclear medium which

shrinks the nuclear size.

Through the A hypernuclear production experiments it has been found
that the weak coupling model which assumes that the A couples weakly to
the ground and excited states of the core nucleus well reproduced observed
hypernuclear ground and excited level structures [26]. The Hamiltonian for

the particle-hole shell model configuration can be expressed as [13] [90]:

H = Hx + Hp + Van, (11)

where Hy is the nuclear core Hamiltonian, H, is A single-particle term
and Vjy is the A — N interaction. The Vjy is often expressed in phenomeno-
logical effective YN interaction by G-matrix method starting from the two-
body interaction in free space [63]. The phenomenological effective inter-
actions used: Vyny = ), Va(r), where a represents the central (V;), tensor
(Vr), spin-orbit (Vzs) and antisymmetric spin-orbit (Vars) components. The
spin-orbit splitting predicted by different models vary widely [60].

For the case of p-shell hypernuclei with a A in an s orbit, the pysa
interaction can be described in terms of five radial integrals V, A, Sy, Sy and
T. The mentioned integrals are associated with the average central, spin-spin,

A spin-orbit, induced nucleon spin-orbit and tensor terms in the potential and
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assumed to be constant across the p-shell [18]. In terms of the five integrals

the interaction can be expressed as [18] [90]:

Van(r) = Vo(r) + Vo (r)3n -8a+Va(r)ya-5a+ Vi (r)lna-8x+ V(1) S12, (1.2)

where [,y is the relative A — N orbital angular momentum and S5 is the

usual spin-tensor operator defined as:
812:3(0'1\]'72)(0'/\'72)—0'1\]'0'1\, (13)

with # = (ra X rx)|ra x rn|. The V,(r) coefficients are parametrized in a

three-range Gaussian form [111] as

Va(r) =Y (a; + bikp + cikE) eap [=(r/5)7], (1.4)

2

where kr is the Fermi momentum and parameters a;, b; and ¢; exist for

each a.

1.3 Hypernuclear production mechanisms

A A hypernucleus can be produced by two mechanisms: strangeness exchange
(K~ ,7~) and associated production (7, K) or (v, K1), (e, e/ K) reactions,
as shown in Fig. 1.3. In (K~ ,77) and (7", K1) reactions, a neutron in the
target nucleus 4Z is converted into a A which then couples to nuclear core
and forms a A hypernucleus 4Z. In contrast photoproduction (v, K*) and
electroproduction ((e, e’ K*+)) reactions convert a proton in a 4Z nucleus to A

which then couples to nuclear core and forms a neutron rich A hypernucleus
A
A(Z=1).

Strangeness exchange reaction (K, 7 ) using secondary meson beams
and associated production (7+, K*) reaction are described by elementary
processes:

K™ +n—1 + A, (1.5)
™ +n K"+ A (1.6)
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FIGURE 1.2: THE BINDING ENERGY OF A SINGLE PARTICLE STATES AS A FUNC-
TION OF CORE NUCLEUS MASS NUMBER (A) [89]. THE SOLID LINE CURVES ARE
FITTINGS TO THE DATA ACCORDING TO A PHENOMENOLOGICAL A POTENTIAL
BASED ON SPHERICAL SKYRME-HATREE-FOCK APPROACH [18] [105].
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FIGURE 1.3: HYPERNUCLEAR PRODUCTION MECHANISMS

, while photoproduction can be expressed as:

Y+p—>A+K* (1.7)

Hypernucleus can be produced with all interactions that produce hyper-
ons in the nucleus[16] but experimentally useful [76] are only those with
significant cross section and detectable reaction products. Hypernuclear pro-
duction cross section depends mainly on reaction processes elementary cross
section ( elementary amplitude), target and hypernuclear wave functions, mo-
mentum transfer to the A hyperon and absorption of incoming and outgoing
particles [5]. Characteristics of various hypernucleus production reactions [5]
are listed in Table 1.1.

. Pthreshold Pprojectile qy o
React C t
caction [GeV/c] [GeV/e] | [GeV/d] | [vb/st] R
(K—,7%) 0 0.4-0.8 <0.1 103 Substitutional A, ¥ (AL = 0)
K~ stopped 0 0.3 (A) 102 Substitutional+non-subst. A, 3
(m, KT) 0.6-0.8 1.0-1.5 >0.3 10 High J,deep Y orbits,polarization
0.65-0.9 (A tural it
(v, K1) W 004 >0.2 0.1 {nantral partty
0.73-1.05 (%) strong spinflip
(e,e’KT) 10-3 high resolution, mag. momentum
(K—,KT) 0.73-1.05 1.1-2.0 ~0.5 10 AS=-2
(p.KT) 1.6 2.0-5.0 >1.0 | <<10-3

TABLE 1.1: CHARACTERISTICS OF VARIOUS HYPERNUCLEUS PRODUCTION REAC-

TIONS [5]. MOMENTA: Pihreshold-THRESHOLD, Pprojectile-INCIDENT , Qy-RECOIL
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Cross section

In Fig.1.4 (Top), typical cross sections are shown schematically versus mo-

mentum transfer for some of the reactions used in hypernuclear spectroscopy.

The biggest cross section, of the elementary process reactions mentioned,
has the strangeness exchange reaction (K, 7~ ) with cross section up to 10
mb/sr and on the order of 5 mb/sr near px = 800 MeV/c at forward angle

after Fermi-averaging over the nucleons [18] [21].

Strangeness production (7, KT) reaction cross section peaks strongly at
pr = 1.05 GeV/c with cross section approximately one order of magnitude
smaller than the strangeness exchange cross section [29] [78]. With available
pion beams with intensities much higher than that of kaon beams the smaller

cross section can be compensated .

The photoproduction process, (v, KT) reaction, with cross section of
about 2 pb/sr, two order of magnitude less than (7+, K*) [59]. This small
cross section can be partially compensated by the high intensity electron
beam, as provided by the CEBAF at JLab.

Momentum transfer

For hypernucleus to be produced, the hyperon created with the reaction on
nucleons has to stay in the nucleus. This is described by so called ”Sticking
probability” which is largely depended on the momentum transfered to the
created hyperon. Momentum transfer (q) to the A hyperon for mentioned
reactions as a function of the incident particle momentum is shown in Fig.1.4
(Bottom). Sticking probability of the hyperon in the nucleus will be small
if momentum transfered is too large, when compared to the nuclear Fermi
momentum (pr ~ 270 MeV/c). In the situation when momentum transfered
is very small the sticking probability should be high with hyperon obtaining

orbital numbers of the original nucleon [5].

As shown in Fig. 1.4, the typical momentum transfer at zero degree
scattering angle for (K, 7~) process is 50-150 MeV /¢, while it is about 300-
400 MeV/c for (r*, KT) reaction and similarly for (v, K™) reaction. The
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FIGURE 1.4: CROSS SECTIONS AND A RECOIL MOMENTUM FOR DIFFERENT EL-

EMENTARY REACTIONS. (A) HYPERNUCLEAR PRODUCTION CROSS SECTION [44]

[78] (B) MOMENTUM TRANSFER TO THE A HYPERON IS PLOTTED AS A FUNCTION

OF PROJECTILE LABORATORY MOMENTUM P;,. THE TWO CURVES FOR EACH RE-

ACTION CORRESPOND TO THE TWO VALUES OF THE KAON (PION) ANGLE 0¥ = 0°

(LOWER CURVES) AND 0% = 10° (UPPER CURVES) [99] [5].
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(K—,7) process is exothermic, while the (7+, K) and (v, K*) reactions
are both endothermic. Common properties for both endothermic reactions
is that the momentum transfer is maximal at the reaction threshold with
slow decrease with increasing incident particle momentum going into the
saturation region. The threshold value of the 7% lab momentum for the
(T, Kt) process to take place is 0.89 GeV/c.

In the (K~,7~) reaction, as shown in Fig.1.4, a recoilless A hyperon
can be produced at the so called "magic momentum” of the incident kaon at
approximately px- & 0.55 GeV [21]. Characteristic of the (K, 7 ™) reaction,
because momentum transfered to the created A hyperon is small and at
the magic momentum of the incident kaon even zero, the orbital angular
momentum 0L = 0 and spin §J = 0 transfer to the A are favored. As a
result created A will populate the same angular momentum states as the
neutron it was created from. In the case of the hypernuclear ground state
this means that A will have the same angular momentum as the neutron in

the outermost shell. This are so called ”substitutional states”.

Contrary to the strangeness exchange mechanism, the associated pro-
duction reactions (7, K1), (v, K*) and (e,¢/K™) transfer a large momen-
tum, larger than the nuclear Fermi-momentum, to the recoil hypernucleus, as
shown in Fig. 1.4. The effect of large momentum transfer is reflected in pro-
duction of hypernuclei with high-spin hypernuclear states [5]. This high-spin
stretched configurations have maximum angular momentum, J,,.. = [, + [
for the (7*, K) reaction and Jy,4. = I, + Iy + 1 for the photo-production
and electroproduction since photons carry spin. With such a momentum con-

7 is influenced. The reaction

figuration the parity of a state defined as (-1)
(7T, K*) populates natural parity states (Jmae = I, + o) while electropro-
duction (e, e’ Kt) can populate un-natural parity states (Jpae = b, + 15 + 1)
. This also is a consequence of the dominance of the spin-dependent terms
over the spin-independent terms in the elementary transition matrix of elec-

troproduction [60].

Hypernuclear excitations functions obtained on a ?C target by the (K~ 77),
(7T, K*) and (e,e’Kt) hypernuclear production mechanism are shown in
Fig.1.5 [78].
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FIGURE 1.5: COMPARISON OF THE EXCITATION FUNCTIONS TO BE OBSERVED IN
THE (K~,77), (77, KT) AND (e,e/ KT) REACTIONS ON A '2C TARGET [78].
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1.4 Hypernuclear Experiments

1.4.1 Overview

The first observation of a hypernucleus, as shown in Fig.1.6, was made by
M. Danysz and J. Pniewski [14] in a balloon-flown, 600 um thick, glass-
blacked Ilford G5 emulsion plate. The A hypernucleus was formed by cosmic
ray and identified by its decay product [15]. This marked the beginning of
hypernuclear physics.

The most of the observed hypernuclei are A hypernuclei, when a single A
is bounded to the nuclear core represents, and as such have been extensively
studied [76]. Events have also been found which attribute to the formation
of S = —2 AA hypernuclei [108]. Because heavier hyperons, such as ¥ and
=, decay via strong decay the >+ N — A+ N and =+ N — A+ A processes
the formed > and = hypernuclei are unstable a width less than 5 MeV for
such configuration would be remarkable. 3 hypernuclei were also studied
and measured peak structures show a width of 7-8 MeV [32] [61].

Following O. Hashimoto and H. Tamura [78], the experimental develop-
ment of hypernuclear spectroscopy may be divided in four stages: studies
by the emulsions, counter experiments with (K, 7~ ) reaction, use of the

associated (71, K) reaction and 7-ray spectroscopy and (e, ¢’ KT) reaction.

Summary of the A hypernuclei, which have been identified experimentally

so far, are summarized in Fig. 1.7.

First stage: emulsion technique

In this stage first observation of hypernucles was achieved, as shown in Fig.
1.6. Shown are the tracks of particles in a photographic emulsion. A cosmic
ray, marked "p” in the figure, has collided with a nucleus in the emulsion.
One of the fragments from the collision decayed to lower down the cross point
marked as B to produce three new tracks. The faintest of these, traveling
towards the lower left (and marked 3 on the original), is probably due to a

pion. Reconstructed energy in the disintegration process is consistent with
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FIGURE 1.6: THE FIRST OBSERVED HYPERNUCLEAR DECAY IN A PHOTOGRAPHIC

EMULSION BY M.DANYSZ et al. [14] .
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the decay of a lambda particle in the original nuclear fragment.

In this stage hypernuclei were produced by incident cosmic rays and sec-

ondary meson beams on emulsions or bubble chambers. This stage provided

measurements of binding energies of only light hypernuclei (3 < A < 16)

ground states (and a few excited states) from weak decay of A hypernuclei
[30]. The A potential well depth was found to be approximately 2/3 of the

nucleon potential.

The results of this experiments [15] showed that biding energy of A in-

creased with higher mass number (A) of the nuclear core on the order of 1

MeV per nucleon in the core. Possibility of charge symmetry breaking was

suggested due to a small difference in the A binding energy of the mirror

hypernuclei 4 He and 4 H.
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Second stage: counter experiments with K~ beams

The second stage in the hypernuclear spectroscopy, started in the 1970s with
the counter detector experiments through the use of low momentum, high
intensity K~ beams, first at CERN (Centre Européen pour la Recherche
Nucleaire) [23] and later at Brookhaven National Laboratory (BNL). Spec-
troscopic studies including excited states of hypernuclei became possible by
the (K~,7~) reaction. After the first experiment by the (/K,,, 7~) reaction
[40] the study of the hypernuclei continued with the in-flight (K, 77) reac-
tion near the magic momentum producing an almost recoilless hypernuclei

[64] [65] [66] [8] [48] [49] [50].

The major impact of the in-flight (K ~, 77) reaction was on the possibility
to study light p-shell hypernuclei. From measured data it was concluded that
the spin-orbit splittings of A orbits are very small [66]. Problems encountered

were due to low statistics and low beam intensities oof K~ beams.

Third stage: use of the associated (7, K1) reaction

In the mid 1980s, a new program using the associated production reaction
(7*, K*) began at the alternating gradient synchrotron (AGS) of Brookhaven
National Laboratory (BNL) on a carbon target [91] . This usage of this
reaction in the hypernuclear investigations was studied previously, but due
smaller cross section when compared to the (K, 77) reaction [74] [42] [51]
it was not considered suitable for spectroscopy. High intensity pion beams

compensated for the small cross section.

Since then A hypernuclear spectroscopic studies were done on the higher
atomic mass targets, up to the A=89, at BNL [100] but also at the 12 GeV
proton synchrotron (PS) of the High Energy Accelerator Organization (KEK,
Japan) [41] .

Hypernuclear mass spectra with an energy resolution of 1.45-2.0 MeV
(FWHM) up to a mass number of A=208 were measured with finished Su-
perconducting Kaon Spectrometer (SKS) at the KEK [53] [45] [77]. High-

quality A spectra were measured and deeply bound states, such as s, and
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pa, were identified for various A hypernuclei. Fine peak structures related to
core-excited states were observed for light hypernuclei of ° B and }?>C helping
to understand the AN interaction by precise comparisons with configuration
mixing shell model calculations [12] [84] [83]. This effort established hyper-

nuclear spectroscopy as a broadly applicable, quantitative tool.

Fourth stage: -ray spectroscopy and (e,¢’ KT) reaction

New era in hypernuclear investigations began in the last decade with develop-
ment of two new experimental techniques based on electromagnetic probes:
the y-ray spectroscopy [33] on the hadronic hypernuclei production reaction

and hypernuclear spectroscopy with the (e, ¢’K™) reaction [56].

The use of v-ray spectroscopy in the hypernuclear spectroscopy was in-
troduced in 1970s [23] but only recently the full capabilities of its usefulness
has been exploited. The gamma rays are produced by selected transitions of
excited hypernuclear states produced by the reaction (K~, 7 ) or (77, K1).
The first observation of v-ray transition on the p-shell A hypernuclei was
done at the BNL-AGS [88] [87]. With the use of a germanium detector ar-
ray called Hyperball at KEK, precision spectroscopy has been carried out
with unprecedented resolution of a few keV [33]. Further y-ray spectroscopic
studies with the Hyperball have been done at KEK [38] [37] [69] and at BNL
[31] [43].

With such a resolution the investigation of A hypernuclei structure by ~
spectroscopy allows us to study in detail the AN interaction, especially the
spin-dependent interactions (spin—spin, spin—orbit, and tensor interactions),

the AN-XN coupling interaction and charge symmetry breaking.

The second important development in the hypernuclear spectroscopy is
the use of the (e,e/ K™) reaction. The high quality, high-intensity CW elec-
tron beams available at the Thomas Jefferson National Accelerator Facility
(JLab), USA, permitted the first successful (e, e’ K) spectroscopy measure-

ments [56] [39]. More on the obtained results in the following section.

A better understanding of the interior structure of the A hypernuclei
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is expected by combining absolute mass levels obtained by the (e, e’ K™)
spectroscopy and spin doublet splittings values obtained by the ~-ray spec-

troscopy.

1.4.2 E89-009 experiment

The first successful hypernuclear spectroscopy measurements by the elec-
troproduction (e,e’ K™) reaction was carried out at the Thomas Jefferson
National Accelerator Facility (JLab) in the year 2000 by the E89-009 experi-
ment : ”Investigation of the Spin Dependence of the AN Effective Interaction
in the P Shell” (HNSS for Hyper-Nuclear Spectroscopic System) [80].

The HNSS experiment showed that high resolution hypernuclear spec-
troscopy with the (e,e/ K™) reaction is possible [56] [39]. The zero degree
electron tagging method was used to maximize the hypernuclear yield. The
hypernuclear mass resolution was affected by the hadron spectrometer mo-
mentum resolution and acceptance and high background rates of the brems-
strahlung electrons in the electron spectrometer system (Enge). To minimize
the high background rate in the electron arm the used beam intensity had to
be low (< 1pA for 12C target ) resulting in a small hypernuclear production
rate.

The obtained hypernuclear mass spectra in the HNSS experiment from
CH, and '2C target are shown in Fig.1.8. Characteristic A single particle
states corresponding to sy and p, orbits, as well as a few core excited states
are clearly seen in the 2B hypernuclear mass spectra. The resolution of the
12B ground state was 750 keV (FWHM), the best resolution at the time.
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1.5 Electroproduction of Hypernuclei

The basic characteristics of photoproduction interactions (v, K*), with real
(y+p— Kt + A) and virtual photons (e +p — ¢ + KT + A/X0), are large
momentum transfer (q>400MeV) to the created hyperon and the strong spin-
flip (AS = 1) terms. The spin-flip, due to the virtual photon v* spin, means
that photoproduction reactions will excite states with natural and unnatural
parity. The spin-flip unnatural parity states with J = Ju. = 1, + 14 + 1
are suppressed in (K, 77) and (77, K1) reactions. Thus photoproduction

reactions are complementary to hadronic reactions.

The disadvantage of the photoproductions is that, due to large momen-
tum transfer, the cross sections are strongly suppressed by the nucleus-
hypernucleus transition form factor. On the other hand, in contrast to the
purely hadronic processes, target nuclei are essentially transparent to the in-
cident photons and the distortion of K is rather small. Due to transparency
of the nuclei to the incident photons deeply bound particle-hole states can
be formed with A deep inside nuclei for heavy nuclei. Additionally, since
(e, e’ KT) reaction uses low emittance and high energy stability (< 107%) pri-
mary electron beam the beam energy uncertainty is very small. With well
defined beam energy, high beam intensity and high resolution spectrometers
hypernuclear states can be observed with sub-MeV resolution which may

allow us to observe the spin-orbit splittings for high orbital states.

In contrast to the hadronic processes, which produce hyperons in interac-
tion with neutrons, in the electroproduction (e, e’ K™) interaction hyperons
are created on protons and so, for zero isospin T = 0 nuclei, it will excite
neutron rich 7' > 0 mirror hypernucleus to (K, 7~) and (7, K) reactions.
By studying the mirror hypernuclei, created by (e,e’K*) and (K~,7~) or
(7", KT) reactions, Charge Symmetry Breaking effect (CSB), expected to be

significant for heavy hypernuclei with large neutron excess, can be studied.
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FIGURE 1.9: KINEMATICS OF THE ELECTROPRODUCTION. THE INITIAL (pe)
AND FINAL (p/) ELECTRON MOMENTA DEFINE THE SCATTERING PLANE zz. THE
TRANSFERRED MOMENTUM ¢ = p, — Per DIRECTED ALONG THE Z-AXIS, AND THE

MOMENTUM OF THE KAON pg-+ DEFINES THE REACTION PLANE.

Elementary amplitude and kinematics

The kinematics of the electroproduction reaction, the elementary process of

electron scattering from proton, as sketched in Fig.1.9, can be written:

e(pe) + p(pp) = e(per) + Alpa) + K (px+), (1.8)

where variables in the parentheses represents the four-momentum of the

corresponding particle.

The four momentum of the virtual photon ¢ = (w, ) transferred to the
nucleon is defined by ¢ = p, — p. and w = E, — E.. An azimuthal angle ®x+
defines the angle between the scattering and reaction planes. The differential

cross section of the process, Eqn. 1.8, may be written as [96]:



20 CHAPTER 1. INTRODUCTION

d Ee Me My Me dp_é’ 1 dp?( ma dp_j\
o= ——— _
pe Ee E, Eo (21)3 2EK (27)3 Ep (27)3

(27)*6* (pp+a—pr—pa) Z | M|
spins

(1.9)

The transition amplitude My; can be written as the invariant product of

leptonic (j,) and hadronic (J#) currents:
: L,
My :]u(pe’ape>?=] (4, Pp, Pxc; PA) (1.10)

The triple-differential cross section can be written as the product of lepton

L,, and hadron tensors WH":

Ao
AE.dQ,, dc+

= L, WH (1.11)

The lepton tensor L,, can be written as:

2me
L = 2 > dulper, pe)iif (per, pe) (1.12)

spins

= L;,, +L8, (1.13)
= 2(pe’upez/ + peupe’l/) - g,uVQQ + Qimee,ul/aﬁqaqﬁ (114)

The hadron tensor WH* can be written as:

1 mpymy \pK |
Y= == [ dlpi |5 dpid? —py—
v (2m)3 EpEn / e |5 —@PA0 ™ (Pa + P — pp — 4)
1
) >, J“(p]KpA,ppq)J”+ (prA,ppq) (1.15)

spin

The hadron current for electroproduction of pseudoscalar mesons can be
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written as a sum of six independent gauge invariant terms:

T (o +pasppa) = D Adi(pa) ML "u(py) (1.16)
My = %%{(7-61)7" —7"(v- @)} (1.17)
MY = ys{g’ph — (¢ pp)d"} (1.18)
M = ys{a’ph — (¢ pa)d"} (1.19)
My = w{v"(a-pp) — (v O)pp} (1.20)
Mg = v{y"(q-pa) — (v- )P} (1.21)
Mg = %75{(7-61)(1“ — "¢’} (1.22)
The detail description of the scalar form factors A; is given in [35].
Performing the integration in Eqn.1.15
W = (2717)3 Tgigf ll]g;z ; J“(PKPA,PpQ)JV+ (PxPA, DY)
L bRl g, (1.23
(27)3 E,Ex AExR
g o IRl s
Ex  pxEn

where py and |Pk + | are fixed by the energy and momenta conservation.

In the reference frame where ¢]|2 and the xz-plane is defined by electron

momenta, the triple-differential cross section can be written as [35] [96]:

d*o 1 o*Es 1
= — = (W4 W 1.24
AE d., dQ+ |ve —vp| Q% E. 1 — 6{( + ) ( )
Q° Q?
+ €W = W) 4 26— W= — [ 2¢(1 + €)— (W™ + W*)}
w w
where (y = e*/4m = 1/137, Q* = —¢*> > 0 and
2|12 0,
e=(1+ ] tan® =) (1.25)

Q? 2
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with the electron scattering angle of 6,.

Finally, putting |ve —v,| = (pe-pp)/(EE}) (for m. = 0), the cross section

18:

d3c 1 o? Eom, malpg+? = .
- W + W¥) (1.26
dEe’dQea dQK+ (271')3 Q2<1 — 6) (pe . pp) 4EAEK + R{< + ) ( )

e QP Qo
+ (W™ —W%W) + QEFWZZ —1/2¢(1+ E)E(sz + W*)}

To express the cross section Eqn.1.26 in the form that allows an easy

connection to the photo-production (by real photons), the effective photon
energy FE. and the virtual photon flux I' (commonly evaluated using the lab

frame) are defined:

2

q
E, =w-— 1.27
v =W 2m, ( )
Lab
(6% 1 Ee/mp /_/:\ (6% E'Y Eel (128)

= e
2m2Q% 1 — € (pe - pp) | 212?11 — ¢ E,

The effective photon energy E, represents the energy of the real photon
that would yield (in the lab frame) the same s = (p, + p,)? as the actual

virtual photon in the electroproduction.

Then separating the ®x+ dependent part and I'', the triple-differential

cross section is written as [6] [52]:

d3o dot doy, o doy

T b 5 (1
JE a0 dne " Vane T ane Ao TV 90

cos 2Pk +}.29)

where o, o1, op and oy are called transverse, longit