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ABSTRACT OF THE THESIS
KAON PHOTOPRODUCTION OF THE PROTON:
CONTRIBUTION OF HIGHER ANGULAR MOMENTUM AND ENERGY
RESONANCES
TO THE CROSS-SECTION AND POLARIZATION ASYMMETRIES
THROUGH AN EFFECTIVE LAGRANGIAN MODEL
by
Alejandro M. de la Puente
Florida International University, 2008
Miami, Florida

Professor Oren Maxwell, Major Professor

The differential cross-section and polarization observables in the process y+p — K+ +
A are studied within an isobaric approach that includes resonances with total angular
momentum J < % over a center of mass energy range from W = 1.6 GeV to W = 2.6 GeV.
The model is used to fit recent experimental data as a function of the coupling products
at the photon and strong vertices for the well established low energy resonances, as well as
the total decay width for the high energy less well-established resonances.

The model employed in this study is based on an effective hadronic lagrangian using
a tree-level approximation. The model uses Feynman diagrammatic techniques to extract
the interaction vertices at a first order level in perturbation theory.

To extract the coupling strength products involved in the reaction, a x2-minimization
technique is used to fit experimental data. The results suggests that both differential
cross-section and double polarization observables need to be fit simultaneously to obtain
an accurate description of the data. In addition, it was found that while resonances with
angular momentum J = % do not couple strongly to the K A channel, higher energy states
with J = 32— do couple strongly to the KA channnel and are highly relevant for an accurate

description of the data at energies beyond 1.9 GeV.
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Chapter 1

Introduction

Nuclear physicists study the structure of matter, and try to describe its interactions at
a nuclear level. Theoreticians in nuclear physics use models that allow them to predict the

properties of matter.

The reaction of interest for this study is the photoproduction of kaons from a proton
target. To fully understand this reaction in an intermediate energy regime, it is important

to study and include all well-accepted resonances.

1.1 Photoproduction

The overall photoproduction of mesons started with the works of Thom [1] and Renard [2]
over 30 years ago and has been an extremely interesting topic of research since. This
area of nuclear physics brings insight into understanding quark-model related research and
experimental observation. A substantial number of Quantum Chromodynamics (QCD)
inspired models have theorized the existence of a wide spectrum of baryonic and hyperonic
excited states, i.e. resonance states. It seems that QCD, which appears to be the correct
theory for strongly interacting particles, predicts more resonances than have been seen

through analysis of experimental data.



The study of photoproduction has become an excellent tool for nuclear physicists since it
is used mostly to probe the internal structure of both the proton and the neutron. There is
still much to learn about the internal dynamics, as well as the spin and flavor structure of the
nucleon. The resonance spectrum has been mostly studied by the production of pions and
agrees well with predictions of various quark models. However, strangeness does not play a
role in pion production reactions, and thus, pion reactions cannot be used to sudy hyperons
and their excited states, which have been predicted with the same degree of significance.
Furthermore, a large number of heavier less well-established nucleon resonances have heen

predicted but are not evident through pion photoproduction.

1.2 Quark models and strangeness production

Unlike pion photoproduction, the production of kaons introduces the strangeness degree
of freedom. Quark models that study the spectrum of observed and predicted baryons
incorporate the strange quark with a similar mass to the up and down quarks. Quark
models make use of symmetries that govern interactions and use the language of group
theory to arrange hadrons in representations of fundamental groups, such as flavor in an
SU(3) Lie algebra. Quark models using flavor SU(3) have predicted with great success

various fundamental properties of the hadrons’ ground and excited states [3].

A larger symmetry has also been proposed and takes into account the intrinsic spin
belonging to the constituent quarks and their relative angular momentum. The particles
belonging to this group are members of representations of the group SU(3)® SU(2) ® O(3).
This group representation has been used to explain the spectrum of excited states of hadrons.
It also predicts symmetry relations of the interactions between mesons and baryons of

different spins [4, 5, 6, 7, 8].



Due to the difference in mass between the v, d and s quarks, it has been very difficult to
associate the wide spectrum of excited baryon and meson states with the right irreducible
representations of the different symmetry groups. There is no clear explanation yet on why

different flavors of quarks attain different masses.

1.3 Effective Models

Experiments in kaon photoproduction taken place within the medium energy regime,
that is from threshold at 1.6 GeV up to, recently 2.6 GeV. In fact, cross-section and double
polarization data for this energy region with high quality statistics are now available and
have been made public by the CLAS collaboration [9, 10, 11]. Unfortunately, this energy
regime is too low for a theoretical description using fundamental theories such as perturba-
tive QCD or global symmetry models such as SU(3) and SU(6). Therefore, QCD cannot
yet give a complete and concise picture that describes the reaction of interest as well as a

full description of the wide spectrum of hadrons and mesons that exist in nature.

Effective models such as the isobaric approach bypass the difficulties encountered within
the nonperturbative region of QCD by treating the interacting hadrons as fundamental
point-like particles. They also assign to the photoproduction reaction a set of unknown
coupling constants characterizing the different excited states involved, which are treated as

parameters within a fitting scheme to experimental data.

In effective models, such as the one described in this study, the parameter that one tries
to accurately extract is the leading coupling constant, gxnys. This parameter determines
the strength of the interaction between the kaon, proton, and lambda particles. Quark
models such as [3] can be used to extract the leading coupling, using symmetry relations,
from well established couplings such as grnn. The correct value for the g;ny coupling has
been deduced using QCD sum rules [12]. QCD sum rules have also been used to calculate

gr A with results well within the value predicted using SU(3) flavor symmetry [13].



Effective models in photoproduction are thus designed to provide more comprehensive
knowledge of the production of strangeness as well as answer why and how the mediators
in the reaction couple to hyperons, baryons and mesons. They also rely heavily on present
experimental data, making them an excellent tool for understanding why there seems to be

such a wide spectrum of resonances.

1.4 Motivation

There has been extensive research devoted to the modeling of strangeness photoproduc-
tion data with hopes of extracting the leading coupling constant, as well as the various
couplings to the intermediate nucleon and strange resonances, N* Y* respectively. Reso-
nances carry intrinsic spin, S, like their born-term counterparts and angular momentum
L due to the motion of the constituent quarks. Resonances grouped in multiplets (similar
mass) have the same total angular momentum, J, and parity of their spatial wavefunction.
Most previous studies, such as the ones by Adelseck [14] and Maxwell [15], have not incor-
porated states with total angular momentum greater than —% Adelseck argued, based on
previous literature, that since most experiments were conducted at energies near threshold,
high angular momentum states could not be easily excited and thus were not necessary.

3

The exclusion of resonances with J > 5 was also due to a lack of well established data

above the energy of 1.9 GeV.

There have been other theoretical models that do include resonances with J = %, such as
those described by Lamot [16] and Mizutani [17]. These two works discussed in depth the
nature of the spin g— vertices as well as the prescription for the propagator in the s-channel.

The u-channel contribution of spin % has not been included in previous models.

As mentioned in Section (1.3), at experimental facilities, such as CEBAF at Jefferson
Laboratory, enormous effort has been put into studies of the photoproduction of kaons from
a proton target. High quality low energy data is now available below 1.9 GeV and can be

used to obtain a better description of the reaction when compared to previous theoretical



models. The data for energies above 1.9 GeV motivates us to incorporate the well established
spin g— resonances as well as higher-energy spin % and % resonances. This energy regime
is particularly interesting since the latest version of the Particle Data Book [18] does not
contain any well-established nucleon resonances at around 1900 MeV with J = %, % There
is a wide overlap of less well-establshed resonances around this energy. The model will
incorporate two J = % states, one Pi3 resonance at 1900 MeV and one Di3 resonance at
2080 MeV. The latter has been shown to play an important role in the analysis of the data
by Sarantsev [19] and has also been discussed as part of the missing resonance problem by
Benhold and Mart [20, 21]. In addition, theoretical models, such as a relativistic quark
model by Capstick and Roberts [22], predict multiple states around 1900 MeV, that couple
strongly to the K+ A channel. States in this group, such as a Pj3 state at 1950 MeV and
a Djy3 at 1960 MeV could correspond to those taken from the Particle Data Book and

incorporated in this study.

With the additional resonances, it should be possible to fit the cross section data [9]
and polarization observables {10, 11] for this reaction more accurately. Better knowledge of
the coupling constants involved in the reaction and the mechanism for the production of
strangeness will also be available through this phenomenological approach. Furthermore, it
should be possible to deduce the number of effective parameters in the fit by determining

which resonances couple strongly to the KA channel.



Chapter 2

The theory of quarks

Contents
2.1 TheQuarkModel ... ... .. ... .. ... ... ...... 6
2.1.1 Theearly 1960°s . . . . . . . ... 7
212 Colorand QCD . . . . . . . . ... . 10
22 SUB)@OB)model . . .. .. ... ... . e 12

. This chapter provides a brief introduction to quark models, in particular the SU(6)® O(3)
model. It also introduces the theory of QCD, and what motivated its origin. Quark models,
make use of symmetries to study the spectrum of particles that have been shown to play an
important role in the analyses of experimental data of pion and kaon production reactions.
The symmetries that quark models introduce are not exact in nature, as can be seen from the
mass splitting between the particles belonging to the SU(3) flavor irreducible representation;
nonetheless, quark models provide useful guidelines for the introduction of resonances into

effective lagrangian models, such as spin-parity assignments.

2.1 The Quark Model

QCD is believed to be the correct theory of the strong interaction. It has had incredi-
ble succcess explaining the behavior of matter at high energies where the strong coupling
constant can be taken close to zero and one is able to do perturbation theory to extract
physical obervables. On the other hand, the confined nature of QCD in the low energy

regime makes it difficult to do first principle calculations to extract observables.



Most of the nucleon resonance spectra observed in kaon and pion photoproduction ex-
periments occur within this low energy regime, up to 3 GeV. One has to rely on different
phenomenological models to explain the properties of the excited states of baryons and

hyperons.

2.1.1 The early 1960’s

In the early 1960’s Gellman [23] and Zweig [24] introduced the theory of flavor SU(3)
symmetry. This theory assumed the strong interaction to be invariant under continuous
global SU(3) transformations. This model treated as fundamental particles three quarks
with three different flavors: strange (s), up (u), and down (d) with their corresponding

anti-particles.

1 0 0
u=1| 0 |d=]1}|s=1]0 1. (2.1)
0 0 1

The model properly explained the structure of the observed baryons as triplets of quarks

and mesons as a quark anti-quark pair.

Quarks are fundamental particles obeying Fermi-Dirac statistics with spin % and baryon

number equal to % This model was able to accurately assign the right combinations of

quarks to the observed baryons and mesons by assigning the right quantum numbers to the

quarks.
qi
an
i
M=| " (2.3)
4

The theory grouped the u and d quarks in an isospin doublet due to their small difference

in mass and assigned the heavier strange quark to an isospin singlet, Table (2.1). As



Flavor Mass Electric charge Baryon number Strangeness Isospin /I,

up (u) 5 MeV 2 % 1 %
down (d) 10 MeV -1 1 0 -3
strange (s) 200 MeV ~3 3 0 0

Table 2.1: Fundamental particles in the SU(3) model.

baryons and mesons are observed to have integer charge, fractional charges were assigned
to the quarks. The strong interaction is observed to be isospin invariant with the SU(2)
(isospin) group as a subgroup of flavor SU(3). This led to the realization that iso-symmetry
had to be taken as a conserved subgroup of SU(3) with the same diagonal operators as
ordinary isospin, I, and I?. It followed then that the charge operator could be related to
the z projection of isospin and the strange and baryon number operators related by the

Gell-Mann-Nishijima formula [25].
1
Q=L+§w+8) (2.4)

Particles whose bound states are made of a quark-antiquark pairs are labeled mesons and
have either total spin S = 0 or S = 1. When the relative angular momentum L between the
quarks is 0, the quark antiquark pair combine to form an octet and a singlet in flavor SU(3)
with total angular momentum J = L + S = 0 for S = 0, and parity P = (—1)/T} = —1 of
the wavefunction.

33=8a1. (2.5)

A second ground state configuration is also possible for L = 0, but the two quarks have
their spins aligned and are referred to as the ground state vector meson configuration. Both

the pseudoscalar and vector ground state mesons are shown in Table (2.2).



Unlike mesons, baryons are bound states of three quarks. They combine to form a total

spin system of S = é— or Sz%
333=100808s1. (2.6)

The decomposition shown above is purely for particles. The antipartcles will form their
own decuplet, octet and singlet respectively. The first SU(3) multiplet corresponds to the
ground state baryons with L = 0 and parity P = (—=1)* = +1 and is shown in Table (2.3)

with the proton and neutron being members of this J = %+ octet.

S=0
particle mass (MeV) quark content strangeness charge

T 140 ud 0 +1
T 140 du 0 -1
70 135 dd 0 0
K+ 494 us +1 +1
K- 494 ST -1 —1
KO 498 ds +1 0
& 498 sd -1 0
n 548 Ul 0 0
n 958 53 0 0
S =
ot 770 ud 0 +1
o 770 i 0 -1
P° 770 dd 0 0
K** 892 us +1 +1
K* 892 ST —1 -1
K*0 892 ds +1 0
o 892 sd 1 0
w 784 ul 0 0
& 1019 S35 0 0

Table 2.2: Ground state pesudoscalar and vector mesons within flavor SU(3) [26]

However, the model presented a major problem. The wavefunction of the quark system

has to be antisymmetric, that is no two quarks can be in the same quantum state. The



5=1

particle  mass (MeV) quark content strangeness charge

P proton 938.3 uud 0 +1

N neutron 939.6 udd 0 0
h 1197.4 dds -1 -1
x0 1192.6 uds -1 0
»t 1189.4 UUS -1 +1
=" 1321 dss -2 -1
=0 1315 uss -2 0
A 1115.7 uds -1 0

Table 2.3: Ground state baryon octet within flavor SU(3) [26]

discovery of the A™* particle in the 1950’s did not appear to have the right wavefunction
within flavor SU(3). This particle was observed to have a totally symmetric wavefunction,

which was forbidden by the Fermi-Dirac behavior of baryons.

2.1.2 Color and QCD

The theory of flavor SU(3) was very successful in explaining the observed hadron spec-
trum, but it is not an exact symmetry of nature; the strange quark is heavier than its up
and down partners. Furthermore, the SU(3) flavor model predicted in many instances a
symmetric wavefunction under the interchange of two quarks which violates Fermi-Dirac
statistics. The reconciliation between the quark model and Fermi-Dirac statistics came with
the introduction of a new quantum number by theorists such as Greenberg in 1964, and
later supported by experiments at SLAC and MIT. They proposed that each quark would
carry a hidden quantum number referred to as color charge and that each quark could come
in one of three different colors: red, blue and green. Each quark was then represented by a

color triplet.

1 0 0
g=R-{ o0 |+B-| 1 |+G-| 0 |. (2.7
0 0 1
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R, B, and G refer to the red, blue, and green basis coeffiecients. A pure red quark will have

both B and G = 0.

This additional degree of freedom makes the wavefunction antisymmetric since no two
quarks are allowed to have the same color. With this additional degree of freedom, a

wavefunction of the form
lgqq >= (|spatial > |flavorSU(3) > x|spin >)g X |color >4 (2.8)

is assigned to each hadron. A refers to antisymmetric and S to symmetric under interchange
of any two quarks. The resulting wavefunction is antisymmetric and hence obeys Fermi-

Dirac statistics.

The theory of QCD, assigned each quark of a particular flavor to the fundamental repre-
sentation of a local SU(3) non-abelian gauge group in which the group operators (gluons)
change a quark of one color to another color leaving the flavor unchanged. The discovery
of asymptotic freedom in 1973 by Gross and Wilczek [27] led to the realization that QCD
would be a good candidate for the strong interaction. Unlike flavor SU(3), color SU(3) is

believed to be an exact theory of nature.

In addition to asymptotic freedom, non-abelian gauge theories experience confinement.
The coupling constant between two quarks increases with their separation distance. This
property of QCD gave the correct explanation as to why baryons and mesons are color

singlet bound states of quarks. The lagrangian of QCD as given by Cheng [28] is
1 oS
Locp = —5trGu G + > Wiy Dy — M) g (2.9)

k=1

where G represents the QCD gauge field tensor. The non-abelian nature of QCD is

inherent in the commutation relation satisfied by the gauge fields (gluons).

Gu = 0, A, — 0, A, —ig[A,, A)). (2.10)
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The occurrence of confinement at low energies represents a real problem for physicists
today since it is still not clear as to how low energy QCD should be approached. One

particular problem is the wide spectrum of hadrons with masses within this energy domain.

2.2 SU(6) ®O(3) model

The octet model has been very successful in explaining the ground state spectrum of
baryons as well as how the two irreducible representations (8) and (10) of flavor SU(3)
baryons couple to both ground state strange and nonstrange mesons. Furthermore, the
symmetry relations within SU(3) multiplets give predictions for mass mixing effects as well
as the strengths of the coupling constants between baryons and mesons to the extent that

this symmetry is realized in nature [3].

The fact that many baryons have been observed to have total angular momentum J > %
and negative parities has led many to believe that baryons belong to a higher symmetry
group. Just as the constituent quark picture led to the octet model, models in which
angular momemtum couple to spin generate the higher state spectrum of strange and non-
strange baryons. A model in which flavor couples to spin is based on an SU(6) symmetry
group. The relative motion between the quarks can be treated through the rotational
invariant group O(3). This model has been extremely successful in explaining the spectrum
configuration of both ground and excited state baryons. It has also predicted allowed
transition amplitudes as well as mass mixing effects between states belonging to different

irreducible representations of SU(6) ® O(3) [4, 5, 6, 8, 22].

The widely accepted version of SU(6) @ O(3) is one that only contains symmetric irre-
ducible representations of the group. The antisymmetric total wavefunction for baryons
is then obtained from the color antisymmetric part of the wavefunction as discussed in

Section (2.1.2). The flavor-spin part of the wavefunction is obtained from the SU(6) part

12



of the group, and the spatial part is obtained from an interaction Hamiltonian that de-
scribes the relative motion between quarks. This Hamiltonian can be well described by a

three-dimensional harmonic oscillator potential such as the one employed by [4]

Within SU(6) ® O(3), quarks can couple their spins to § = 312-, % The flavor-spin coupling

can be expressed mathematically by
626 ®6 =256g® 70N @ 70N P 204, (2.11)

where S, M and A denote the symmmetric, mixed symmetric, and antisymmetric properties
of the spin-flavor wavefunction under inter-change of any two quarks. The flavor-spin part

of each of the SU(6) multiplets is given by

565 = (10,4)+ (8,2)
T0m = (10,2) + (8,4) + (8,2) + (1,2)

205 = (1,4)+(8,2). (2.12)

The assumption that the hamiltonian describing hadrons be invariant under SU(6) trans-
formations was mainly due to the dimensionality of the symmetric 56 multiplet which ac-
counted for the 40 spin % and 16 spin % positive parity states that occurred within flavor
SU(3). The observation that the spectrum of nucleon resonances appeared as three-quark
excitations into well defined bands was well described by the O(3) rotaional invariance of the
hamiltonian governing these particles [29]. The excitations can be explained by those that
arise from a harmonic oscillator potential which involves both radial and angular momen-
tum excitations between quarks. It is not yet clear as to which are the effective degrees of
freedom that dominate the spatial interaction between quarks. One approach is to treat all
three quarks independent and define two relative radial coordinates as well as motion with
respect to the CM of mass. Another approach is to treat two quarks as an effective diquark
particle and define two radial coordinates, one describing the diquark-quark excitation, and

one the motion with respect to the center of mass.
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This study includes strange and non-strange resonances with total angular momentum
J < —g— In the shell model described in [4], the composite structure of the hadron is due to
a three quark system interacting via harmonic oscillator forces. The independent degrees
of freedom are the relative motions between the quarks together with the center of mass
motion. From such a dynamical model and the assumption that the total wavefunction
representing the hadron must be symmetric when both spatial and spin-flavor wavefunctions
are combined, one can arrange hadrons into multiplets of the unitary group SU(6). SU(6)
symmetry mixes hadrons which couple their spins to S = —32- and § = -}3- The harmonic
oscillator shell model then incorporates the O(3) symmetry of the hamiltonian and couples
the orbital angular momentum to either spin. A hadron in its ground state belongs to the
symmetric 56 multiplet and has total orbital angular momentum L = 0. When S and L
combine, the total angular momentum J also couples to either J = % or J = % The case
is different when the quarks are in an excited state such as the negative partity L = 1~
state. Since this state corresponds to an antisymmetric spatial wavefunction, one can only
arrange particles with J = g—, %, % to a mixed symmetry multiplet of SU(6) such as the 70

multiplet. This multiplet can be decomposed into its SU(3) and SU(2) multiplets given by
70m = (10,2) + (8,4) +(8,2) +(1,2) (2.13)

as in Eq. (2.12). In SU(6), an SU(3) octet of § = % states mixes with a SU(3) decuplet,
octet and singlet of S = -é— The mixing that occurs between S = % and § = % state has been
studied extensively by [8] as well as their decays into the ground state of SU(6), 56 L =0
by pion emission. All the decays that occur from the first excited state into the ground
state can be related through SU(6) symmetry relations, but the high degree of mixing that

occurs between states with higher angular momentum at energies around 2 GeV makes the

task of calculating decay amplitudes more difficult.

What has been covered in this section are some of the essential ideas pertaining to quark

models. Like flavor SU(3), SU(6) is not an exact symmetry of nature, and therefore cannot
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give a cosncise description of the resonances that have been observed to contribute to the
cross-section in both pion and kaon production. In addition, they seem to predict far more
resonances [22] than the experimentally established ones given in Particle Data Tables [18].
Nonetheless, they provide with useful approximations on masses and decay amplitudes for
states that may be included in phenomenological models that try to fit experimental data
to study the contribution and behavior of resonances with higher angular momentum, such

as the effective lagrangian employed in this study.
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Chapter 3

Photoproduction of K™
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In this chapter we examine the overall mechanism for the photoproduction of a K meson
from a proton at rest in the laboratory frame using a real photon as probe. The kinematics
in both the laboratory (LAB) frame and center of mass (CM) are discussed. We then
look at the three possible mechanisms that involve the excitation of one intermediate state.
Each of these depends on a particular invariant kinematical variable defined in the previous

discussion.

Section (3.2) applies kinematics in the CM frame to calculate the cross-section for the
inelastic scattering of two particles and its relationship to the reaction’s amplitude. The
polarization observables are then introduced to take into account the different quantum

states of the particles and how they affect the cross-section. The details of the amplitude
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and its derivation depend on the dynamics of the reaction and the specified mechanism for
the production of a K*. This is covered in the following chapter but its general relationship

to Feynman diagrams is included in Section (3.2.3).

3.1 Photoproducion mechanism

3.1.1 Photons: Virtual and Real

Production of kaons from a proton target can take place using a real or a virtual photon.
In this section we discuss the virtual probe and its advantages, as well as its differences,
with the real probe. In the next section, the kinematics of the reaction with a real photon

are discussed in depth.

The reaction induced by virtual photons is usually referred to as electroproduction. In
electroproduction, a photon is produced by scattering an electron off the proton. When two
charged particles interact, they do so by the electromagnetic interaction which is mediated

by the quantum of light, photons.

Figure 3.1: Electron-proton inelastic scattering: Virtual photon exchange

When photons are produced in this way, they must satisfy the Heisenberg uncertainty

principle,

AEAt > = (3.1)

Do
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The uncertainty principle allows for the production of energy if the time is short enough to
satisfy the inequality in Eq. (3.1), but these photons fail to satisfy the on-shell condition

for a particle with mass M and spatial momentum p.
E? = p? + M2 (3.2)
Unlike virtual photons, real photons have zero mass and hence obey the equation
E? =p?, (3.3)

In electrodynamics one finds that photons belong to a group of fields called gauge fields.
This property of light requires the invariance of the electromagnetic (EM) field equations
under a gauge transformation of the magnetic vector potential A and the scalar electric
potential V. Recall from electromagnetism the wave equations that relate the potentials to

the electromagnetic volume charge distribution p, and vector current J.

€0 ot €D
~pod = (VPA- MOEQEE‘Q') -V(V-A+ ,Uloﬁo—é;).

The freedom of gauge in the electromagentic potentials can be exploited to simplify the

wave equations above. In particular, a choice of gauge may be made such that

1%
V-A+~a—?:0. (3.4)

This gauge condition is known as the Lorentz gauge condition. It greatly simplifies the form

of the wave equations.
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In quantum electrodynamics (QED), which is the relativistic quantized theory of electro-

dynamics, the EM field is expressed by a polarization four vector e.

V — ¢ (3.5)

Aoe (3.6)

Furthermore, the momentum of the quantum of light can be expressed using the canonical

relationship
0
= e, 3.7
Pu ? Dt ( )
In the Lorentz gauge, one has
Dy~ P = (. (38)

Eq. (3.3) can also be expressed in terms of a Lorentz four vector

pu-p*=0. (3.9)

These last two equations, together with current conservation for real photons, ensure the

orthogonality of the photon’s direction of propagation with the polarization vector,
g

=1
™y
il
o

(3.10)

Virtual photons do not satisfy Egs. (3.8) and (3.9), and one can not use the tranverse
property of light given in Eq. (3.10). However, using a virtual probe has its own advantages.
Real photons are used mainly to extract the coupling strengths introduced in Section (1.4)
by making use of an effective model in which the interacting particles are treated as mathe-
matical points. By virtue of their masses, virtual photons acquire a longitudinal component
which is a great tool if one wants to probe the internal structure of the proton. Exper-
imentalists exploit both reactions since parameters easily found when using real photons
can be fixed in electroproduction to accurately obtain several other parameters, such as

electromagnetic form factors.
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In the next section we discuss the general kinematics for the scattering of two particles.
We then apply the results to the special case of a real photon scattering off a proton at rest

in the LAB frame.

3.1.2 Reaction Kinematics

The field of nuclear and particle physics is a very complicated one in that the forces
between particles are not yet very well understood. However, the field of classical relativistic

mechanics is still applicable to describe the kinematics involved in reactions.

In classical relativistic mechanics, the total four momentum before and after the reaction

must be conserved. This can be expressed simply by
P; = Py, (3.11)

P; is the total four momentum of the particles before the collision, and P} the total four

momentum after the collision. The total four momenta are defined as

Py = (Ei, pi) (3.12)

Py = (Ef,pt). (3.13)
With these definitions, conservation of energy and spatial momentum follow from Eq. (3.11).

In special relativity, one makes use of Lorentz transformations to go from one inertial
reference frame to another. The two most widely used inertial frames in nuclear and particle
physics calculations are the LAB frame and the CM frame. Four vectors span Minkowski
space and thus their lengths do not change from frame to frame. Using this property one

can write

Péyr = Piap. (3.14)

The scattering of two particles can be depicted pictorially by Fig. (3.2) an the LAB frame
and Fig. (3.3) in the CM frame.

20



/ -
//
// & LaB

Figure 3.2: Scattering of two particles in the LAB frame

Figure 3.3: Scattering of two particles in the CM frame

In the LAB frame, a particle of mass m; with momentum pj collides with a particle at

rest of mass mg. Their total four momentum is defined by

Prapa) = (B1 + ma, p1). (3.15)
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The CM frame is defined as the frame where the total spatial momentum of the colliding

particles adds up to zero.

PCM(i) = (Ell + Eé,(—)') (3.16)

The prime on the energies is used to differentiate between the energies of the particles in
the two frames. The kinematics for the scattering reaction are expressed in a more compact
way in the CM frame, since the total spatial momentum is zero. The total momentum

squared in the CM frame is defined by
s = P = (By + Ey), (3.17)

and it is usually referred to as the squared energy of the center of mass. In the LAB frame,

s can be expressed by

s =mi+mi+2meFEy. (3.18)

The invariant quantity W = /s is fundamental in kaon photoproduction, since this is the
energy for the production of the excited baryon that mediates the reaction in the s-channel.
The excited state later decays into the final state particles ms and my. If the final state
particles differ from the initial scattering bodies, as in this reaction, the reaction is said to

be inelastic.

Since the four momentum is conserved, s can also be written using the final state particles.

In the CM frame

P2y = Penp = s = (By + Ey)*. (3.19)

In photoproduction m; is equal to zero. In the LAB frame, the proton is at rest with
mass my = my. The final state particle masses are labeled m g for the kaon, and my for the
lambda, particle. Experimentalists use beams of photons to induce the reaction, and thus
there exists a minimum energy which is necessary to induce the reaction and create the

final particles at rest in the CM frame. This energy is referred to as the threshold energy
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for the reaction. It can be obtained by using the following condition on Eq. (3.19) in the
CM frame

(B, + E,)? > (mg +ma)?. (3.20)

For this reaction, the minimum CM energy squared is expressed by
s = (mpg +mp)2. (3.21)

Since the proton is at rest in the LAB frame, the photon’s threshold energy can be defined

by solving for Ey = E, 4, in Eq. (3.17) with m; = 0. This yields

1
Eyan) = om, ((mx +ma)? —m?2). (3.22)

In this study, we look at three different mechanisms for the photoproduction of kaons, all
of which include the exchange of one particle. The three different mechanisms are discussed

in the following section.

3.1.3 Mechanism

In an isobaric approach, one makes use of Feynman diagrams to calculate the amplitude

for the reaction

p+y— KT +A (3.23)

The three possible mechanisms for the photoproduction of kaons correspond to the three

Minkowski invariant quantities or Mandelstam variables s, v and t.
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The Mandelstam variables are defines as follows:

s = (P, + P,)? (3.24)
u= (P, — P)? (3.25)
t=(Py— P)? (3.26)

and which satisfy the following relationship:

s+u+t=DM>+ M;+ M} (3.27)

A Kt

91%, 927
p Y
(a) s-channel (b) u-channel

Y p
gv,K v 9r

y v

/

K+ A

(¢) t-channel

Figure 3.4: Contributions to the amplitude for the reaction yp — KtA

Feynman diagrams corresponding to the three Mandelstam variables are depicted in Fig.
(3.4). Although each diagram contributes to the reaction in a different way, they all affect
the dynamics of the reaction. The s-channel diagram involves the invariant squared energy

s = (FPp+ P,Y)Q. The t and u-channel contributions affect the strength of the reaction at
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forward and backward scattering angles, respectively. In the CM frame, solving for ¢ and u

in Egs. (3.25) and (3.26) and using Fig. (3.3)
u=(E,— EK)2 - sz - PK2 + 2 pp - Pk c0s(Ocm) (3.28)

t=(Ey - Ex)*—py® —px?®+2-py - Px cos(m — Ocm). (3.29)

Note that the ¢ variable is large for forward angles, whereas u is large for backward angles

so that the reaction’s contributions can be expected to have a strong angular dependence.

The virtual particles exhanged in each diagram correspond to nucleon resonances in the
s-channel, hyperon resonances in the u-channel, and kaon vector mesons in the t-channel.
Born terms contributions are also included in the model for all three channels. The con-
straints, as well as the mechanisms to extract the individual channel contributions, will be
discussed in Chapter 4. In the following section we discuss how observables are measured

and how to make the connection with theoretical models.

3.2 Observables

3.2.1 Cross-sections

In experiments one usually uses detectors and different particle identification (PID) tech-
niques to measure the likelihood of a certain outcome when two particles scatter. This

likelihood is measured by the cross section and it is defined as

Nevents
g =—— 3.30
palapplpA (3:30)

In Equation (3.30), p; and I, are the volume density and length of the bunches of particles
that serve as the probe and target, A is the cross-sectional area of the incident beam, and
Nevents are the detected scattered events. It is related to the probability of detecting the

scattered particles for a given flux of the initial particles.
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Similarly, one can use quantum mechanics to define the probability of an event happening

from some initial state. In quantum mechanics this can be expressed as
Probability = | < Y1ia|paryp > |2 (3.31)

1; represent the final scattred state wavefunctions, and v x represent the initial probe and
target state wavefunctions. The states are constructed in the asymptotic limit where we can
ignore any interaction between the initial or final states. Using a fourier transformation,

one can construct each wavepacket from its momentum components by

3
b >= / %%—%E—kw(k)[k > (3.32)

To calculate the cross section one uses scattering theory, representing each particle by
its corresponding wavepacket. This procedure is simplified by considering the initial states
in the far past and the final states in the far future. In this way, there is no interaction

between any of the states, and their wavefunctions can be constructed independently.

The formula to calculate two-body scattering cross sections is given by Peskin [30] in
terms of the invariant matrix element, M, which contains all of the information concerning
the interaction between the particles. In the center of mass frame (CM), the differential

cross-section for the reaction v +p — A+ KT is given by

“allspins

where pr is the outgoing three momentum in the CM frame and s is the squared CM energy.
The differential cross-section given in Eq. (3.33) is an expression for the unpolarized cross
section for the inelastic scattering of two particles. In kaon photoproduction from the
proton, p +v — KT + A, the explicit factor of ?i' is from the average over the four spin
projections of the incoming particles, two spin degrees of freedom for the proton and two

polarization projections for a real photon. With this factor, the unpolarized cross section
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is then given by a sum over the spin projections of all the particles, including for the study,
both spin projections of the A. Cross sections are a very powerful tool used to test a theory
since they can be directly related to experimental analyses. The following section makes
use of the differential cross section and properties of the interacting particles to define

polarization observables.

3.2.2 Polarization observables

Aside from an unpolarized cross section, experimentalists are equally interested in mea-
suring the cross section when one or more of the interacting particles are polarized, that is,
with their spin projection fixed to lie in definite directions. Furthermore, one is interested in
the difference between the reaction’s cross-section with a certain polarization configuration
and the opposite configuration. These measured differences are referred to as polarization

asymmetries.

In some cases, experimentalist have control over the polarization of the beam used to
induce the reaction, and the target polarization. In the lab frame as depicted in Fig. (3.2),
the direction of the beam or beam axis is given along the z-axis. If the beam consists of
a real photon, its polarization can be either parallel or perpendicular to the scattering x-z
plane (linearly polarized). The asymmetry measured between a parallel and perpendicularly

polarized photon is given by the symbol 2.

B doll — dot

= dol ¥ dot (334
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If the photon beam has circular polarization, that is, if the helicity states are defined such

that
1
€1 = —{(T + 19),
1 2( 9)
s = (= i), (3.35)
then the asymmetry may be defined as
. dot —do~
EE 3.36
dot +do~’ (3:36)

where + refers to a helicity state in the €1 direction, and — to the e direction. In a similar
way, single polarization observables may be defined for the outgoing hyperon. The hyperon

asymmetry is given by
dot —do~
P=-ie— 3.37)
dot +do~ (3.37)
The symbols + and —~ now refer to the polarization of the outgoing hyperon with respect

to a defined quantization axis.

In most cases, it is interesting to measure the amount of polarization that is transferred
from a polarized incoming particle to one of the outgoing particles. These types of asymme-
tries are referred to as double polarization asymmetries. The latest asymmetries measured
by the CLAS collaboration [10] are C, and C,. The double polarization C, measures the
asymmetry that arises from a circularly polarized photon and a hyperon whose wavefunc-
tion is quantized along the  axis, that is whose spinors are rotated 90° from the original

quantization axis (2 axis). The double polarization C,, is given by

c. — da—!—:t"’ — dote”

e (3.38)

where the first superscript refers to the polarization of the photon, and the second to the

polarization of the hyperon. Similarly, the double polarization C, measures the asymme-
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try that arises from a circularly polarized photon and a hyperon whose wavefunction is

quantized along the 2 direction. C, is given by

do.+z+ — dot#
7= dot?t + dotzt’

(3.39)

The assymetries described above would be used together with the unpolarized differential
cross-section data [9] to better constraint the behavior of the effective lagrangian model that
will be employed to study the reaction p + vy — K* + A when fitted against experimental
data. The study of polarization observables can yield insight into which resonances seem
to be more significant for the description of the reaction of interest, in particular hyperon

resonances.

3.2.3 Amplitudes from Feynman diagrams

Feynman diagrams are a powerful technique used to understand and relate an interacting
theory of particles to experimental observation. A discussed in [30], one can calculate the
amplitude of an interaction by summing over all connected, amputated Feynman diagrams.
For an accurate description of the reaction of interest, it is essential to sum over all Feynman
diagrams that correspond to the perturbative expansion of the effective dynamical theory.
In an effective theory, suitable in the non-perturbative region of the strong interaction, the
reaction’s amplitude is studied in the tree level approximation, i.e. by calculating only the

diagrams depicted in Fig. (3.4).

In field theory one usually derives the Feynman rules by first defining the vacuum to
vaccum transition amplitude in the presence of external sources. The lagrangian for the

reaction

pHy— KT+ A (3.40)

can be written in the form

Leff = Lfree + Linteraction + JuA’u + Z ni¢i + Z wim + "“'Tk_'— + ko, (3-41)
i=p,A A
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The vacuum to vacuum transition amplitude can be expressed by

W[J,n,w] ~ / [d]d[A,)[dE et S o (Esreet Line b A i A Tithit o Vit b +57 1)
(3.42)
with external sources J,, for the photon field A, 7 for the proton and A fields ¥ and 1, and
w for the kaon field K*. From this definition, quantities with physical significance, such as
the amplitude M for Eq. (3.33) can be calculated. Feynman rules can readily be extracted

by carrying out a perturbative expansion of the transition amplitude W and defining the

Green’s function

S nWJ,n,7, W]
(0J(x1))(0n(z2)) (67 (x3)) (bw(z4))

GY(z1, 70,73, 14) = (3.43)

Eq. (3.43) is proportional to the amplitude for the reaction between a photon and a
fermion originating at z; and xz, respectively and a fermion and scalar boson originating
at z3 and z4. Green’s functions of this form are best depicted by the following Feynman

diagram A, K+

¥ 0

Figure 3.5: Feynman diagram for 4-point Green’s function

The interaction piece of the effective lagrangian is essential in the calculation of the 4-
point Green’s function. The interaction lagrangian for all s and u-channels diagrams given
in Fig. (3.4) will be introduced in Chapter 4. Since these are the diagrams to be considered
as contributions to the cross section, the Feynman rules for such diagrams are stated here.
The Feynman diagrams involve only one internal line which represents the virtual particle

exchanged. The virtual particles considered in the study are both nucleon and hyperon
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resonances with total angular momentum J < g— Internal lines are described by a two

point Green’s function with a momentum distributionn given by

4
d*k ~y).

Ma-v)= [ G L e(k)ek (3.44)

The function ©(k) will depend on the angular momentum exchanged and will be introduced

in Chapter 4.

The interacting particles can be described by external lines whose states can be described
as free particles with momentum p some time before or after the interaction. The fermion’s
wavefunction, a solution to the free Hamiltonian, can be expressed by a superposition of

free waves of momentum p

3 .
vzt = [ LY we (3.45)

where u*(p) is a Dirac spinor, and the sum over s indicates a sum over the fermion’s spin.
Similarly the kaon free wavefunction can be expressed by

d3p

W.Q_Ee"ip'm. (3.46)

$(z) =

Plane wave functions for photons can be obtained from

A, = /@Ze Je—ipe. (3.47)

where €/ indicates the polarization vector of the photon, and the sum over r indicates a

i

sum over the photon’s spin. A vertex can be expressed by the product of the interaction’s
strength with an integral over the Minkowski volume at the point of interaction. In this

framework, the meson vertex is given by

(gs) / d'z, (3.48)
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and the charge contribution to the photon vertex by

—jeyH / dty. (3.49)

Using the functional method, one can write the reaction’s amplitude for these vertices to
first order in the couping strength product as a vacuum-to-vacuum correlation function in
which a photon and proton with momentum p; and pq, respectively, are annihilated, and a
KT and A with momentum p3 and py respectively are created from the vacuum as

) e~ tk—pa—p4)y e—i(p1+p2—k)T
go(ie) D (2m)*(2m)3(27)? v/2E,2E50; 2

spins=s,r,t

U(pa) O (k)" eu(pl) u'(p2)  (3.50)

Equation (3.50) requires an implicit integration over the four momentum k is as well as the
integrals over the spatial momenta of the outgoing particles p3 and ps. The integrals over
the two vertices z and y are evaluated using the properties of the Dirac delta function to
yield

, 1 (2m)*
gs(~ie) ) (2m)3(27) \/2E,2E,2E52F, 0% (k = p3 = pa)6* (p1 +p2 — k) -

spins=s,1,t

T(ps) O (k) eu(p1) u(p2)  (3.51)

Since momentum is conserved at both vertices, either delta function can be used to evaluate
the integral over the four momentum k. After integrating and restoring the integrals over

the outgoing particles, Eq. (3.51) can be expressed as

Z d®p3d®py (2m)4
(271‘)3(271')3 \/2E12E22E32E4

U(ps) O (kv eu(p1) v’ (p2) (3.52)

gs(—ie) §*(p1 +pa—p3 —pa) -

spins=s,r,t

The reaction amplitude pertaining to the reaction’s dynamics can now be isolated and
defined by
M = go(—ie)u(pa)*O(k)v eu(p1) v (pa), (3.53)
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with k = p; - ps = p3 + ps. The probability is now defined by |A/|?> and the differential

cross section using Feynman diagrams can be expressed by

d3p3d3p4 (27T}4 4 2
do = (271')3(271')3 \/2E12E22E32E46 (pl +p2—p3 “]94) Z ]]\/Il . (354)

spinsg=s,r,t

The Dirac delta function in Eq. (3.54) reduces the integration down to two integrals. The

differential cross section is then expressed by

do 1 mpymalpr|l 9
= E M 3.55

allspins

33



Chapter 4

The isobar model
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In this study, we look at an effective lagrangian model similar to the one used by Han [31]

for the photoproduction of kaons from a proton target and Ramirez [32] for pion photopro-

duction. The model consists of an effective hadronic lagrangian in the three-level approxi-

mation, whose implementation started with the works of Thom [1] and Renard [2] over 30

years ago.

The model makes use of Feynman diagrammatic techniques, discussed in Section (3.2.3),

to extract the interaction vertices at first order in perturbation theory, involving the exci-

tation of one resonance.
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4.1 Effective hadronic lagrangian

4.1.1 Introduction

In Section 3.1.2 the kinematics of the photoproduction of kaons were discussed as well
as energy and momentum conservation at the point of interaction. The actual mechanism
for the creation of a virtual particle in the s, u and t-channels and its contributions to
the differential cross section are studied by means of an effective lagrangian. The particles

involved in the reaction are regarded as structureless fermions and mesons.

In the isobar model, the interaction is defined at two points, one defining the photon
vertex NvR, and the other, the strong vertex RKTA. The two vertices are connected by a
propagator with half integral spin J < g The spin 321— propagator is given by a relativistic
Breit-Wigner form. The higher spin propagators are given by projecting the desired spin
from the spin %- propagator. There has been theoretical work regarding the form of these
projection operators, mainly by Napsuiciale [33] and Shi-Zhong [34]. The latter paper works
out formulae for an arbitrary n -+ % spin propagator, which is of great interest if one wishes
to incorporate any resonance above J = % The propagators are derived based on the
properties of the Rarita-Schwinger equation [33, 34] and are introduced on shell. It has
been shown that off the mass shell, the Rarita-Schwinger form for the propagator for J = —‘%
does not preserve gauge invariance [15]. An attempt by Mizutani [17] to restore gauge
invariance was done by the incorporation of off-shell parameters in the propagator in both
the strong and photon vertices in the s-channel for resonances with J = —g— We do not

incorporate these additional parameters since our main interest is in the effect of higher

spin resonances.

Previous interaction lagrangians incorporated the vertices of nucleon resonances with
J < —g— and hyperon resonances with J < % For the current model we extend the analysis
to include all available nucleon and hyperon resonances with J < % in both the s and u-
channels respecting the invariance of the interaction lagrangian under the symmetry of point

transformations. In our calculation of the amplitudes we make use of a pseudoscalar (PS)
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coupling scheme rather than a pseudovector (PV) scheme at the RK A vertex. Bennhold’s
work over 10 years ago shows no preference between the two schemes when only Born terms
are included [35]; but it is possible that the use of the PV scheme would lead to a suppression
of the Born couplings when excited state resonances are included, as well as a disagreement

between the calculated couplings and the values predicted by SU(3) [36].

In our model, the hadron is treated as a point particle, hence ignoring any form factor
associated with the internal structure of the hadron. Han [31] discusses the addition of form
factors which have to be inserted in a gauge invariant manner since introduction by hand
would spoil gauge invariance. As the photon energy increases, it is essential to introduce
form factors. At low energies, it is of more importance to analyze the reaction with the
inclusion of a larger set of resonances. The t-channel contribution to the cross-section comes
from the exchange of two vector mesons, K*(892) and K'(1270) and a kaon born term as

described by [15].

The model also incorporates the decay branching ratios for resonances in the s-channel.
The decay widths are calculated for six different channels, where in each channel we make use
of the vertex corresponding to the lowest possible angular momentum state of the decaying
particles. Most of the resonances considered have well established branching ratios and
total decay widths given in the Particle Data Book [18] obtained from previous partial
wave analyses of experimental data [19]. We make use of these data to obtain the coupling
constants for the different decay channels. For states whose existence is not well-established,

the widths are incorporated as parameters that will vary with the fit.

The model employed in this study is fully relativistic. Furthermore, four different contri-
butions, where lagrangians based on pion photoproduction [32] are used for the born terms
and spin —% s and u-channel resonances, and lagrangians based on recent theoretical models

for kaon photoproduction [31], are used for spin 2 and 2 resonances in the s and u-channels.
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4.1.2 Born terms

The born term contributions to the amplitude correspond to the exchange of a proton in
the s-channel and a A or £° in the u-channel. A lagrangian similar to the one employed

in [32] based on a Yukawa lagrangian, Eq. (4.1), is used to extract the interaction vertices.

L = Lpirec + Lkiein-Gordon — gp/\K‘*HA('YSVK*')uP (4'1)

Figure 4.1: s-channel born term contribution to the amplitude for the reaction yp — K+A

The s-channel born term includes two interaction vertices that can be derived from
two interaction lagrangians. The photon interaction lagrangian is obtained from the dirac

equation and is given by

int = Yy 1, (4.2)

_ S
L = —e’LLp{’)/uA/_L + ﬁp(c’)MA,, - (9,,14“)—2@]—%——5
P

where A, is the electromagnetic field, , is the anomalous magnetic moment of the proton,

and u, is the dirac spinor of the proton.
The strong vertex pAK™ can be derived from the interaction lagrangian

L™ = —igp e ATAYS (Vic+ ), (4.3)

where g,5 g+ refers to the strong coupling constant, v+ to the kaon field, and uy to the

dirac spinor of the A.
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Both vertices can be extracted by expressing the lagrangians above in momentum space
and identifying the electromagnetic feld with the polarization four vector ¢,. Using the

canonical relationship

O = z’pZ =ipy, (4.4)

the electromagnetic and strong vertices can be expressed by

_ 1 "
"E“p{’)’#eu - "‘”Vp(puﬁu - pufﬂ)mhm)” ]}Up (4.5)
—igpK+ ATUA Y5 Up- (4.6)
A

Figure 4.2: u-channel born term contribution to the amplitude for the reaction yp — KA

In the u-channel, the lagrangian is similarly defined for both vertices but excludes the
static electromagnetic interaction term between the photon and the A. The only interaction
which occurs is the magentic term from the quark’s spin distribution. The photon vertex

is defined by

Similarly, the strong vertex is defined by

LI = —igp e+ ATAYs (Ve + ) Up, (4.8)
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equivalent to the strong vertex for the born term in the s-channel. The electromagnetic and

strong vertices in the u-channel can also be expressed in momentum space. This leads to

1 v
_eUA{HA(Puﬁu - Pufu)mh’”? ]}“A (4.9)
—igAK+ATAY5Up (4.10)

Since both the proton and A are ground state particles with total quark angular momentum
L =0, they have positive parity, and thus, there are not negative parity contributions to

the born terms in the reaction amplitude.

Since the born terms involve the exchange of a proton in the s-channel and a A or a X°

in the u-channel, all of which are spin % fermions, we make use of the Feynman propagator,

dip Yy + My p o
Az —y) = / e (4.11)
p,A, X0

For the s-channel, we can express the amplitude for the reaction as

; = Y P+ My 1 L
MS — . . e — — SE— VL - 412
born = 1€ GpK+A " UATYS p% — Mg {v"en — rp(puen pufu)2(4Mp) Yy Pup. ( )

Similarly, for the u-channel

. _ 1 vy Ypa g + My
Ml?orn = Tl GpK+A " UA{HA(puﬁu - puﬁu)-——-—[’y"v ]}—-——2—-&——-—~2—’y5up, (4.13)
2(4M,,) pi — My

where both expressions for M contain an implicit integral over the four momentum of the

virtual exchanged particle (propagator).
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Since the reaction involves a real photon, the equation above can be re-written using the

anticommutation of the gamma matrices,

{777} = 29" (4.14)

and € - p = 0 as stated in Eq. (3.8) to obtain

Yy + M,
Mbsm'n = e GpK+A - uA'YS—Rﬁ“—""P‘{ He “W’)’ EV’)/ pﬂ}up, (415)
YEpau + Ma
Miyorn = —ie-gpg+a - UA{QM v e, yH M}-—F—b—:ﬁgm'yg,up. (4.16)

A similar equation to Eq. (4.16) can be written for the intermediate ¥° born term with
Mp — Mso and pp — pygo. Since the parameters in the model involve the products of
the couplings at the photon and strong vertices, it is useful to define the following strength

products:

Gs born. T € UpK+A, (417)
Gs born — € Ep GpK+As (4.18)
for the s-channel, and
G'lt—born =€ RAC PpKHAS (419)
for the u-channel.
4.1.3 Spin 1 Resonances

Contributions from resonances with total angular momentum J = % correspond to the
exchange of nucleon resonances with isospin I = % in the s-channel, given in Table (4.1),
and hyperon resonances in the u-channel, given in Table (4.2). The hyperon resonances
correspond to excited states of the A with isospin I = 0 and excited states of the £0 with

isospin I = 1.
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s-channel

Mass (MeV) Isospin I JP PDG status
N*(1440) : T e
N*(1710) ! i Hokk
N*(1535) 3 3 ok
N*(1650) 3 3 Hx

Table 4.1: Nucleon resonances with J = 3

3
u-channel ;

Mass (MeV) Isospin I JP PDG status
A*(1600) 0 i Hohx
A*(1810) 0 1 HoHk
A*(1405) 0 i Pk
A*(1670) 0 5 ko
¥*(1660) 1 T HHx
£*(1750) 1 3 ok

Table 4.2: Hyperon resonances with J = %
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As discussed in Section (2.2), resonances with total angular momentum J = % in both
the s and u-channels appear with either positive or negative parities corresponding to the
symmetry of the spin and angular wavefunctions arising from the relative excitation of the
composite quarks. The parities of these excited states are also shown in Tables (4.1) and
(4.2). Both the strong and electromagnetic vertices depend on the parity of the resonance

exchanged.

As with the Born term, the lagrangian describing the s-channel resonance contributions
consist of two vertices. For positive parity states, the photon interaction lagrangian is
similar to the magnetic interaction of a ground state fermion with the electromagnetic field.
The J = % nucleon resonances arise from transitions of the proton into an excited state and
therefore electromagentic currents contribute to the coupling only through the magnetic
moments. The interaction piece of the lagrangian at the photon vertex can expressed by

1

Lgm = -eTZN*{rcN* (GuAV - ayA“)m;—)-[’Yu’}’y]}up. (420)

Where xy+ corresponds to the resonance’s transition magnetic moment and %+ to its dirac

spinor. Negative parity states can be obtained by multiplying the resonance spinor by vs:

1
LT = —etuneys{rn+ (0,4, — 8VAM)W[7“7“]}%. (4.21)
P

K+

Figure 4.3: s-channel resonance contribution to the amplitude for the reaction yp — KA
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gtr*
p Y

Figure 4.4: u-channel resonance contribution to the amplitude for the reaction yp — KA

The strong interaction lagrangian can be written in exactly the same way as for the
born term but with the appropriate resonance coupling. For positive parity resonances it
is given by

LETOM = g ger ATAYs (Ve + )y, (4.22)

and by

LT = —igne e ATAYs (Vi ) V5N (4.23)

for the negative parity states.

The u-channel interaction lagrangian for the J = % hyperon resonances is defined to be
identical to the u-channel born term, where to first order, only electromagnetic field currents
contribute at the photon vertex. Defining the transition magnetic moment by xa« s+, the
electromagnetic and strong interaction lagrangians for positive parity u-channel resonances

can be expressed by

em —_ —TT e —_ Z. AN *
L'u. = GU/A{K') (auAU aVAM)2(4MY*) [’Y vy ]}UY )
LErong = —igy g+pUy Y5 (Vic+ ) Up, (4.24)
and by
1
L = —eunis{mye (Buds = Dodu) g 0 o 179 e,
LM = —igys grpuy = Y5 (Vic+ )Ystp, (4.25)
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for negative parity resonances. Y* has been used to denote either contribution from a A*

or a X* resonance.

The propagator used for the J = 2 resonances is also given by a relativistic Breit-Wigner

propagator:
Bosle =) = [ L Denlp)r i+ Ma, (4.26
where
Dy(p) = (p* — ME. 4+ iMp+Tn=)"? (4.27)
in the s-channel, and
Du(p) = (p* — Mg-)™" (4.28)

in the u-channel. Note that a width I" has not been incorporated in the u-channel propagator
since the value of u, the four momentum squared transferred to the resonance, has a negative
value, and therefore the resonance cannot decay. An overall discussion of the widths, as
well as the dynamical model used to calculate resonance decay amplitudes, will be given in
Section (4.3). The above lagrangians, expressed in momentum space as in Section (4.1.2),
and the propagator given in Eq. (4.26) can be used to derive the amplitudes for resonances

with J = % in both the s and u-channels. The positive parity amplitudes are given by

s

1+ = —ie-gnsg+aDs(pn+) - Tavs(V* pN*,quMN*){ 7 e Py tup,

Yeo= —ie- gy-gepDulpy-) - uA{ 7 e put (7" pY*M+MY*)75up, (4.29)

and making use of the identity (y#) = 1, the negative parity states can be expressed by

. — I’{,N* .
M;_ = —ie-gn-g+aDs(pn<) - Un(Y'Prep + MN*){-—-—“2 pv”eu’y“pu}%up,
2 L
. — KA
MY = -—ie- gy~ k+pDu(py>) - UA’YS{QMY* Ve ' Du} (Y Py + My Yy, (4.30)
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The coupling strength products are defined by
FS:e'HN*'gN*K‘f’A (4.31)

for nucleon resonances, and

Fu=e kaoye - gyek+p (4.32)

for hyperon resonances, where xj_y~ indicates the transition magnetic moment from a

ground state A to an excited A* or X* excited state.

4.1.4 Spin £ Resonances

The treatment of higher spin resonances is of great relevance if one wishes to devise
a model at the hadronic level that can accurately describe recent experimental data. The
treatment of higher half-integral spin resonances began with the works of Pauli and Fierz [37]
and was later studied by Rarita and Schwinger [38] in what is known today as the Rarita-
Schwinger framework. The latter approach to spin %— particles has been used extensively
in previous isobar models [14, 15, 17, 31, 32]. Within the Rarita-Schwinger framework one

describes a spin -;— particle as a Lorentz tensor of rank one with dirac spinor components

P2(z), (4.33)

and imposes the following conditions on the wavefunction:

(wp” —m)pt = 0, (4.34)
Yt = 0, (4.35)
put = 0. (4.36)

The conditions imposed on the wavefunction are generally used to eliminate the spin %
components of a spin % free particle; they do not always hold when interactions are present,

as shown in [39].
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Given that lagrangians for this particles may not be unique, Eq. (4.35) ensures that

one possible form of a free lagrangian,

e 1—- : v 1 ) v
b (V0x + m)yH — 3V 0y + 0P + S (V0x — m)Y e, (4.37)

as given by [38], remains invariant under point transformations of the form
Y P = R iy, (4.38)

Since the total lagrangian must also be invariant under the point transformation, Eq. (4.37)
constrains the form of an interaction lagrangian, which is highly relevant for this study.
The form of the free lagrangian and all of its theoretical aspects also affect the form of the
propagator for a higher spin resonance, but this will not be investigated here. However, the
form of the propagator for resonances with total angular momentum g’ has been studied
extensively, and one particular expression has been derived by Zhong [34] based on the
Rarita-Schwinger framework. For the J = g case, the propagator is modified to include the

total width for resonances in the s-channel. The propagator is given by

2 Pr+ Mg
P!?U - « P Vs 4.39
I (Pg — ME + iMglg)" " (4.39)

where I'p = 0 for resonances in the u-channel. The projection operator P,, is given by

1 PRy YW — PRV Yu  2PRuPRw ~
P;w = Guv — 2')’/,(71/ + 3 Mr - 3 MJ% . (440)
As discussed by Benmerrouche [40], Eq. (4.39) has the correct inverse but off-the-mass-

shell parameters must be added to the interaction vertices to account for the spin é com-

3

ponents of the wavefunction, which contribute to the propagation of the massive spin 5

resonance when it is off its mass shell. In the present model, off-shell parameters are not
implemented since more emphasis is given to the inclusion of particles with both greater an-

gular momentum and greater mass. Furthermore, calculations performed by Mizutani [17],
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have shown that these parameters have a relatively modest effect on observables. The
most general lagrangian between spin 5 L and 2 partlcles that excludes off-shell parameters

is discussed by Han [31] and given by
Lin: = ﬂ"‘f@wcyug. (4.41)

The form of C¥ dependes on whether the interaction is at the photon or strong vertex.
The lagrangian will be invariant under Eq. (4.38) provided that YO, = 0. Thus one can

define 9, as

Ouv = gu — %mm/. (4.42)
s-channel ;
Mass (MeV) Isospin I JP PDG status
N*(1720) 1 gt Hhokh
N*(1520) 3 i ok
N*(1700) : 8- ok

Table 4.3: Nucleon resonances with J = %

u-channel
Mass (MeV) Isospin I JP PDG status

A*(1890) 0 g+ HH

A*(152 ) 0 %»_ ok
( ) 0 % Kok Kk

$*(1385) 1 N Ak

¥*(1670) 1 s opkok

¥*(1940) 1 3= orck

Table 4.4: Hyperon resonances with J = %
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The J = % resonances considered in this study are given in Table (4.3) for the s-channel,
and Table (4.4) for the u-channel. In the s-channel, the interaction lagrangian at the photon

vertex can be expressed by

€ . 5 v
e b+ L 00
P P

This form of the lagrangian includes the interaction due to electromagnetic currents with
two possible Lorentz invariant interaction forms. In the u-channel, the electromagnetic
interaction takes place between a hyperon and its excited state and can be expressed by the
hermitian conjugate of Eq. (4.43) with the appropriate spinors,

ie 174 = U N (u
L = T My, (0" A — O A Yups[giyn + 7/219\2/\ MO (4.44)

The strong interaction term in the lagrangian in the s-channel is given by

S5

Lstrong — ]\gf up (00} )0, (4.45)
s

where g3 represents the strong coupling constant, and the factor of (M;)™! is added to
make the coupling constant dimensionless. Similarly, the strong interaction lagrangian in

the u-channel can be expressed by

9% . ) ;
Lit’rong = —]\/—I%rwu’}ﬁ*@w(@”ulﬁ)up. (4.46)
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‘The vertices for both interactions can be constructed, as in the spin % case, in momentum
space. Using Eq. (4.39) for the propagators and p, - py = 0 and p,, - € = 0 for real photons,

the amplitude can be expressed by

s g3 _ v v
ng = —]\43 DS(pN*)uA(ﬂN* +MN* pKPI-W{ ( ]57 —pn,y:’)
™
95 v
T Gty € PPy = Py e )}t (4.47)

in the s-channel, and

b= Doy (e + My (e, — ph)
2 ™
+ W(G “PADY — Dy - pA€”) P pleuy (4.48)

in the u-channel for positive parity resonances. The notation p = ¥*p,, has been used to
simplify the expressions. For negative parity excited states, the following substitutions are

made for for the resonance spinors in Egs. (4.47) and (4.48):

UN* Vs > Y5UN* YV,

UN* Y = UN* Y75 (4.49)

These definitions yield the following amplitudes for negative parity states:

8
My = = Duow s + My Pud (e, = )
™
+ (2}3 )g(ﬁ'pppyy"p’y‘ppfu)}“p» (4.50)
P
M = LDy Jarly + My ) (e — i)
2 ™
U
+ (ZJA)Q(e'pAp’;~pw'pAe”)}P"”p%vsup- (4.51)
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@

Making use of the definitions,

_eg3g1D(pn+y+)

Fy(pns ve) = 3
1(pyey) 2M, A M,
eg3g2 D(pn+y+)
F w x ) == ’ , 4.52
2(py- ) (2M,, 7)2 M, (4.52)

and carrying out the contractions between the strong and photon vertices using the projec-

tion operator in Eq. (4.40) yields

S0 = G + Mo )[F(one {(F + gt

2 1
i (Pr - PN=Prf — Mo Prt}

1 1
+ Fypne){g-t— gﬁ‘mf + Sare Py “PrcE sy

(4.53)
for positive parity nucleon resonances, and
s - 2
M- = —aurys(Pne + My-)[F (o {7 + 3dP¢
2
(k- Py-tof — ikt
3Mpy- PK " PN*Py 3Mn- K
1 1
. R — Pk -
+ Fpn+){q Pl + 3 PN P} Hup
(4.54)
for negative parity resonances, where
I e
o= (e ‘pp)Pi; = (Py - pp)e®,
2
T B (. o= o JEE, 4.55
R (q-e)ph —(q-py)e EST— (prc - p+) (4.55)
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Similarly, in the u-channel, the amplitudes can be expressed by

Mgy = sy {Falpy-)g-t =W - 33 F1Py=)pi - pyefiy
~ ot SFpy- b} + My-{frg 14y
b gREpa Py + 0ot S Py, (4.56)
MY = <Gl (Falpy-)a -t — W — s Fi(pv-)oxc - pr-¢iy
2 Y*

a %O‘WK - %Fl Py )éprd} + My-{b1q -t +Y

t R ]\3}’* PK - DyfPy + Bofpi + ;§—F1 (Py+)¢dd N5 up, (4.57)

for positive and negative parity resonances respectively, where

=t hanna(Mp — My),

R = RL e (My+ — My-),

Y# = F(py<)RF+ BA}[Y*(MjXT*) — Fa(py+))pk - py~tH,

WH = Fl(py*)R“-l-g‘A%:pK'PY*tu»

a = FE\(}T:Z*)+F2(?Y*),

B = By - 2000

5 = FR(E:*) _'_F2(§Y*)' (4.58)

Unlike spin % resonances, higher angular momentum states involve two electromagnetic
couplings. Since the parameters in the model involve coupling products as free parameters,

the following dimensionless coupling products are defined in the s-channel by

Gy = 9593 (4.59)
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Similarly, in the u-channel, the coupling products can be expressed by

GY = 4\ 93,
Gy = 9795 (4.60)

4.1.5 Spin % Resonances

Theoretical studies regarding the interaction of spin % particles have become increasingly
interesting in light of new and improved data on the photoproduction and electroproduc-
tion of strange particles, which suggests that there is a wide spectrum of higher angular
momentum states that contribute to the reactions’ amplitude. Furthermore, a number of
these particles have attained three or four star status in the latest version of the PDG
tables [18]. There has been wide theoretical discussion on wavefunctions, propagators, and
interaction theories that pertains to these particles, which involves relativistic wave equa-
tions, extensions obtained from the Rarita-Schwinger framework discussed in the previous
section. One work in particular, is the recent work by Nierdele [41]. In this framework,
the spin % wavefunction for a massive particle can be expressed by the direct product of a

second rank Lorentz tensor with a Dirac spinor with components «,

Vi (T) (4.61)
which satisfies the Dirac equation
(1P —m)p* =0 (4.62)
and the condition
Yu P =0 (4.63)

for each of their Lorentz indices. Again, these conditions eliminate the smaller spin com-
ponents of the wavefunction in the free lagrangian that describes the propagation of a spin

% particle, but they may not hold under the presence of interactions.
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Half integral spin propagators are constructed in analogy to the Rarita-Schwinger prop-
agators for a particle with half integral spin %; in particular, an expression for porpagators
with arbitrary intergal spin n + $ has been derived by Zhong [34]. In the present study, the
form of the spin 3 propagator has been modified and introduced on shell to be consistent
with the Benmerrouche [40] and Mizutani [17] treatment of the spin % projection operator,
which take into consideration the lower spin components that contribute to the propagation

when the particle is off its mass shell. The propagator used can be expressed by

5 Pr+ Mg
P, = : Puvres 4.64
w7 10(p%, — M +iMgpTR) (4.64)

where

Py,u/\a = SP,u)\Pua - 2P;1,VP)\U + SPMUPV/\ + Pup’Yp’Yfpf)\Pua' + Pup')’p’YEPfaPu)\

+ PHPPYP')/&PEJPU}\ + Pup'Yp’YEP{AP;J,m (465)
and where
Pr Pry
P = o BET Y .
ur = Guv (MR)2 (4 66)

is the desired form of the on-shell projection operator. Again the width I' is set to zero in

the u-channel.

The J = —g— resonances considered in this study are given in Table (4.5) in the s-channel

and Table (4.6) in the u-channel.

s-channel

Mass (MeV) Isospin I JP PDG status
N*(1680) ; A
N*(1675) 5 5 ok

Table 4.5: Nucleon resonances with J = g

53



u-channel
Mass (MeV) Isospin I JP PDG status

A*(1820) 0 Ea ook
A*(2110) 0 §* ok
A*(].S?) ) 0 73'_ ook sk ok
¥*(1915) 1 g+ FHE*
$*(1775) 1 - Fokodok

Table 4.6: Hyperon resonances with J = 2

The lagrangian for the interaction between spin L and 2 5 particles, which does not
contain off-shell parameters, has been discussed by Han [31] for the s-channel without
explicit derivation of the vertices. The s-channel lagrangian is given by

em €

VTV YIRS o A A qa
ST (2M, Mw)“N*@ua[Ql’YA-F 2M (9,\]up L (0% AN — M A%) (4.67)

The expression for the u-channel can be obtained from the hermitian conjugate of Eq. (4.67)

for positive parity resonances

P )

e L A
Lem W@,,@“A)‘ - GAAQ)EA[Q%;?)\ + '2—]%4-27(8/\]90111“’)1}?“’ (468)

The operators 7, and Jy indicate that the operation is on the outgoing A spinor, @is. The

strong interaction terms are expressed by

Lstrong — ; Ty Oy, (8 0%vi) (4.69)

(Myr)?

in the s-channel, and in the u-channel by

S
LStrong — 93 2@%’}'5@“0%(8“8"1/;() (4.70)
(M)

The lagrangian for negative parity resonances are obtained by transforming the resonance

spinors as in Eq. (4.49). The form of the interaction tensor is given by ©,, = g,,,. This
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form guarantees the point invariance of both the free and interaction lagrangians of a spin

% particle and may not be unique. From the above definitions of the lagrangian densities

at both vertices in both the s and u-channels, and the form of the propagator given by

Eq. (4.64), the vertices can be derived in momentum space. For positive parity nucleon

resonances, the amplitude is given by

— _egs Dy(pn+)_ 91 A o
§+ = —1 (M ) -~§—1—O——UA’}’5}9MKPVK(¢N* + MN*)P;W)\J{M(E Pgié'r - p7p7¢)
s

+ (2]\/[) (6 ppp'yp'7 p’)’ pe p'y)}upn

and for negative parity nucleon resonances, given by

. . 593 Ds(pN*) m
Me- = “iGp 10 P

(M.
PR (e - ppplpS Ppe’ %) 15
(2]\ ) Py T Pp o 14

After contracting both vertices, the amplitudes can be expressed by

Miy = Tnys(By- + My-){Fi[100 = 2b + 2pxc] + 2+ Kl
— Fy[10a" — 2V + 4P ] + AN N ¢
+ Folepp)[10a’ — 20" + dpic ] + 4+ N¢
= Fapy - pp)[10a — 26+ 2§ ] + 29N+ K1 }up,

M- = Py~ + My-){Fi[10a = 2b+ 26 ] + 2pn- Kb
~ F[10d' — 2V + 4Pk J + dpn-N¢
+ Fy(e-pp)[10a’ — 20 + 4] + 4pn-N)¢

— Fa(py - pp)10a — 25+ 25 ] + 2 K5y
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TPk v + My Puno {5 (5 = pf)

(4.71)

(4.72)

(4.73)

(4.74)



The four vectors are I*, J#, K#, and N* are linear combinations of €#, p, and pl.
and are explicitly given in Appendix A along with the expressions for the Lorentz scalars

a, @', b, and ¥'. Fy and Fj are defined as follows:

9195 Ds(pn~)

B =Rlpye) = 20M,M?
eg595Ds(pn+)

Fy = Fy(py-) = 93980s(enr) (4.75)
40MZM3

The u-channel contribution can be expressed by

U _ o egg' D (pY*) g [A v oy
A (VA A TR “”A"{2M (Peqdy — phpng) +
y7
At PAA — Py ATe)) Wy + My ks,
(4.76)
and
. 69 D (pY*) v
M%L" = (]\/[3) 10 A'YSP;W)\G'{ (u }57 pgp:,;f)—l—
u
" (2]\/;/\)2 (¢ PAPAPY = Py - PaPhe”)} By = + My~ )picpicuy,
(4.77)

for positive and negative parity, respectively. As with the s-channel contribution, the am-

plitudes can be re-expressed afte summing over repeated indices. This yields

Mgy =Tn{py Wy~ + My-)Fi[10a — 2+ 2] 5 + 2Hpy-] -
f(Wy + My«)F1[10a" — 20" + 4] px + AN py-]

+(Py+ + My-)Fa(e - pa)[10a’ — 26" + 4Jpx + ANpy-] -
By~ + My~)Fy(py - pa)[10a = 2b + 2[ Pk + 2Ky~ }ysup,

(4.78)
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Mg = Tps{dy Wy + My-)Fi[100 — 20 + 2] + 2Kpy-] -
{(By+ + My-)F1[10a’ — 26 + 4Pk + ANpy+]

+(fy+ + My=)Fa(e - pa)[10d’ — 20 + 4.Jpx + ANpPy-] —

(By+ + My+)Fy(py - pr)[10a — 2b + 2] P + 2K py+]}up

(4.79)

for positive and negative parities, respectively. The four vectors I#, J#, K# and N* and the
lorentz scalars a, o/, b, and b’ are defined as in the s-channel with Pp = PA, My — My, and

PN+ — py=, My» — My~. Explicit expressions are given in Appendix A. In the u-channel,

Iy and Fy are defined as follows:

e U uD pY*
Fi = Fi(py+) = mgéogj’w ;\‘5\43 A
p T

_ eg393 Ds(py+)
= Fpys) = —=2F 2 4.80
2= Fapy-) 40M2 M3 (4.80)
The parameters in the model are defined as the coupling products between the strong

and photon vertices. In the s-channel, these are given by the dimensionless quantities

Gi =gi 93
G5 =g g3, (4.81)
and
G% = gill 43,
2 =95 93, (4.82)

in the u-channel.
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4.1.6 t¢-channel contribution

Contributions to the reaction’s amplitude due to a t-channel born term, as well as two
vector particles are included in the model. Their significance in the reaction is still not very
well understood, but they seem to play an important role in replicating contributions of
higher spin nucleon resonances, mostly spin % particles [16]. We are thus interested in the
dependence of the differential cross section and spin polarization observables on ¢-channel

5

contributions and how they are affected when higher spin resonances, J = 3 and higher

energy resonances are added to the model.

The t-channel contributions are constructed with the same prescription as used in [15, 42],

where
1
D(px) = ——— (4.83)
Pk — M
describes the propagation of the ¢-channel born term, K+, and
i v
v_‘g‘uy + P;\}\;&p;{u
D(pk+) = e, (4.84)
p%{** - MI2(**

describes the propagation of the two vector particles, K** = K'(1270), K*(892). The born
term amplitude is proportional to the products of the electromagnetic vertex K K+ and the

strong vertex AKp defined in Section (4.1.2) and can be expressed by

My = egarplne - (2px — py) D(0K)V5Up, (4.85)

where gpgp corresponds to the s-channel born coupling constant. Again, a real photon

condition,, €*p, = 0, can be used to reexpress the amplitude by

€9Akp
Mg = T—‘““fﬁuAfgpu,K'YSup (4.86)
P — Mg



For the vector resonance terms, the hadronic vertex resembles that which couples two

fermions and a photon. In particular, we can write the ApK™** vertex as

T
I'l’ prosacd V ’U) g v 'u’ * 87
Vipk= = 19" 7" + MB-I-MA7 Yo v}, (4.87)

where the the coupling ¢g" indicates the strong vector couping, equivalent to the photon
charge coupling; and g7 is the strong tensor coupling equivalent to the magentic coupling
between a photon and a charged particle. A «s5 factor should be included in Eq. (4.87) for
positive parity resonances, such as for the K** = K1(1270) resonance. The electromagetic
interaction responsible for the excitation of the negative parity resonance K* from a ground

state kaon is given by

IvKK* eHvPA

8C

EvPypPK* N (4.88)

where e#¥PA = +1 for even or odd permutations of the indices respectively, and M,, is a
scaling mass that is set to 1000 MeV as in [15, 42]. For the excitation of the positive parity
resonance K, the vertex is given by

gvK K1
M,

(e“Prupy — Pipr1€"). (4.89)

Using Eqgs. (4.87) and (4.88) together with the propagator in Eq. (4.84) and the identities

T€uoau Y5 Y = Yo YeY — GuoaTa + GuaYp (4.90)

and v5y5 = 1, the amplitude for the negative parity K*(892) can be expressed by

M Flpge )i {G%* N G%. i)
* = =17 * ) * .
K POV M T MMy + M) ™
JeVPM
{=FPyPr — (€ pr=)py + meup’v,ppl(*,)\pf(*,p}upu (4.91)
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where F(pg+) = (pke — ME..)}, and the vector and tensor coupling products are used:

A Vv
Gg- = GvKK*JK*,

G+ = GyKK+Gk+- (4.92)

Similarly, using Eqgs. (4.87) and (4.89) together with the propagator in Eq. (4.84), the
amplitude for the K*(1270) can be expressed by

14
Mics = FlpseJun{ ' [ ey + (o4 pic 1 +
ar,
MSC(M;{ ¥ Mpy) [=(e- P )Py + (Py - P K1 D5, (4.93)

where the vector and tensor couplings products are defined by

\ 14
G = gk k1915

G = gykK1 951 (4.94)

4.2 Amplitudes and Pauli reduction

Having defined the amplitudes for the different contributions to the reaction, the general

structure of the complete reaction S-matrix for this model can be expressed by

T=3 Mg+ M +3 M4+ ML + 3 M chamne- (4.95)
k i ij i k

Where the sum over k in the first term indicates a sum over each channel’s born terms, the
sum over ¢ and j indicate sums over all of the excited states in both the s and u-channels,
and the last term’s sum over & indicates a sum over the two t-channel resonances included

in this study. Using Eq. (4.95), the reaction’s amplitude can be expressed by

M =T, (4.96)
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for an incoming proton and outgoing A particle. The contributions to the amplitudes for
particles with J < % were derived in Section (4.1) and given as proportional to contractions
of the form ~,p}v,p4... for some four vectors pL. After carrying out these contractions the
remaining Dirac matrix dependence allows the complete amplitude to be expressed as a

sum of four terms

M =1y Z [A+ Bys + Cy° + DAy, (4.97)

su, N Y K
The 2X2 operators fi, B, ¢ , and D depend on the channel as well as on the angular
momentum parity combination of each of the states contributing to the reaction’s amplitude.

Explicit expressions for these operators for different J? states are given in Appendix B.

Uisng Equation (4.97), the amplitude for the reaction can be calculated for any given spin
combinations of the initial and final baryon states with momenta p; and pp respectively.
Eq. (4.97) can be reduced to an equivalent Pauli form, i.e. one involving two-component
spinors for the initial and final states, which are eigenvectors of o,. The Pauli reduction

begins by first expressing the two dirac spinors as

u(pr) = Nrx - R (4.98)
G- pr
and
u(pr) = Nex' - (L,—351), (4.99)

where N is a normalization factor given by

E+4+m
N—\/ e (4.100)

1 is the two by two unit matrix, and

g1t

(4.101)

Dy
Il
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The vectors x are eigenvectors of ¢,:

1
w=| "1 (4.102)
0
and
0
X = (4.103)
1

for spin up and spin down respectively.

The term in Eq. (4.97) involving the operator A can be reduced to its Pauli form by

using the definitions given in Egs. (4.98) and (4.99).

u(pr)Au(pr) = (NINp)X'[A = (& - 5r)A(G - B1)]x- (4.104)

Similarly, the expressions for the terms involving the operators B , ¢ , and D are expressed

by
u(pr)Bysu(pr) = (NINp)X'[B(G - pr) — (& - 1) B]x, (4.105)
w(pr)Cy u(pr) = (NINp)X'[C + (- 5)C(F - 1)]x (4.106)
U(pr) DY v5u(pr) = (NINp)X'[D(& - bF) + (& - B1r)Dlx, (4.107)

making use the following representations for the dirac matrices v and ~5 with 2X2 com-

ponents:
N
Y= o (4.108)
0 -1
and
01
Ys= 1 (4.109)
10
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Using Eqgs. (4.104)-(4.107) the reaction’s amplitude can be now expressed in its Pauli form

by

-~
~

M = (N{Np)XE[(A+C) + (B+ D) - pr+5 - pp(D — B)+5 - 5r(C — A)G - prlxr, (4.110)
where now the initial and final spinors do not depend on momentum and energy. All of the
dynamical information is stored in the operators; therefore, the amplitude can be calculated
with respect to the original quantized axis Z or with respect to any other axis by rotating
the Pauli spinors appropriately without altering the form of the operators. In particular

the amplitude is completely determined by using the x4 and y_ defined with respect to

any rotation matrix belonging to SU(2).

4.3 Resonance Widths

To properly evaluate the contributions to the amplitudes from resonances in the s-channel,
a model for the widths I" has to be introduced. In this study, an effective lagrangian model is
used to calculate the amplitudes for the reactions responsible for the resonance decay widths.
The model makes use of the empirical on-shell total widths of the particles and employs
experimental values for their branching ratios into two and three-body decay channels to

calculate the coupling associated with each decay.

4.3.1 Decays into stable baryons

In this model, two-body decays are defined as decays of a resonance R with angular mo-

mentum J < —g— into a stable nucleon or hyperon (A or £Y) paticle with angular momentum-

parity J = %Jr and a pseudoscalar meson,

1+t
R—5 +07. (4.111)
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As mentioned in the introduction of Section (4.1), the on-shell values for the branching
ratios to particular two-body channels are taken from the particle data tables [18]. These

are shown in Table (4.7).

Two body channels
Resonance Nm Nn  AK
N*(1440)  0.65

N*(1710)  0.15

N*(1535) 045 0.060 0.14
N*(1650) 0.77 0.525
N*(1720) 0.15 0.06 0.07
N*(1520)  0.60

N*(1700)  0.10

N*(1680)  0.60

N*(1675)  0.40

Table 4.7: Branching ratios into two-body decay channels

Two-body decay channels are considered for all s-channel resonances included in the
model. The vertices for decays of resonances with J = % into a %+ nucleon and a pseu-
doscalar meson are given by

M, + = gurysup (4.112)
2

for resonances with positive parity, and
M,- = gurup (4.113)
2

for resonances with negative parity. Here ug is the spinor of the decaying resonance, and
up of the %J’ decay product. The calculation is done in the resonance decay CM frame,

where

Vs=Ep+E, (4.114)

and

P+ 7y = 0. (4.115)
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Ey and p), correspond to the energy and spatial momentum of the outgoing pseudoscalar

meson. In the CM frame, the spinors can be expressed by

g = V2sx!(1,0), (4.116)

us=VE ¥ 5| . (4117)

£ (G - 7B)
To perform the calculation, the 2 axis is chosen to lie along the direction of the baryon’s
momentum pp. This coordinate system is appropriate for use of the helicity basis. In this
basis, the baryon’s spinor is quantized along the direction of its momentum, and it is given
by Xmy, where mp = +1 labels spin parallel or antiparallel to p5. The spinor for a J = %

resonance must be expressed in this basis and is therefore written as a linear combination

of Pauli spinors in the helicity basis, i.e.,

1
2*

Xing(R) =Y DE (=6, =d)x} = > Dme(S, #)x}, (4.118)
A A

1
where D~ are the J = % rotation matrices and the angles # and ¢ define the position
of the helicity basis with respect to the coordinate system defined by the direction of the

photon. Eqgs. (4.116)-(4.118) and the othogonality relation between Pauli spinors,

Xhog (R) - Xy (B) = DiBmiR(O, ), (4.119)

are used to evaluate the decay amplitudes. These are given by

1
and
M, = g+ 2mp) =2 D2 mn(6,0) (4121)
% Eg+ Mg BMRA™
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for positive and negative parities respectively, where

n=1\/2s%(Ep + Mp). (4.122)

For decays involving resonances with J = %, it is first useful to express the resonance
Dirac spinor as a direct product of a spin —5— Dirac spinor and a vector. The coupling is
carried out using SU(2) spin Clebsch-Gordon coefficients. For a given spin 2 particle, the

wavefunction is defined by

1 3
iy = Y < omudmalSma > el (4.123)
M1
P L mal® iy 4124
U, = Z < mi, mQIQmR>um1(em2). (4.124)
mims

The indices my, mgy, and mp label the spin projections of the individual paritcles, and €* is
the polarization of the spin 1 vector particle. For decays into spin % baryons the following
vertices are employed:

g
My =/ ungpfus (4.125)

2

for resonances with positive parity, and

- 9.
Mg— = My u,R’upﬁfyg,uB (4.126)

for negative parity baryons. Using the wavefunctions for the spin % particles given in Eqgs.

(4.123) and (4.124), the vertices can be expressed by

1 3 ‘
My = g Z < 2m1,1mgl2mR>uml(eﬁw)*ppuulg, (4.127)
2 myms
1 3
M,- = g Z < 2m1,1m212mR>um1(e%2)*ppufy5u3. (4.128)
2
mima
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The polarization four-vector of the spin 1 particle is rotated to lie along the z-axis defined

by the direction of the baryon’s spatial momentum, so that

( )Ppu IPB}DomZ(Q ‘25) (4-129)
where
fmg = £1)* = i;%(fcwm,
Emg =0)* = 2 (4.130)

since fp = —pjp, in the resonance’s rest frame. Using Eqgs. (4.118) and (4.122) and

3 2
Z < 2m171m2l mpr > D0m2(9 ¢) mBml 6 ¢ Z < mB’ "—0)1—2'77?/3 > D,anmR
mims
(4.131)
reduces the amplitudes to
g |2 2
M+ = T 30BN Dhgma (6, ), (4.132)
: g__1psl \/5 3
M- = ——2- “nD2 '
: Mr Bp 1 20y "2mB ) 31 Dmsma(0,9) (4.133)

for positive and negative parities, respectively.

The construction of a resonance with spin —g is carried out by first defining the wavefunc-

tion

_ 3 5 _
W=y < oM, Ima|gme >, (emg)"s (4.134)

mimsz

which can be further expressed as

~m3,1m4]~2—m1 > Ty (€hr,) (€my) ™ (4.135)

— 3 5
Ul = Z < §m1,1m21§m3 >< 5

mimy
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The vertices for decays into a spin % baryon and a pseudoscalar meson are then given by

_ g 3 5 1 3
M%+ = W Z < §m1,1m2|~2-mR >< §m3,1m4[~2—m1 >
mimamamy
ﬁm?» (6#14 )*(E’rung )*75ppuppuum3 3
_ g 3 5 1 3
M%_ T (Mg)? Z < 5mi, 1mzl~2~mR >< 5ms, 1m4l§m1 >
mM1Mm2mzmy

Umg (eﬁu )* (6’;112 ) *pp,uppuumg

(4.136)

for positive and negative parity resonances, repectively. After evaluating the matrix ele-

ments, the decay amplitudes reduce to

My, = 9 IPel ~~n~\/§(2mB)A<mB)Dé mn(60),  (4137)
2 (Mk)? Eg + Mp 3 BIRAT TN
M- = P . ;
5= (MK)Q{pB! "7 §A(mB)DmBmR(9:¢)7 (4.138)
where
3 5
Almp) =< 5™MB; 1m0]—2—m3 > (4.139)

To calculate the widths I" for the decays of all resonances included in Table (4.7) into the

J = %+ + 07 channel, the following CM expression is used:

_ 1Pl / 1 2
r.,32ﬂ23‘ dQJR+1 > M (4.140)

MRrMpE

This expression can be simplified by noting that the amplitudes calculated for the decaying
particles are proportional to a matrix representation of the rotation group of dimension Jg,

which satisfy

[ 41D, 0. 0P = 57 (4.141)
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Using Eqs. (4.140)-(4.141) and using the following values

[2mp|? =1

|A(mp)|* =

L] w

for mp = i%—, and summing over the spin projections mp yields

1“(; — ; +07) = ijr !ﬁBle, (4.143)
I‘(Z+ — ; +07) = 3;7T ]f/’;{ %217, (4.146)
F(Z— - ;Jr +07) = 3é7r 1\32;1{ 175315%2, (4.147)

where Q2 = /s(Ep + Mg).

4.3.2 Decays into unstable baryons and mesons

In addition to two-body decays, this study incorporates three-body decay channels, where
the widths are approximated by two-body decays into a stable hadron and another unstable
hadron. Such decays are included for all s-channel resonances for which the avialable CM
energy exceeds the decay threshold energy /s. On-shell branching ratios for these decay
channels are given in Table (4.8). The amplitudes for decay of a J = é resonance into the

A7 channel can be expressed by

g
M;#— = “‘MK UMRPgU;L,mBa
g
M%_ = —-M}}"UMRPZ"}SUM’WLB. (4.148)
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Three body channels
Resonance oN A pN
N*(1440) 0.075 0.25 0.025
N*(1710) 0.25 0.26 0.14

N*(1535) 0.025
N*(1650) 0.03  0.07
N*(1720) 0.73
N*(1520) 02  0.20
N*(1700) 08 0.1
N*(1680) 0.15 0.125 0.125
N*(1675) 0.60

Table 4.8: Branching ratios into three-body decay channels

Unlike decays of particles with J = % into a spin % baryon and a meson in the resonance
rest frame, this vertex involves a moving spin 3 particle, and thus Eqs. (4.129) and (4.130)

cannot be used. The wavefunction of the A particle can be expressed by

1 3
U = D < 5ma, ImalSmp > k. (4.149)

mpms

To evaluate the inner products Eqs. (4.148) inner product between the polarization vector

e and the mesons’s four momentum, note first that
enp'y =0 (4.150)

in the rest frame of the moving baryon. Since this is a Lorentz invariant, it must be zero in

the rest frame of the resonance. Therefore,
eEp—€-pp =0, (4.151)

and

Eﬂp:l; = 60\/5 (4152)
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since pp = —p, and /s = (Eg+ Ep) in the rest frame of the resonance. Using these results,

the amplitudes can be expressed by

g 1 3
M = — 1 > s
1+ MK\/STT;;Z < ma, m2!2mB €0(m2)UmpUm,
1 3 .
M%* = ——Mg}(\/s 5 < 2m1,1m2]2m3>eo(m2)um375um1. (4.153)
T2

The sums in Eq. (4.153) can be evaluated explicitly by noting that in the helicity basis, the
time component of the massive spin 1 particle polarization is given by

_ sl

2 o0 (4.154)

€o(m2)

Using the above equation and Eq. (4.119) the final expressions for the amplitudes for

positive and negative parity J = é resonarnces are given by

2 |pB| A1
M;—% - \/377!1\/1;1)%5"”2(8’@

2 5|2 L ;
M%— = \/3?7MB\/[§Z!+MB(2mB)Dr2anR(9,¢), (4.155)

where mp = ﬁ:é.

Decays of resonances with J = g into a Ar can be evaluated using the following vertices:

M+ = guu,mR’Y&Eu“va
2

Ms;- = guymgul,, (4.156)
2

for positive and negative parities, respectively. The calculation is done using the definitions

in Section (4.3.1) for the wavefunctions belonging to resonances with J = ‘3, and the
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definition given in Eq. (4.149) for the A wavefunction, which yield

1 IpBl 3
- D2
M§z_+ ggnEB+MB mBmR(GJqS)u
3
M:’v‘ - —'gnDT%leR(e’(ﬁ) (4157)

2

The amplitudes for J = g’- resonances decaying into a A and a 7 are obtained from the

following veritices:

g _ v
M§+ = _—M;{‘uuumgppuumga

2

g _
Ms- = _m‘uuum}zpzw/suumsa (4158)

2

for positive and negative parities, respectively. The calculation is carried out using the

wavefunction in Eq. (4.135) for the resonance and Eq. (4.149) for the A particle. This

yields
5
Mgy = 957 A(ms)Digma(0,0)
9 |pBl? 3
M - frnc PR R A ol S 2
% QAIK EB +MB f(mB)A(mB)D'!anR(e) ¢):

(4.159)

with coefficients A(mp) = \/g for mp = :l:% and \/53? for mp = :!:% and f(mpg) = %mB.
Using Egs. (4.140) and (4.141) the following expressions for the widths for decays of reso-

nances with J < g into the A7 channel are obtained:

1t 3t 2 g 3 Q?
F(§ =5 +07) = IZWMM?( B w——*M%, (4.160)
1- 37 2 ¢° 5 S
(= =< +07) = — e , 4.161
G 73 ) = Geaz P g (4.161)
3t 3t 5 ¢% . 31
F(§ -3 +07) = _?;—E—SF_Z\ZTEI]?B! VoYl (4.162)
3= 3+ QQ . 2
hd 2 -} = - 4.1
MG —3 +0) = el (4163)
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5+ 3+ 1 g? 5 Q? ,
I'(= — ) = — PR 4.164
50— 3% 1 g° s 7
rC =2 4+07) = — L 1gppP—"0, 4.165

where Q% = \/s(Ep + Mp).

Vector decays, i.e., decays to a p meson and nucleon, are also incorporated into the model.
The vertices associated with these decays are constructed in analogy to the photon vertices
given in Sections (4.1) for the s-channel resonances. The polarization four-vector of the
massive vector particle is constructed in the rest frame of the resonance with the 2 axis

rotated to lie along the direction of the outgoing nucleon. In the helicity basis

. Ev |
EmVZG = .Z\’IVZ’
- ..
Emy=+1 = —=(Z+1i9) (4.166)

V2

for the space components, and

EO — 'pvlé‘

MV 'my O (4167)

for the time component, where my indicate the spin projection along the rotated z-axis.

The decay widths for resonances with J = % are given by

1+ 1t 1. .
P(‘Q‘ — 1 +'2')—ZTFIPB

IBEB:I:MB 2 EV

EpEMp oy P22y (4168)
JsMy Ep + Mg

Epg+ Mp

where My and Mp are the masses of the meson and baryon respectively. Since the decay
couplings are fixed by empirical branching ratios, and are not varied in the fitting procedure,

only the term proportional to the vector coupling gy has been kept.
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Similarly, the widths for spin % resonances are given by

3% 1t 1 g2 Ep+Mp 2 E} +|pp|
0 L1ty 9 s v 2,
5 2 ) " a0 o ey +

1 By Ey

_ 2 M21
41 EBiMB))+ v(1+

For positive parity spin g resonances, the width is given by

+ + = 13 92
F(5 _)1—_'_1 )__ 1 ]pBlgl Ep+ Mg

= {A% + 2B+ C%,
2 2 30m 4AMAM2Z /s {a"+257+ 7}

where

=12
B = __i_pL_éj
Ep+ Mp 2
C EyvA n ]ﬁBIQ(EB — By +MB)
My My (Eg + Mp)

The negative parity resonance widths are given by

57 - 1t 1 |pplet Ep+Mp
2 2 7 30mdMEMZ /s

{A? +2B? + C?%},

where

|PB]
= BBl sam

Ep+ Mp 2
o _ 1Pl (B4 1psP)
My Eg+ Mg )

The mass of the pion is used to make g; dimensionless. Note also that for the J = % and 3

E‘B:i:MB)}'

(4.169)

(4.170)

(4.171)

(4.172)

(4.173)

I

resonances, only one coupling is introduced in the expressions for the widths. This is due to

the fact that we are limited to on-shell partial width information, which can only be used

to extract one coupling. The other couplings must be dropped from the calculation. To
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account for the instability of the A particle and vector meson, a method developed in [42]
is used. The method involves incorporating the width of the unstable decay product by

introducing a Breit-Wigner distribution. The channel width is expressed as

I'(s) = Qi

Mmax
ym / ['(s,z)S(x)dz, (4.174)

My,

where I'(s, z) is the phase factor for decay of the resonance into an unstable decay product

of mass z, and

A I
S(z) = — p; e
om (z — M,)? + IT2,

(4.175)

is the Breit-Wigner distribution with normalization parameter A. The integration limits

are

My, = vV Sth — Mstablea

Moz = \/g — Mtapie, (4176)

where /54, is the lowest possible CM energy to form the unstable baryon or vector meson,

and M; is the mass of the stable final state nucleon or pion.

The empirical on-shell branching ratios, together with the expressions derived in this
section yield a dynamical model for the well-established s-channel resonances (three to four
star status,) given in Tables (4.1), (4.3) and (4.5). The total widths for resonances of two

star category are treated as parameters in the fit, as mentioned in Section (4.1.1).

4.4 Parameters and Fitting Procedure

Using the effective lagrangian model developed in this chapter, two main fits are obtained
to the data provided by the CLAS collaboration [9, 10] for the photoproduction reaction
v+p— KT+ A . One fit is performed using the low energy data, that is, for CM energies
below 2 GeV, and a second fit is obtained for CM energies up to 2.6 GeV. The low energy

fit includes all the well-established s and u-channel resonances with J < g given in [18].
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This fit is mainly used to study the effect on the differential cross section when the fit is
extended to include polarization data and to study the relative influences of the s and u-
channel coupling constants. Table (4.9) lists all of the s and u-channel resonances used in the
low energy fit along with their symmetry assignments, consistent with SU(6)XO(3) quark

models [5, 6, 8, 7]. The higher energy fit incorporates four resonances whose existence is not

Resonance I JP SU(3)
N(1440) 1 17 28
N(1520) 3 & %8
N(1535) & 17 2
N(1650) 3 3 %8
N(1675) & 37 48
N(1680) 1 5F 28
N(1700) § 37 48
N(17T1I0) L 1T 28
N(m20) 1 3T 2
A(1405) 0 17 21
A(1520) 0 27 %1
A(1600) 0 1T %8
A(1670) 0 5 48
A(1690) 0 27 28
A(sw0) o 1Y %
A(1820) 0 3T %8
A(1830) 0 57 48
A(1800) 0 3T %
A(110) 0 3T
£(1385) 1 T 410
$(1660) 1 T %8
$(1670) 1 37 28
Y(1750) 1 &7 %10
L(177s) 1 50 48
$(1915) 1 Y 2%
$(1940) 1 27 48

Table 4.9: Low energy well-established resonances

yet very well established in the particle data tables [18], but as mentioned in Section (1.4),
have been predicted within quark models and used in previous analyses of photoproduction

data. The additional resonances are implemented because the model cannot successfully
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fit the complete data set when only the resonances listed in Table (4.9) are included. The

additional two-star resonances used in the model are listed in Table (4.10).

Resonance J¥

+

N(1900) §-+

N (2000) g“

N (2080) g_
N(2200) 3

Table 4.10: Two star resonances implemented in high energy fit

In the low energy fit, the parameters fit to the experimental data are the coupling products
at the electromagnetic and strong vertices. These products were defined in Section (4.1).
Most of the Born term coupling products in the three channels are related to the leading

Born coupling

gt = egpra. (4.177)

In particular, one can express the born coupling products introduced in Section (4.1.2) and

(4.1.6) for the s, u and t-channel born terms as

Gicborn = 95

Gy porn = g’ (4.178)
Gilyorn = #agh, (4.179)
GiZporn = CRTAGIKS: (4.180)
Gitorn = —9 (4.181)

where k, and kj refer to the magnetic moments of the proton and A respectively. The

magnetic moments for both the proton and A and the electric charge e are well established
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units. Throughout the fitting procedure, these values are fixed to

kp = 2.793, (4.182)
ka = —0.729, (4.183)
e = 0.3029, (4.184)

in dimensionless quantities. The coupling product for ¥ exchange is fixed to the value
1.4579. The only coupling that has not been very well established is gpxa. This coupling

can be related to the coupling gynr in unbroken SU(3) symmetry by [3],

1
gKpr = -75(3 —2ap)gaNnN. (4.185)

Given that SU(3) symmetry is not fully realized in nature, other theoretical models, some
of which are based on photon-kaon scattering and 20% SU(3) symmetry breaking effects,
predict a range of values between —4.4 < g;_% < —3.0 [43]. Other phenomenological models

for the reaction p(yK)A predict a value of g—E—%‘- between —4.30 and —2.90 [44]. In addition,

Nor
QCD sum rule methods predict a value close to g—p\/% = —1.96 [13]. Given that there is a

range of values reported for gpxa in previous studies, gyxa is introduced as a parameter
that is allowed to vary in the fitting procedure. It will be of interest to see how the values
obtained for this parameter in the present fits compare with those obtained in previous

experimetally driven photoproduction models and QCD inspired models.

The additional parameters of the fit are the coupling products at the electromagnetic and
strong vertices. For resonances with total angular momentum J = %—, these parameters are

defined as

FN* = eRpN*IN*KA,
Far = eRa—a=garKp (4.186)
Fy« = ekpLp<ge*Kp- (4.187)
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For resonances with total angular momentum J = % and g, the definitions in Section (4.1.4),

Gh = AV,

Gk = &V gl

Gh- = gtV gl a-,

G = g™ gl s

Gy = g7 gd 5,

G4, = g% g3 .., (4.188)

where gg’ = gn+xA in the s-channel, and gi A+ 5+ = ga* 5+ Kp in the u-channel, are employed.

The ¢-channel resonance vector and tensor couplings are given by

1 1%
G - g’)’KK*gAK*pJ

G = gyKK*Ghrcps (4.189)
for K* = K*(892) or K'(1270), respectively

The first fit is performed using the low energy portion of the CLAS unpolarized differential
cross section data [9] given by Eq. (3.55) in Section (3.2). Four different sets of starting
parameters, labeled sets A, B, C' and D were used. A non-linear Levenberg-Marquardt

method was employed to obtain the set of parameters that minimizes the x? defined by

N , ,
o=t et ~ Yoy (4.190)
Y (N - npm‘) i (dYezxp : dYezxp)Q ’

where v labels the number of independent degrees of feedom in the fit. The variable Y,54¢1
is the observable calculated using the effective lagrangian model, and Y.z, is the experimen-
tally measured observable with uncertainty dY. The fit to the unpolarized cross section
yields a set of paramaters for each of the starting parameter sets defined above. These new

parameters were then used as starting parameters for a low energy fit to both unpolarized
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differential cross section data and the double polarization observables C, and C [10]. For
a right circularly polarized photon , these assymetries are given by

dot —do~

Y= e 4.191
C dot +do—’ ( )

where + refers to the A spin projection parallel or antiparallel to the j = 2 or j = & axes.

To fit the whole energy range from 1.6 GeV to 2.6 GeV, the resonances in Table (4.10) were
incorporated. Both the unpolarized differential cross-section and polarization observables
were fit in two steps using the same procedure as for the low energy data. The new param-
eters used in the full energy fits include the total decay widths of the less well-established

resonances in Table (4.10).

The best fit obtained from the four starting parameter sets was then used to study the
sensitivity of the fits to each of the nucleon higher energy resonances. This was done by
first fitting the differential cross-section and asymmetries keeping all parameters associated
with the resonances in Table (4.9) fixed and varying only the ones in Table (4.10). This
procedure provides information on how the low energy results are affected by the high
energy resonances and how well the parameters obtained from the low energy fit describe

the high energy data.

A second procedure is carried out to remove the high energy resonances from the model,
one by one. This was performed to study the sensitivity of the x2 to individual resonances.
This procedure can in principle give insight into how much the observables depend on each
of the high energy resonances and whether or not a particular resonance is relevant to the

description of the experimental data.

Using the best fit to all the cross section and double polarization data, a systematic
study of the contribution of u-channel hyperon resonances was performed. In particular, we
studied the sensitivity of the observables to the presence or absence of u-channel resonances

that do not couple strongly to the initial or final state or whose coupling products seem
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unphysically high. If the shape of the distribution does not change significantly when a
particular hyperon resonance is removed, an attempt is made to refit without it. Lastly, we
studied the angular dependence of the differential cross-section associated with the u and

t-channel contributions.
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Chapter 5

Results and Discussion

The version of the isobar model developed for this study of the reaction v +p — KT+ A
was discussed in Chapter 4. In particular, contributions to the reaction’s amplitude were
given for s and u-channel resonances with total angular momentum J < —g— with both positive
and negative parities. In addition, two kaon resonances were also incorporated, the K*(892)
and K1(1270) resonances. A model for the decay widths for six particular decay channels
for nucleon s-channel resonances was also included in the model. The results of the fits
performed to the unpolarized cross section data and double polarization observables, C,
and C, are presented in this section. This section is divided into two main parts. The first
part analyzes the sensitivity of the coupling products to the addition of double polarization
data to the fitting procedure, in particular, the sensitivity of leading coupling constant
gpk A- The second part analyzes the behavior of the coupling products to two different sets

of starting parameters obtained from the low energy fits.

5.1 Low Energy Fits

In the low energy regime, two different fits are presented. The first fit is performed using
just the unpolarized differential cross section data for four sets of initial parameters labeled
models A, B, C, and D. The results for these fits are presented in table (5.1). These results
consist of the sets of parameters for which the x2 function, Eq. (4.19), is at its minimum.
The occurence of global versus local minima is always a concern when data sets are fit.

This is not a trivial concern since many fitting routines are generally not robust enough to
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find a true minimum among several local minima. We attempted to tackle this obstacle by
varying the way in which the parameters were introduced into the fitting routine. In some
cases, a solution was found by first varying the s-channel parameters while keeping all other
parameters fixed. Using the output parameters for this particular solution as a new set of
starting parameters, the u-channel parameters were then varied to obtain a new minimum.
This procedure could be altered by permutating the order in which the different parameters
were varied. We also tried a scheme in which the parameters corresponding to resonances
with different angular momentum-parity combinations were successively varied. The results
in table (5.1) represent the parameters giving the lowest possible x2 obtained with the

Levenberg-Marquardt method, for each of the four different sets of starting parameters.

The angular dependence of the differential cross section is exhibited in Fig. (5.1) at four
different energies. With the exception of fit D, the quality of the four fits are similar, which

reflects the similar 2 obtained with the fits.
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Figure 5.1: Differential cross section for the reaction v +p — KT + A at four different total
CM energies. The solid curves were obtained with fit A, the dotted curves with fit B, the
dashed curves with fit C, and the dot-dashed curves with fit D.
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A B C D
Fro-
1\1(1440)-1,{r -3.759 -3.859 -4.800 -10.411
(1710)%+ 0.080 0.054 0.185 0.233
N(1535)17 -0.101 -0.026 -0.052 -0.533
N(1650)L7 -0.137 -0.199 -0.132 0.027
Gi. GZ.
N(1720)%+ 0.035  0.135 0.036 -0.016 -0.002 -0.111  0.009  0.222
N(1520)37  -1453 -0.895 -1.794 -0.825 -0.482 -0.066 -0.593  0.143
N(1700)% 0.989  1.292 1.277 1.385 0.202 0.635 0.807 1.086
N(lGS)% 0.096  0.072 0.108 0.067 0.048 0.017 0.108 0.124
N(1675)27  -0011  -0.018 -0.015 -0.021 -0.007 -0.011 -0.013 0.018
Fa~
A(lGOO) -9.869 -1.108 -12.148 -5.349
A(1810 )% 0.559 3.447 -3.282 -1.299
A(1405) 5~ -1.078 -1.700 1.815 -2.167
A(1670)17 0.477 -3.859 -5.721 -1.017
GL. G2,
(1890)%+ 2.070 -8.748 2618 -9.868 0.215 0.102  0.063 -0.401
A(1520)27 0505  0.963 -0.215  0.077 -0.022 0.258 0047 -0.443
A(1690)27 0280 -6.720 -0.466 -7.452 0.025 0.251  0.007 -0.432
(1820)%+ -0.003  0.002 -0.004 -0.004 -0.010 -0.030 0.002  0.005
(2110)%+ 0.011  0.021 -0.007 0.000 -0.015 -0.021 -0.004 -0.019
A(1830)57  0.002  0.020 0.002 0.009 -0.005 0.022 -0.002  0.020
Fer
2(1660)%+ 4.800 -6.248 5.671 3.790
£(1750) %~ 3.107 10.950 6.703 -0.422
GL. GZ,
2(1385)%+ -0.410  6.481 -0.553  5.285  0.346  0.359  0.010  1.059
£(1670)47  -8.102 10295 1.052 9.718 0.019 0.254 0010 -0.433
D(1940)3~ 0665 0650 -0.022 -0.094 0.111  0.190 -0.002 -0.414
2(1915)%+ 0.002  0.008 -0.004 -0.003 -0.011 -0.027 0.000 -0.004
£(1775)57  0.003  0.012  0.002  0.007 -0.006  0.018 -0.002 -0.004
BpKA
-3.410 -0.901 ~4503 -3.589
x? = 1.436 7 =1.262 x% = 1.450 x2 = 1.861

Table 5.1: Low energy fit results: Unpolarized differential
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Figure 5.2: Differential cross section for the reaction y+p — KT + A at four different ©¢cyy.
The solid curves were obtained with fit A, the dotted curves with fit B, the dashed curves
with fit C, and the dot-dashed curves with fit D.

The poorer quality of fit D can be seen in the behavior of the fits at energies near
threshold. While fits A, B and C appear to follow the shape of the data with the same
degree of quality, fit D fails to do so near threshold, and it fails to describe the data at back-
ward angles at all other energies. Fig. (5.2), which shows the behavior of the differential
cross section as a function of energy, reinforces the fact that fit D fails to describe the data
well at energies near threshold; in particular at 143°, fit D overestimates the differential
cross section at all energies up to 1.9 GeV. A closer look at Table (5.1) reveals the simi-
larities between the nucleon coupling products in fits A, B and C. This is to be expected,
since the s-channel dominates the reaction amplitude; the v and ¢-channels provide smaller
background contributions. While the s-channel parameters seem to converge to the same
value from different starting parameters, the u-channel coupling products vary from fit to

fit, thus depending on the different paths taken towards a X2 minima.
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Figure 5.3: Double polarization observable C, for the reaction v +p — K* + A at CM
energies W = 1.787 GeV and 1.939 GeV. The solid curves were obtained with fit A, the
dotted curves with fit B, and the dashed curves with fit C.

Fig. (5.3) displays the double polarization observable C, as a function of the CM angle
for two different energies, while Fig. (5.4) displays C, for the same two energies using the
three models that seem to give reasonable fits to the unpolarized differential cross section.
The models used to obtain the curves in Figs. (5.3) and (5.4), have not been fit to the
polarization data. The disagreement with the data indicate that cross section data alone
are not adequate enough to extract the coupling products which can entirely describe the

reaction.

The second part of the low energy fitting procedure involves a fit to both cross section
and polarization data using the same number of coupling product parameters as in the
fit described above and using the values in Table (5.1) as starting parameters. These
parameters are used as starting parameters since, with the exception of fit D, they yield
qood fits to the cross section. Furthermore, there is no reason to believe that adding
polarization data to the fit should cause a drastic change in the coupling products. The

parameters obtained from this fit are given in table (5.2). Fits B and C have comparable
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A B C D

Fr-
N(1440)17 -2.316 -0.873 -1.123 7,618
N(1710)1% 0.091 0.141 0.100 0.293
N(1535) % 0.336 0.038 -0.010 -0.440
N(1650) %~ -0.072 -0.121 -0.083 -0.007
Gl GZ.
N(172008T  -0.067 -0.102 0.071 0.266 0.053 0.254  0.027  0.400
N(15200%7  -1.320 -0.916 0.288 -0.036 1277 1360 -0.814  0.100
N(1700)27 0817 0873 -0.130  -0.025 -0.396 -0.328 0.794  0.893
N(lsso)g‘L 0.092 0092 -0.041 -0.065 -0.076 -0.098 0.110  0.123
N(1675)27  -0.012 -0.016 0.006 -0.010 0.009 0.004 -0.011  0.007
Fa-
A(1600)17 -8.704 -4.405 -14.211 -4.707
A(1810)%7F 2.202 1.138 -5.277 -0.773
A(1405) 17 -0.769 -0.481 3.577 -2.058
A(1870)% 7 1.093 -3.359 -5.792 -0.887
Gh. Ga.
A(1890)3T  1.030 -8.039 2.862 -11.054 1401 -3.262 0.100 -0.222
2_.
A(1520)3 0.354  0.510 -0.602 0.790 -0.115  0.214  0.017 -0.594

A(1690) %_ 9.082 -7.250 -0.562 -7.175  -0.028 0.535 -0.098 -0.572
A(1820) %+ -0.007 0.001 -0.015 -0.054 -0.016 -0.022 0.007 0.000
A(2110) %+ 0.045 0.062 -0.016 0.031 -0.020 -0.039 -0.014 -0.029

A(1830)5”  0.011 -0.005 -0.016 0.032 -0.019 0.064 -0.003  0.007
Fx-
$(1660)1 " 6.138 -9.198 3.643 4.338
£(1750) 1~ 3.797 11.254 6.170 -0.286
GL. GZ,
£(1385)37 0171 6101 -1.225 6.002 -0.695 2.178  0.046  1.105
T(1670)3 -8.300 9.774 0925 10.049 -0.043 0537 -0.085 -0.574
$(1940)3~ 0281 0012 0163 -0.522 0.094 0547 -0.231 -0.535
2(1915).5; 0.011 0023 -0.015 -0.025 -0.017 -0.031 0.000 -0.011
£(1775)27  0.014  0.000 -0.002 0.016 -0.007  0.005 -0.003 -0.013
BpKA
1.994 2.460 -1.380 -0.558
x? = 2.192 x° = 1.447 x? = 1.500 x° = 2.059

Table 5.2: Low energy fit results: Unpolarized differential cross section and double polar-
ization asymmetries Cy and C' fit.
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Figure 5.4: Double polarization observable C, for the reaction v +p — K+ + A at CM
energies W = 1.787 GeV and 1.939 GeV. The solid curves were obtained with fit A, the
dotted curves with fit B, and the dashed curves with fit C.

X2 as can be seen by comparing the two fits in Fig. (5.5) at energies near threshold. Tt
is clear from Figs. (5.5) and (5.6) that fit C yields a better description of the data than
fit B. In particular, the energy distribution in Fig. (5.6) at 90° clearly shows that the
parameters in fit B overestimate the data, while fit C' seems to agree well at both forward
and backward angles. The situation is different at more forward angles, such as 53°, where
fits A, C, and D have comparable quality. It appears that the coupling parameters are
more sensitive to cross sectional data at angles greater than 90°. Fits A and D do not yield
good representations of the data at low energies and back angles, as is evident from their

higher x2.

Carefully comparing the parameters in Tables (5.1) and (5.2) for fit C, reveals a well
ordered change in the parameters after polarization data is incorporated into the fit. Of
particular interest is the fact that after inclusion of polarization data, all s-channel spin %
resonance parameters decreased in magnitude, with the exception of the N*(1535), while
the u-channel spin % coupling products increased, with the exception of both spin —21— by

)

resonances, L*(1660) and X*(1750). Fits A, B, and D did not exhibit this behavior. In
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addition, it is worth noting that the behavior of the fitting parameters for resonances with
angular momentum greater than g showed no significant change in magnitude when polar-
ization data were included for all four sets. This might be be due to the fact that these
parameters are not very sensitive to the observables included in the fitting procedure. The
fluctuations appeared to be random, but rather small. The following section addresses this

issue, where cross-section and polarization data for energies up to 2.6 GeV will be included

in the fits.
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Figure 5.5: Differential cross section for the reaction v+ p — K+ + A at four different total
CM energies. The solid curves were obtained with fit A, the dotted curves with fit B, the
dashed curves with fit C, and the det-dashed curves with fit D.

It thus appears that polarization data have laid down certain constraints on the behavior
of the coupling parameters and discriminate between different fits. This is shown by the
angular distributions of the double polarization C; and C, depicted in Figs. (5.7) and (5.8)
respectively for energies 1.787 GeV and 1.939 GeV. Again, fits B, and C fit C; and C,
well at forward angles, in particular near threshold at 1.787 GeV and even better near 2
GeV. At back angles, fit C seems to be preferred over fit B, especially at W = 1.939 GeV,

where fit B underestimates C; for all back angles. Another interesting observation is that
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Figure 5.6: Differential cross section for the reaction v+ p — K¥ + A at four different total
CM energies. The solid curves were obtained with fit A, the dotted curves with fit B, the
dashed curves with fit C, and the dot-dashed curves with fit D.

at energies near 2.0 GeV, all fits seem to do well. It is at low energies that the fits become
distinguishable with one fit preferred over the other, as shown by the shape of the curves in
Figs. (5.5) and (5.6) for the cross section, and Figs. (5.7) and (5.8) for the asymmetries. It
seems that at energies near 2 GeV, there exist many different combinations of parameters
that could lead to a low x2. In particular, It may well be that the addition of high energy
resonances may improve some of the low energy fits more than others. The similarities
between the four sets of fits in the 2 GeV region are also evident from Figs. (5.9) and

(5.10), which depict both Cy and C., as a function of the C'M energy for backward and

forward angles.

At first glance, one would be inclined to disregard any parameter sets for which the
Born coupling parameter gyx A is positive at the x2 minimum. The value has not yet been
definately determined, but as discussed in Section (4.4), various studies seem to agree on its
sign. Since fit B seemed to be of comparable quality to fit C, a second fitting procedure was

conducted for fit B, as well as for fit A. In particular, a physical constraint was included

in the fitting procedure.
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Figure 5.7: Double polarizations observables C, for the reaction v +p — KT + A at two
different C M energies. The solid curves were obtained with fit A, the dotted curves with
fit B, the dashed curves with fit C, and the dot-dashed curves with fit D.
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Figure 5.8: Double polarization observable C, for the reaction v +p — KT + A at two
different CM energies. The solid curves were obtained with fit A, the dotted curves with
fit B, the dashed curves with fit C, and the dot-dashed curves with fit D.
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Figure 5.9: Double polarization observable C, for the reaction v +p — K+ + A for four
CM scattering angles, ©cpr. The solid curves were obtained with fit A, the dotted curves
with fit B, the dashed curves with fit C, and the dot-dashed curves with fit D.
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Figure 5.10: Double polarization observable C, for the reaction v+ p — K+ + A for four
CM scattering angles, ©cas. The solid curves were obtained with fit A, the dotted curves
with fit B, the dashed curves with fit C, and the dot-dashed curves with fit D.
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The variation sampled different topological regions of the fitting function to search for
a new minima for which g,k is negative. The parameters given in Table (5.1) were used
as strating parameteres for these fits, since they correspond to minima different from those
obtained from the parameters in Table (5.2) for which gpxa are larger than zero. The
resulting fits did not yield a lower x2 than those for which the resulting value of gpxs Wwas
positive. In particular, constraining the value of the Born coupling in the fits yielded a
x2 of 12.05 for set A, and 2.889 for set B. Furthermore, the values of the Born couplings
resulting from these two fits were very close to zero. Clearly, reasonable values of x2 are

not comparable with the negative values of g xa in these two fits.

Fit C appears to yield a set of parameters that better describe the experimental data, but
one needs to examine the uncertainties in the fit parameters, particularly in the u-channel,
before drawing any conclusions concerning the quality of the fit. In order to understand
the contributions of the u-channel resonances to the fit, a series of fits was conducted, using
as starting parameters the set C' parameters in Table (5.1), in which different sets of u-
channel parameters were successively varied. The incorporation of u-channel resonances in
a controlled manner was used to study the effects of these resonances on the observables as
well as reveal any correlations between s and w-channel parameters. Table (5.3) lists the
values of the s-channel parameters and their uncertainties obtained for fixed values of the
u-channel parameters. Figure (5.11) depicts the unpolarized differential cross section as a
function of the CM scattering angle at four different energies, and Figs. (5.12) and (5.13)
depict C, and C, at four scattering CM angles. The dashed lines indicate the uncertainty
of the fit which is associated with the uncertainties in the parameters. The uncertainty in

the fit can be expressed by

2 _ 2(39(‘351,552)331(561,332))02 (5.1)

y(z1,x2) T da;0a; a;a;?
ij J

ag

where y indicates the observable at energy z; and scattering angle 5 respectively, and 0,4,

represents the variance for 4 = j and covariance for ¢ # 7 in the fit parameters.
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F-

N(1440)17 —2.267 + 0.036
N(T10)i 7t 0.153 4 0.016
N(1535) %~ 0.053 £ 0.045
N(1650)17 ~0.145 + 0.012

Gy. Gi.
N(1720)37 0.078 £0.007  0.164 £ 0.023
N(1520)% " 0.872 +0.192 1.550 + 0.239
N(1700)3™  —0.088 +£0.039  —0.188 + 0.061
N(1680)3T  —0.034+0.004 —0.072 % 0.005
N(1675)5 0.004 & 0.001 0.000 £ 0.001

GY. GE

s Gr.

K*(892) —1.609 £ 0.075 3.044 + 0.202
K1(1270) —1.562 £ 0.157 7.034 £ 0.321
EpKA
-3.803
X2 = 2.091

Table 5.3: Low energy fit results: s and t-channel parameters with u-channel parameters
fixed starting with set C' in Table (5.1).
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Figure 5.11: Unpolarized differential cross section for the reaction vy +p — K%+ A at four
CM energies. The solid curves were obtained using the parameters in Table (5.3). The
dotted curves represent the uncertainty in the fit.
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Figures (5.5) and (5.11) were obtained from fits performed using the same set of starting
parameters, those given in Table (5.1). As seen in Fig. (5.11), fixing the u-channel param-
eters yielded a cross section of comparable quality to the fit obtained with all u-cahnnel
parameters varied, although the ¥?2 obtained is somewhat larger. Furthermore, the uncer-
tainties associated with the fit when only s-channel parameters are varied were relatively
small; that is, the fit seemed to be well determined by the data. The polarization observ-
ables did not seem to be affected when the u-channel parameters were fixed. In particular,
this can be seen by comparing Figs. (5.9) and (5.12). It is evident that fixing the values
of the u-channel parameters affects the fits for C,, at back angles, but the uncertainty band
appears to extend just enough to yield a good quality fit at energies above 1.7 GeV, with

the exception of the energy distribution at O¢pr = 138.59.

Using Table (5.3) as starting parameters for the s-channel, a fit was performed in which
the J = % u-channel parameters were allowed to vary. The resulting s-channel coupling

strengths with their uncertainties are given in Table (5.4). Direct comparison of Tables

FN*
N(1440)17 —2.500 % 0.601
N(1T10) 37T 0.164 £ 0.019
N(1535)% " 0.092 £ 0.055
N(1650) L7 —0.157 + 0.012
GL. GZ.
N(1720)3T  0.066+0.010  0.17040.024
N(1520)27  1.003+0.253  1.83240.306
N(1700)2”  ~0.169£0.055 —0.363 & 0.077
N(1680)37  ~0.044+£0.008 —0.081 +0.012
N(1675)57  0.003+0.002  —0.001 % 0.003
GY. GE
K* L

K*(892) —1.53040.361 3.224 £ 0.510
K'(1270) —1.086 +£0,904 7.267 £ 0.900
BpKA
—3.450 £ 0.372
x? = 2.010

Table 5.4: Low energy fit results: s and t-channel parameters from fits that include varia-
tions of J = u-channel parameters

(5.3) and (5.4) reveals small fluctuations in the s-channel parameters. In addition, the

Born coupling strength decreases with the inclusion of the J = 5 u-channel resonances. At
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this point, an interesting remark must be made. The variation of spin 3 L y-channel reso-
nance parameters does in fact decrease the y2 of the fit, but the uncertainties associated
with these resonances are extremely high. These parameters are given in Table (5.5). Large
uncertainties clearly show that the parameters are not unique and that they mainly depend

on the starting parameters that define the path towards a X12/ minimization. Figure (5.14)

Fa+
A(1600)1 " —12.381 4 682.63
A(1810)5F  -2.033 +371.05
A(1405) 37 1.795 + 23.86
A(1670)27  —5.533 +183.08
Fr-
2(1660) 1" 5.602 + —
B(1750) 1% 6.967 £ 164.36
Table 5.5: J = u—channel parameters and uncertainties
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Figure 5.14: Unpolarized differential cross section for the reaction v +p — K + A at four
CM energies. The solid curves were obtained using the paramteters in Tables (5.4) and
(5.5). The dotted curves represent the uncertainty on the fit due to uncertainties in the

parameters.

depicts the differential cross section obtained from the parameters in Tables (5.4) and (5.5).
There is no clear difference in the qualities of the fits as compared with those in Fig. (5.11),

again indicating that the differential cross section seems not to be affected by variation of
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the spin % u-channel contributions. Figures (5.15) and (5.16) depict the C; and C, polariza-
tion observables obtained from the parameters in Tables (5.4) and (5.5). Varying the spin 5
u-channel resonances yields a better fit to both asymmetries at back angles. It is interesting
to note that the high uncertainties in the spin % u-channel parameters does not give rise
to large uncertainties in the fit. This is due to the high degree of correlation between the
parameters in the fit. The large uncertainties in the u-channel parameters indicate that the
model is not highly sensitive to spin % u-channel resonances, and thus, it is unlikely that

the corresponding couplings can be significantly constrained by the photoproduction data.
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Figure 5.15: Aymmetry C; for the reaction y+p — K T+ A at four scattering angles, ©cpy.
The solid curves were obtained using the parameters in Tables (5.4) and (5.5). The dotted
curves represent the uncertainty in the fit.

Parameters associated with u-channel spin % and 52— resonances were also varied in the
fitting procedure. These parameters behaved in the same manner as those associated with
the spin —;— u-channel resonances, that is, the parameters obtained had large uncertainties.
This indicates that the model is also not very sensitive to J = % and J = -‘;3 u-channel

parameters. The higher angular momentum u-channel parameters appear also to be highly
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Figure 5.16: Aymmetry C, for the reaction v+p — K+ + A at four scattering angles, O¢car.
The solid curves were obtained using the parameters in Tables (5.4) and (5.5). The dotted
curves represent the uncertainty on the fit due to uncertainties in the parameters.

correlated with all other parameters, which resulted in extremely low uncertainties in the
fits. In particular, varying the parameters associated with spin % and % u-channel resonances
did not cause large effects on the s and ¢-channel parameters, but played a major role in
significanly increasing the uncertainties associated with the s and ¢-channel parameters,
given in Table (5.6). Furthermore, the value of the born coupling obtained by varying all
u-channel parameters was smaller in magnitude when compared to the born couplings in

Tables (5.3) and (5.4).

In light of the large uncertainties associated with the u-channel parameters, we were
motivated to eliminate those resonances with very large uncertainties and refit the cross
section and polarization observables without significantly increasing the x2. The particular

u-channel resonances eliminated in this fitting procedure, which yielded the lowest X2, are

listed in Table (5.7).
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Figure 5.17: Unpolarized differential cross section for the reaction v +p — K+ + A at four
CM energies. The solid curves were obtained using the s-channel parameters in Table (5.6).
The dotted curves represent the uncertainty in the fit.

Fn-
(1440)% —2.400 + 0.742
N(1710)~§ 0.171 + 0.026
N(1535) %" 0.080 + 0.076
N(1650)1 "~ —0.136 + 0.023
G- G
N720)3T 0056 +0.013  0.169 % 0.055
N(1520)3 1.206 £0.331  1.787 £ 0.423
N(1700)27  —0.288+0.119 —0.369 +0.136
N(1680)2F  —0.053+0.013 —0.100 £ 0.016
N(1675)27  0.0036 £0.003  0.000 £ 0.005
GY. GL.
K*(892) —1.236 & 1.535  2.408 + 1.408
K1(1270) —0.287+5.256  6.824 +7.076
BpKA
—2.664 + 1.562
x? = 1.870

Table 5.6: Low energy ﬁt results:
tions of J = and J =

s and t-channel parameters from fits that include varia-

s u- channel parameters
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u-channel
Mass (MeV) Isospin /
A*(1600) 0
A*(1810)
A*(1520)
A*(1690)
*(1660)
£*(1750)
%*(1670)
T*(1940)
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P ===

{

RIS BO100 NIt 03 [ BT LR = D=

Table 5.7: u-channel resonances eliminated in the new low energy fit

The x2 of this fit was 2.004 as compared to 1.500 given by the fit in Table (5.2) in-
corporating all u-channel parameters. The angular distribution shown in Fig. (5.18) is of
comparable quality to that shown in Fig. (5.5). Furthermore, the CM energy distributions
shown in Fig. (5.20) exhibit the same behavior of the cross section at energies near 1.9 GeV
and ©¢ps = 114° as in Fig. (5.6). The polarization data seem to be well described within
the uncertainties except again at forward angles where the fit falls short in the neighborhood

of 1.9 GeV, as shown in Fig. (5.19).
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Figure 5.18: Unpolarized differential cross section for the reaction y+p — K + 4+ A at four
CM energies. The solid curves were obtained using the parameters listed in Tables (5.8)

and (5.9). The dotted curves represent the uncertainty in the fit.
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Figure 5.19: C'M energy distrbution for the observable C,. The solid curves were obtained
using the parameters listed in Tables (5.8) and (5.9). The dotted curves represent the
uncertainty in the fit.

The s and t-channel parameters are listed in Table (5.8) and the remaining u-channel pa-
rameters in Table (5.9). Reducing the number of u-channel parameters did not significantly
affect the quality of the fits, despite the larger x2, but the uncertainties associated with
the remaining u-channel coupling strengths are considerably smaller than those obtained
in Table (5.5). The s and t-channel parameters were not significantly affected by reducing
the number of u-channel resonances incorporated in the fit; in particular, values for the
J= % parameters were always shifted by amounts within their uncertainties as obtained in

fits that incorporated all the u-channel parameters, such as those given in Tables (5.2) and

(5.6).

This careful analysis of the set C' parameters enabled us to determine the degree of
sensitivity that the model has to s and t-channel parameters. The study also revealed the
effect that u-channel parameters have on both the s and t-channel coupling strengths. It
was noted that variation of the parameters associated with the u-channel resonances did not

cause significant variations in the s and #-channel coupling strengths, but their inclusion did
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Figure 5.20: Unpolarized differential cross section for the reaction v+ p — K+ + A at four
CM scattering angles ©¢ps. The solid curves were obtained using the parameters listed in
Tables (5.8) and (5.9). The dotted curves represent the uncertainty in the fit.

FN*
N(1440)L 7 ~3.100 + 0.552
N(1710)1 % 0.079 % 0.029
N(1535)17 —0.340 £ 0.110
N(1650) %~ —0.028 £ 0.025
G Gi.
N(1720)37  0.031+£0.007  0.170 £0.037
N(1520)27  —1.521+£0.203 —0.795 £ 0.428
N(1700)% 5- 0.768 £0.102  0.855 £ 0.143
N(1680)3 s+ 0.086 £0.010  0.071 £0.012
N(1675) 2 —~0.010£0.002 —0.022 % 0.008
G GL.

K*(892) 0.450 £0.978 -2.396 + 2.101
K1(1270) —0.527 & 1.535 3.823 +7.286
EpKA
—0.667 £ 1.437
x° = 2.004

Table 5.8: s and t-channel parameters obtained from a fit which excluded parameters
associated with the u-channel resonances in Table (5.7).
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Fa-

A(1405)17 1.787 + 25.356
A(1670) L7 —6.880 + 32.879

Gh. Gi.
A(1890)2T  —0.048+3.345 —1.175 % 26.610
A(1820) 8 0.016 £2.276  —0.022 + 8.855
A(2110)3F  —0.011+1.852  0.035 +6.340
A(1830)27 0.003 +£0.643  —0.014 + 3.671

GL, G2

b 3% bl

$(1385)87  —0.093+2.262  2.166 % 17.562
$(1915)5%  0.0052+4.036  0.001 + 15.009
D(1775)57  -0.000+0.608  —0.012 + 3.516

Table 5.9: u-channel parameters obtained from a fit which excluded parameters associated
with the u-channel resonances in Table (5.7).

increase the magnitude of the s and t-channel parameter uncertainties. It was also noted
that even though spin —% u-channel parameters are not unique within this isobar approach,
due to large uncertainties in their values, they are highly correlated to the other parameters
in the model. This behavior was also evident for higher angular momentum u-channel
states. Lastly, it should be noted that s-channel spin -g— resonances appear to couple very
weakly to the K'A channel at the energies considered here. This result is obvious in all
four fits A, B, C, and D. It is possible that fits to higher energy data may require stronger
coupling to the KA channel for these resonances, and thus they should be included in higher

energy fits.

5.2 High Energy Fits

The behavior of the model at high energies was studied using the low energy parameters
obtained from the best fit to the low energy data and four less well-established resonances,
which appear with a two star status in the Particle Data Tables [18]. As discussed in the
introduction, two spin %— resonances are included in these fits, which are shown to play an
important role in the description of the data in the 1.9 GeV energy region. The negative
parity D13(2080) has been discussed in connection with the missing resonance problem by
Benhold and Mart [20, 21] and seems to play an important role in the analysis perfomed

by Sarantsev [19]. The positive parity P13(1900) has been predicted by relativistic quark
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models [22]. Tt is not yet clear which structure has a dominant contribution in this energy

region. In addition, two spin —g resonances are included, a positve parity state at 2000 MeV

and a negative parity state at 2200 MeV, also predicted by relativistic quark models [22].

Figure (5.21) depicts the unpolarized differential cross section as a function of the CM
energy at ©cys = 90° using only the low energy parameters given in Tables (5.8) and (5.9).
It is evident from Fig. (5.21) that parameters obtained from fits to low energies cannot ac-
curately describe the behavior of the reaction at energies beyond 2 GeV. In particular, the
model underestimates the cross section at energies around 1.9 GeV, and diverges beyond
2.1 GeV. The divergent behavior is clearly an effect due to the absence of high energy data

in the fits used to obatain the parameters listed in Tables (5.8) and (5.9), as well as the

absence of higher mass resonances.
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Figure 5.21: Unpolarized differential cross section for the reaction v +p — KT + A at
Ocn = 90°. The dashed curves were obtained using the parameters listed in Tables (5.8)

and (5.9)
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An attempt to fit the cross section using as starting parameters the values listed in Tables
(5.8) and (5.9) was also carried out. The parameters obtained from this fit are listed in
Tables (5.10) and (5.11). The coupling products of the resonances with masses above 1.6
GeV increased in magnitude when compared to the values listed in Table (5.8), while those
associated with the N*(1405) and N*(1535) decreased. It appears that the inlcusion of
higher energy into the fitting procedure affects resonances with heavier masses, since they
lie closer to the energy range in consideration. In particular, incorporating higher energy
data into the fitting procedure did not significantly affect the strength of the s-channel
resonances introduced in the previous section, where most of the time the parameters lsited
in Table (5.11) lied within the uncertainties associated with the resonance couplings listed
in Table (5.8). This result and the higher value of the y2 associated with this fit, suggests
that higher energy resonances are to be incorporated into the model for a better description
of the experimental data. In addition, the coupling products associated with the u-channel
resonances listed in Table (5.12) did not significantly changed in magnitude whereas pa-
rameter fluctuations appear to follow no distinctive trend. However, these fluctuations were

well within the uncertainties associated with the values listed in Table (5.9).

FN*
N(1440) 17 ~2.595
N(1710)1% ~0.170
N(1535) %~ —-0.139
N(1650) 1~ —0.040

GL. GL.
N(1720)8T  0.026 —0.366
N(1520)37 -1.285 —1.804
N(1700)%~ 0.590  0.866
N(1680)3t 0032 0.042
N(1675)27  —0.005 0.005

GY. GL.

K*(892) 0.617 2.122
K*(1270) 0.380 —2.774
SpKA
—0.885
X2 = 30.35

Table 5.10: s-channel parameters obtained from fit to all data, excluding high energy reso-
nances.
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Fa-

A(1405) 3 2.373
A(1670)L7 —6.328
GL. G2.

A(1890)3T 0323 -1.048

(1820)3% 0013 -0.027
A(2110)8 0013 0.038
A(1830)2 7 0.000 —0.002

GL. G2,

£(1385)37  -0.033 1575
$(1915)5T 0002  —0.001
T(1775)27  —0.003 0.000

Table 5.11: wu-channel parameters obtained from fit to all data, excluding high energy
resonances.

Figure (5.22) depicts the total CM energy distribution at three different Ocps. It is
clear from all three energy distributions that the fit does not do well in the 1.9 energy
region. In particular, at back angles the fits understimates this region, while it is consistent
with the data at all other energy regions. At forward angles, the situation is somewhat
different, since it is at energies below 1.9 where the fit understimates the data, while it is
overstimated above 1.9 GeV. The starting parameters used for this fit are listed in Tables
(5.8) and (5.9). The random behavior of the s-channel parameters in this fit can then
be attributed to the abscence of a resonance with mass near the 1.9 GeV energy region.
The fitting procedure is trying to compensate the lack of this state, by varying the other
parameters in order to obtain a low X2, underestimating the structure of the observable
in this energy region. An attempt to include polarization data in the fitting procedure
described above significantly raised the value of the x2. Plots obtained could not be in
any way comparable to experimental data. With this is mind, it becomes evident that
excluding higher energy resonances in the model lead to fits that are highly inconsistent

with experimental data, when energies above 2.0 GeV are incorporated.

The first set of fits incorporated all the s, u, and t-channel resonances introduced in
the previous section and the four less well-established resonances earlier in this section.
The u-channel resonances eliminated in the last low energy fits, given in Table (5.7), were

included in this high energy fit to study their contributions at higher energies as well as
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Figure 5.22: Unpolarized differential cross section for the reaction v +p — KT + A at
three scattering angles, ©¢ys. The dashed lines were obtained using the parameters listed
in Table (5.10) and (5.11).

the uncertainties associated with them. The parameters associated with s and ¢ channel
resonances and their uncertainties are given in Table (5.12). The parameters associated
with w-channel resonances are given in Table (5.13), where only negative parity spin %,
positive parity spin g—, and both positive and negative parity spin -g resonances are shown.
The uncertainties associated with the remaining u-channel resonances were in some cases a

factor of three larger than the uncertainties associated with the parameters given in Table

(5.13).

Comparing the low energy fit parameters given in Table (5.6) with the fit described above
clearly reveals how well the s and ¢-channel parameters are fixed in both fitting procedures.
Values for the parameters corresponding to states with total angular momentum J = —12« and
the born term remained fairly consistent in both low and high energy fits. Both coupling
products increased for the positive parity J = % state and decreased for negative parity
J = % states, with the exception of the N*(1520) state, which obtained a negative coupling
in the high energy fit. Furthermore, the couplings of J = 5 states to the KA channel are

far weaker than those obtained from lower energy fits.
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Frs

N(1440)17 ~3.317 + 0.329
N(T10):* 0.058 4 0.024
N(1535) 1~ 0.088 + 0.091
N(1650) 1~ —0.159 + 0.029
Gi,. G&.
N(1720)37 0.180 % 0.006 0.373 + 0.015
N(1520)37  —0.228 £0.091  —0.290 £ 0.206
N(1700)% 5- —~0.039 +0.063  —0.218 + 0.100
N(1680)3 £+ —0.004+0.002  —0.004 + 0.001
N(1675)5 —0.003 £0.001  —0.013 % 0.002
Higher Energy Resonances
GL. G2, I'n» (MeV)
N(1900)¢T  —0.013 + 0.002 0.080 % 0.008 152.7 + 8.0
N(2080)% 5~ ~0.022 + 0.021 0.020 4 0.031  493.5 + 142.1
N(2000)2 5+ 0.000 + 0.0004  —0.000 % 0.0003 59.7 + 14.4
N(2200) g" 0.001 +0.0001  0.002+0.0004  415.2+51.0
Gy. GE.
K*(892) —1.052%0. 235 5217 £ 033
K(1270) —3.947 + 0.641 5.931 + 1.805
ZpKA

~2.458 £ 0,542

XZ

= 2.865

Table 5.12: Preliminary high energy fit: s and ¢-channel paramters.

Fae
A(1405) 1" —4.147 4+ 19.84
A(1670)2 —2.799 & 160.030
GL. G3.
A(1890) %’* 1.638 £1.147  0.767 + 4.926
A(18 )-3* —~0.002 +0.463  —0.003 £ 1.512
A(21 )%* 0.002 + 0.377 0.021 + 1.037
A(1830)2 7 0.023 +0.084 —0.001 + 4.926
Fsr
D(1750) 1 9.302 + 146.444
GL. Gi.
£(1385)2 —0.791 £ 0.605 1.571 + 1.960
£(1915) %* 0.005 4 0.827  —0.021 + 2.520
$(1775)2 —0.018 4 0.079 0.023 + 0.305

Table 5.13: Preliminary high energy fit: Selected u-channel parameters
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In addition, the ¢-channel resonance parameters corresponding to the K1(1270) and K*(892)
states obtained in the high energy fits have values well within the uncertainties associated
with the t-channel parameters given in Table (5.6). A remarkable result exhibited in this
preliminary fit concerns the behavior of the model at energies beyond 1.9 GeV, which
appears to be completely dominated by the positve parity N*(1900) resonance and the
negative parity N*(2080) state. The two additional spin % resonances included in the high
energy fit couple weakly to the KA channel as can be seen by their coupling strengths in
Table (5.12). The total decay widths obtained in the fit for the N*(1900) and N*(2080)
states were 152.7F7-9 MeV and 493.5%!421 MeV respectively. The u-channel parameters
in the high energy fit exhibited the same behavior observed in the low energy regime when
all u-channel parameters were allowed to vary. The uncertainties associated with these
coupling strengths are unacceptably large, which suggests that the many different sets of

u-channel parameters would generate fits to the experimental data with similar x2 values.
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Figure 5.23: Unpolarized differential cross section for the reaction v +p — K T+ A at two
CM energies. The dashed curves were obtained by varying all u-channel resonances and
incorporaing four higher energy resonances.
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Figure 5.24: Unpolarized differential cross section for the reaction v +p — KT + A at
two scattering angles O¢jps. The dashed curves were obtained by varying all u-channel
resonances parameters, and incorporaing four higher energy resonances.

Figures (5.23) and (5.24) depict the unpolarized differential cross section as as function
of the C'M scattering angle and the total CM energy, respectively. The uncertainties
associated with these fits are not depicted in the figures, since they tend to be very large
at back angles, and are essentially zero at forward angles. Furthermore, the uncertainties
associated with the energy distribution at ©cas = 53.13° are very small at all energies, but
are large throughout the whole energy range at ©cpr = 126°. The model seems to describe
the data well with a few exceptions. At 2.332 GeV, the fit does fall short of experimental
data at angles between zero and 60 degrees, and at 126°, the model overestimates the data
between 1.7 and 1.8 GeV. This behavior is also evident in the low energy fits, as seen in
Figure (5.6) at 114°. The asymmetry C, is depicted in Figure (5.25) at ©cas = 100.49° and
O©cpr = 31.79°. The fit to the energy distribution at ©¢ps = 31.79° does very well for all
energies. At Ocar = 110.49° the fit fails to properly describe the energy region above 1.9
GeV. The uncertainty band associated with this fit was not included in the figure, mainly

because it is so large at energies above 1.9 GeV.
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Figure 5.25: Asymmetry C, as a function of the total CM energy at two C'M scattering an-
gles ©car. The dashed curves were obtained by varying all u-channel resonance parameters
and incorporating four high energy resonances.

The large values and uncertainties associated with certain u-channel parameters moti-
vated a similar fitting procedure to the one performed in the low-energy regime. A series of
fits was conducted to effectively eliminate the u-channel parameters with large uncertainties
without significantly increasing the 2. The lowest x2 value was obtained by eliminating
from the high energy fits the resonances listed in Table (5.14), which unlike Table (5.7),
does not include the negative parity ©°(1750) state. The s and t-channel parameters of
the resulting fit, which includes the four less well-established higher energy resonances are
given in Table (5.15) together with their uncertainties. The u-channel parameters obtained
in this fit are given in Table (5.16). Comparing Tables (5.12) and (5.15) again reveals the
stability of the s-channel parameters in fits which exclude the u-channel resonances given
in Table (5.14). In fact all parameters for J = % resonances showed a slight increase in
magnitude and no change in sign. The states with total angular momentum J = —‘3« slightly
decreased in magnitude with the exception of the negative parity N*(1700) state. Elim-
inating u-channel parameters from the fit did not affect the magnitudes of the s-channel
J= —g— states, which seem to always couple weakly to the KA channel at these energies. The

u-channel parameters included in this fit had uncertainties significantly smaller than those
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u-channel
Mass (MeV) Isospin{  JP
A*(1600) 0
A*(1810)
A*(1520)
A*(1690)
£*(1660)
*(1670)
£*(1940)

-
+ o+

+

- e OO O

1

[SHSIMEI B S S AN S|

Table 5.14: u-channel resonances eliminated in the new high energy fit

Fre
N(1440) 17 ~2.805 + 0.333
N(710)17" 0.126 + 0.022
N(1535) 1" 0.304 £ 0.037
N(1650)17 —0.254 + 0.011
Gi. Gi.
N(1720)37 0.147+£0.005  0.316 + 0.014
N(1520)% —0.257 £ 0.087 0.063 £ 0.133
N(1700)3" 0.120+ 0.066  —0.028 & 0.073
N(1680) 53" 0.000 + 0.002  —0.017 £ 0.002
N(1675)27  —0.003+0.0003  —0.014 % 0.001
Higher Energy Resonances
Gl. G&%. I'n+ (MeV)
N(1900)3 0.024 +£0.002 —0.035+£0.005 191.7+8.8
N(2080)3 " 0.01140.003  0.001£0.003 944+44.6

N(2000) %+ 0.003 £0.0005  0.001 +£0.0004 105.6 +13.2
N(2200) ‘%’ T 0.0001 £0.00003  0.001 +£0.0001 184.0+33.9

GV GT
K* K
K*(892) —1.934 4+ 0.065 0.963 + 0.087
K1(1270) 0.639 £ 0.230 4.059 £ 0.843
BpKA
—0.245 £ 0.338
¥? = 2.907

Table 5.15: s and t-channel high energy fit parameters.
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FA*

A(1405) 3 —4.359 + 7.431
A(1670)17 —0.939 4+ 46.778
GL. G3.

A(1890) 37 1771+ 0.264  2.299 + 1.951
A(1820)57  0.010+£0.045  0.014 % 0.400
A(2110)57  0.031£0.034  0.01240.282

A(1830)2 7 0.040 + 0.023 0.151 + 0.165
FE*
B(1750)1 7 9.21 4 40.419
GL, GZ.

$(1385)27  —0.675+0.164 —2.471+1.213
$(1915)57  —0.036 +£0.077  —0.021 +0.674
(177557  —0.031+0.022 —0.154 £ 0.158

Table 5.16: u-channel high energy fit parameters.

given in Table (5.13). Two resonances in the u-channel continue to exhibit large uncertain-
ties, the A*(1670) and the £*(1750). The latter state, unlike in lower energy fits, led to high
values of x? if excluded from the fit. In addition, the born coupling was significantly smaller,
but this behavior was also present in the low energy analysis, where a smaller born coupling
parameter was obtained after fitting the data without the resonances listed in Table (5.7).
Removing u-channel resonances from the fit did not greatly affect the magnitudes of the
parameters associated with the two spin % high energy resonances, but in most cases inverts
the signs of the coupling products. The decay width of the N*(1900) slightly increases to
1917488 MeV and that for the N*(2080) decreases to 94.4%446 MeV when compared to the
previous high energy fit. Judging from the uncertainties in both the coupling products and
total decay widths, the model appears to be more sensitive to the positive parity N *(1900)
state. As with the other spin % s-channel states, the newly incorporated N*(2000) and
N*(2200) have negligible couplings to the reaction’s final states at these energies. As in
the low energy fits, eliminating the u-channel resonances in Table (5.12) does not affect
the quality of the fits. This fitting procedure did lead to a decrease in the fit uncertainties
at back angles and yielded uncertainty bands almost completaly symmetric about the fit’s
curve. Eliminating the resonances in Table (5.12) does not significantly affect the fit to the
angular distribution at W = 2.332 GeV as seen in fig. (5.26). As in Fig. (5.23), for which

all resonances are incorporated in the fit, the cross section is underestimated at forward
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Figure 5.26: Unpolarized differential cross section for the reaction v +p — K* + A at two
CM energies. The dashed curves were obtained using the parameters listed in Table (5.15)
and (5.16). The dotted curves represent the uncertainty in the fit.
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Figure 5.27: Unpolarized differential cross section for the reaction y +p — K* + A at two
scattering angles, ©cyy. The dashed curves using the parameters listed in Tables (5.15)
and (5.16). The dotted curves represent the uncertainty in the fit.
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angles. In both Figs. (5.26) and (5.27) it can be seen that the fits do not describe the data
very well at low energies for CM angles greater than 120°. This is also evident in the low

energy fits described in the previous section.

C_x

C_x)

W (GeV)

Figure 5.28: Asymmetry C,, as a function of the total C M energy at two scattering angles,
©car. The solid curves were obtained using the parameters listed in Tables (5.15) and
(5.16). The dotted curves represent the uncertainty in the fit.

The asymmetries C,, and C, are depicted in Figs. (5.28) and (5.29) as functions of the
total CM energy. For C; and C, the model describes the data well for all C'M energies at
forward angles, but fails to do so at angles greater than 90°. In the low energy region, the
fit to C, does well near threshold, unlike C, for which the model overestimates the data.
Figures (5.30) and (5.31) depict the angular distribution of C; and C; respectively. The
model yields better results for C,. The data suggests that for most energies and angles that
the polarization transfer has no preferred direction. The results are quiet different for C,,
for which the data suggests that that transfer of polarization has a preferred direction. The
fit is poorest at high energies, since it is here that the data not lying around 90° suggest

values for C, which are greater than one. Discrepancies with the data are thus unavoidable
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Figure 5.29: Asymmetry C, as a function of the total CM energy at two scattering angles,
©cm. The solid curves were obtained using the parameters listed in Tables (5.15) and

(5.16). The dotted curves represent the uncertainty in the fit.
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Figure 5.30: Asymmetry C, as a function of ©¢p. The solid curves were obtained using

the parameters listed in Tables (5.15) and (5.16).
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Figure 5.31: Asymmetry C, as a function of ©¢)ps. The solid curves were obtained using
the parameters listed in Tables (5.15) and (5.16).

in this region since the polarization transfer observables are defined to lie in the range

-1<C, <1,

Using the parameters listed in Tables (5.15) and (5.16) as starting parameters, we studied
the behavior of the fits when each of the four less well-established spin % and —g— resonances
was removed. A fit was conducted for each individual resonance eliminated to study the

behavior of the x2. We made use of the parameter:

2 2
Jie = AT XAUNY g0, (5.2)
Xau

introduced in the multipole analysis of the CLAS data in [45], which measures the relative
change in the x2 when a N* resonance is removed from the fitting procedure. The resulting
fn+ obtained from the fits are listed in Table (5.17). Judging from Table (5.17) we can
conclude that the fit is thus more sensitive to the positive parity spin % N*(1900) state and
the positive parity spin ~52- N*(2000) state. In particular, including just these two states in
the fits yields values for the Born coupling gpxa in close agreement to the value obtained

in the high energy fit, Table (5.15). Figure (5.32) depicts the total C'M energy distribution
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JP Mass (MeV)  x%.  Xay  JN*  gpKA

3+ 1900 5372 2907 85% —0.403
3= 2080 2.965 2907 2%  —0.250
5+ 2000 4564 2907 57% —0.068
5 2200 3.018 2907 4%  —0.237

Table 5.17: Relative y2 differences from fits excluding individual resonances.

at both backward and forward angles. The solid black curves were obtained by fitting the
observables without the N*(2080) and N*(2200) states. This fit has comparable quality
to that of the high energy fit depicted in Fig. (5.27). This result is consistent with Table
(5.17), since eliminating either resonance from the fitting procedure led to a relative X2
deviation below five percent. The dashed curves were obtained by fitting the observables
without parameters associated with the spin —g— positive parity N*(1900) state. The fit is
clearly shifted to the left, and fails to describe the data well at around 1.9 GeV. The fitting
procedure attempted to compensate for the absence of this state by overestimating the cross
section at lower energies. Beyond 2 GeV, excluding the N*(1900) does not affect the quality
of the fit. The dotted dashed curves were obtained by fitting without the positive parity
spin % state. The absence of this resonance in the fit only affected the quality of the fit
at back angles well beyond 2.4 GeV. It is clear from all the fits that there seems to be a

structure around 2.3 Gev which was not accounted for in this study.

We also studied the sensitivity of the model to the absence of each of the kaon resonances.
The solid curves in Fig. (5.33) depict the cross section as a function of ©¢ps using the param-
eters in Tables (5.15) and (5.16), setting the coupling products for the K*(892) resonance to
zero. The dashed curves depict the cross section, when the remaining parameters are refit
without the K*(892) resonance. The x? obtained from this fit is extremely high, but more
interesting, yields a Born coupling very close to zero, gpxa = 0.0004. Clearly, the absence
of the K*(892) state forces the Born coupling to decrease in magnitude, overestimating the
cross section at both backward and forward angles. It appears that the inclusion of kaon
excited states is important in the model if one wants to reproduce the Born coupling in

closer agreement with previous theoretical studies, such as those mentioned in Section (4.4).
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Figure 5.32: Unpolarized differential cross section for the reaction v +p — K+ + A at two
scattering angles, ©cps. The solid black represent a fit without the N*(2080) and N*(2200)
states, the dashed curves represent a fit without the N*(1900) state, and the dotted dashed
curves represent a fit without the N*(2000) state.

Looking at the solid curves, one can conclude that the K*(892) has a stronger contribution
at forward angles, which appears more relevant at energies above 2.0 GeV. The solid curves
in Fig. (5.34) depict the cross section as a function of ©¢ys using again the parameters in
Tables (5.15) and (5.16), setting the coupling products for the K1(1270) resonance to zero.
This curve clearly shows that the resonance does not impose a prefered angular dependence
on the distribution. In fact, the shift appears uniform throughout the angular range. The
dashed curves shows a fit to the cross section which does not include the K'1(1270) state.
Eliminating this state from the fitting procedure yielded a x? = 100.3, an order of mag-
initude smaller than that obtained by eliminating the K*(892) state. The smaller value
of the x2 is a result of the apparent angle independence of this resonance. Eliminating
this resonance from the fitting procedure yielded also a smaller value for the Born coupling
gpic s = —0.0002, as well as a smaller coupling for the N*(1440) state, Fiy» = —1.509, when
compared to those listed in Table (5.15). Clearly, these two are the dominant background

contributions, and thus, their contributions are significantly affected after excluding the

K1(1270).
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Figure 5.33: Unpolarized differential cross section angular distribution. The solid curves
were obtained using the parameters in Tabless (5.15) and (5.16) with zero couplings for the
K*(892) state. The dashed curves represent a fit to the cross section without a K*(892)

contribution.
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Figure 5.34: Unpolarized differential cross section angular distribution. The solid curves
were obtained using the parameters in Tabels (5.15) and (5.16) with zero couplings for the
K*(1270) state. The dashed curves represent a fit to the cross section without a K*(1270)

contribution.
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Eliminating kaon resonances form the isobar model discussed in this study has a direct
effect on both the Born coupling and the Roper resonance N*(1440). Including them in the
model significantly affects the background contributions to the observables and becomes
highly important if the model is to predict a value for the Born coupling that is in closer
agreement with the theoretical works discussed in Section (4.4). Unlike the K1(1270)
resonance, the K*(892) appears to have a strong angular dependence, where most of its

background contribution lies in the forward angular region.

5.3 Conclusions

Using the isobar model developed here, we studied the reaction v + p — K+ + A using
experimental data for the unpolarized differential cross section and two double polarization
observables, C, and C,. The study was conducted by performing a fit to the experimental
data at both low and high energies. The parameters used in the model were the coupling
products between the electromagnetic and strong vertices for nucleon, hyperon and kaon
resonances with masses below 2.2 Gev, and the total decay widths for resonances that have
not been well established experimentally but have been predicted by various theoretical

models.

Within the low energy fitting procedure, we were able to determine that for an accurate
description of the experimental data, both cross section and polarization observables had
to be fit simultaneously. Furthermore, incorporating polarization data in the fits was useful
in discriminating between different sets of starting parameters that resulted in similar X2
values when only the cross sections were fit. In addition, fits to the low energy region led
to the conclusion that the incorporation of a wide spectrum of hyperon resonances with
angular momentum J < g— leads to undesirable uncertainties in the u-channel parameters.
Large uncertainties indicate a lack of sensitivity of the model to these parameters, and thus,
the model cannot be used to determine with certainty the values for the u-channel coupling
products. Furthermore, incorporating a wide spectrum of u-channel resonances led to unde-

sirable uncertainties in the fits to the obesrvables, in particular, where the uncertainty bars
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associated with the experimental data are large. This behavior associated with u-channel
resonances can be traced back to their respective propagators. The u-channel variable in
the hyperon’s propagator is often negative and far off the mass-shell. In particular, hyper-
ons with the same quantum numbers becomes indistiguishable, and thus a large number of
different parameter combinations becomes available, which lead to comparable fits. Within
the low energy regime, we were able to systematically remove u-channel resonances from
the fit without significantly affecting the value of the x2. We observed a significant de-
crease in both the coupling products and uncertainties associated with resonances in the
u-channel. Furthermore, it was noted that removing u-channel parameters from the fitting
procedure did not significantly affect the values of the parameters associated with the s and
t-channel resonances, but resulted in slight increases in the parameter uncertainties. It was
also noted that systematically removing u-channel resonances from the fitting procedure led
to very small uncertainties in the fitted observables. This was evidence that the remaining

parameters in the model were better constained within the low energy region.

Attempts to use the parameters obtained in the low energy fits for energies above 2
Gev, without refitting revealed that employing parameters obtained from lower energy fits
do not describe the photoproduction reaction very well at higher energies. Furthemore,
carrying out fits with just the low energy resonances introduced in Section (5.1) led to large
values of the x2, indicating a poor description of the experimental data in the 1.9 GeV
region, as well as above 2.4 GeV. This result was helpful in determining that s-channel
resonances with masses greater than 1.9 GeV are needed for an accurate description of
the data. The behavior of the u-channel parameters seen in the low energy fits was also
evident when attempting to incorporate all u-channel resonances into fits to higher energy.
In particular, minimizing both the uncertainties in the u-channel parameters as well as the
uncertainties in the fits to the observbles while keeping a desirable value for the X2 was only
made possible by excluding the same set of resonances eliminated from the low energy fit,
with the exception of the *(1750) state. Furthermore, eliminating this set of resonances

from the fitting procedure led to smaller uncertainties of the parameters associated with
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the remaining u-channel resonances, as well as parameters associated with s and t-channel
states, as can be seen by comparing Tables (5.8) and (5.9) with Tables (5.15) and (5.16).
A larger range of energies available for fits to experimental data better constrained the

parameters used in the isobar model.

We arrived at the following observations after comparing the parameters obtained from
the low energy fit to those obtained in the high energy fit. It was noted that the parameters
associated with positive parity spin % s-channel states increased in magnitude, while the
parameters associated with negative parity spin % states decreased. Furthermore, with
the exception of the N*(1535), all s-channel spin —é— parameters had the same signs after
extending the fits to higher energies. A rather different result was observed for states with
total angular momentum J = % and -‘;3 With the exception of the N*(1520) state, which
attained a higher coupling of the same sign between the fits, there was no clear trend in
the parameters associated with resonances carrying the same quantum numbers. The lack
of consistency between fits could be attributed to the fact that most of the higher angular
momentum states, J > %, have masses very close to 1700 MeV and thus their contributions
tend to become indistinguishable. In the isobar model employed, states with the same
angular momentum and opposite parities differ only by a negative sign and thus can be
easily mixed to produce a lower x2, especially if their coupling products are close to zero.
In addition, in both low and high energy fits, it was observed that states with total angular

momentum J = ~52- couple weakly to the KA channel for the energies considered in this

study.

The leading coupling constant, gpxa, was also affected by incorporating higher energies
into the fits. The value for g,xa decreased in magnitude from —0.667 in the low energy fit
to —0.245 in the high energy fit. Both fits agree on the sign of gpxa, but the magnitudes
obtained are far less than the values obtained from other fits to photoproduction data as
well as from QCD inspired models, discussed in Section (4.4). This disagreement can be

attributed to the fact that some ingredients are still missing from this model. In particular,
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a complete description of the photoproduction mechanism may be sought by incorporating
hadronic form factors that take into account the structure of the hadrons. In addition, in-
corporating off-shell parameters into the intermediate particle propagators may significantly
affect the contributions to the amplitudes, given that they take into account the lower spin

components of interacting particles with total angular momentum J > %

Through a systematic analysis of the four less-well established resonances incorporated in
the high energy fit, we were able to determine those for which the photoproduction reaction
is more sensitive. It was concluded that the photoproduction reaction is mostly sensitive to
both the positive parity spin % N*(1900) state as well as the positive parity spin % N*(2000)
state. Eliminating both the N*(2080) and N*(2200) did not significantly affect the quality
of the fits, and thus they are not relevant in the description of the experimental data within
the model employed in this study. Furthemore, the total decay widths I'r associated with
the N*(1900) and N*(2000) states are significantly smaller than those listed in the Particle
Data Tables [18].

A detailed study of resonaces in the t-channel was also conducted. The study revealed
that both the K*(892) state, and the K1(1270) significantly affect the background con-
tributions to the photoproduction reaction. In particular, it was observed that excluding
either resonance from the fitting procedure led to a value for the leading coupling constant,
gpxa, very close to zero. It was also noted that unlike the K1(1270) state, the K*(892)
has a strong angular dependence, especially at forward angles. The parameters associated
with the t-channel resonances obtained in the low energy fit differed from those obtained
in the high energy fit. In particular, no unambiguous values could be determined for either

the vector and tensor couplings associated with these resonances, only that they are highly

correlated to the leading coupling constant.

The physical observables included in this study have been well reproduced within the
effective lagrangian model studied here. Furthermore, we were able to extend the fit by

incorporating two resonances, whose existence is not yet well determined. In addition, it was
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determined that an accurate description of u-channel resonances is not available through this
phenomenological approach, but a limited number of u-channel parameters is indeed needed
to reproduce the physical observables considered here. The results shown in this study can
serve as a foundation to study other photoproduction and electroproduction reactions. In
particular, parameters obtained throughout these fits can be used as starting points in
models which are used to obtain other parameters such as hadronic and electromagnetic

form factors.
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Appendix A

The lorentz four-vectors I*,J#, K*, and N appearing in Eqs. (4.73) and (4.74) are

linear combinations of the photon and intermediate state four momentum, labeled p# and

JL

pl respectively; as well as the photon polarization four-vector e*. In the s-channel the

vector I* can be obtainded by first defining the following terms:

L = “{PK'pv““]\;[g(pK'P)(p’y‘P)}
I, = ~{e-pf<——]é,%(pr<'p)(6-p)}
b= el B =y 0r D)oy (e p)

A G R O (A1)

where My is the mass of the intermediate state in the s-channel. Using Eq. (A.1) the

vector I* can be expressedn by

IF =1 + Igp# -+ Igp“’. (A2)
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Similarly, the vector K* can be obtained by first defining the following:

Ky = gplon ) 9) — gk e n)
Ky = ﬁ;—%{e‘px)(px-p)—j;}%-(px-pf(e'p)}
Ky = «—M%{@K-m)(mm)(e-p)~—~M1—;<pf<-p>2<py»p)<e.p>}

- R-}g{(px‘p)(e-px)(pw p)— 2(pr< p)’(py - p)(€- D)}

Using Eq. (A.3), the vector K* can be expressed by
K* = Kyet + Koph + K3p*
The vector J# can be expressed by
JH = Jiph + Jopt,

where

Jio= ~(p1<~p7)+}\—/_,1~%(px-p)(pw‘p)
By = gl p) o8- g e Py D)
R

The vector N# can be expressed by

N* = Nip4 + Nop”,

where

Mg{(pK py)(PK D) — ]\}2 (px - )2 (0y - D)}

Ny = — gl p)oi D) - THOSRECH0P
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The lorentz scalars a, b, a’, and b appearing alson in Eqs. (4.73) and (4.74) in the

s-channel are defined as follows:

o = <pK‘pf,>(pK'e>—Ml-gwnpﬁy)(pwm(ep)

1
- MR<pK PP -y 1)+ 37 () ) )

b = MQMK(p‘Y p)(e- p)+~]\j§(px )*(py - p)(€ " p)
P (PK'Pfy)z“““ﬂzlr'Tj'(PK'p'y)(pK'P)(P’Y'p)

- A}é (px - py) K D)y P) + o7 M4 (px - )% (py - D)

A—jg(pK 22y D) (A.9)

¥ =~ Mk D)
where Mg is the mass of the kaon.

The expressions for I#, K#, J#, and N* as well as for a, b, a/, and b found in Eqgs. (4.78)

and (4.79) in the u-channel are identical as those defined above.
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Appendix B

The operators A, B, C, and D appearing in Eq. (4.97) depend on the spin and parity of

the particular intermediate hadron considered. They can all be expressed in terms of a set

of ¥ and £ operators defined by the relations

Y(a,b) = agbp—o-ac-b

Q(a,b) = boo-a—ago b,

Y3(a,b,c) = apX(b,c) —o-aQ(b,c)

Q3(a,b,c) = aof(b,c) —o-aX(bc),

and

Y4(a,b,e,d) = ¥(a, b)S(c,d) + a, b)Qc, d)

Qu(a,bc,d) = X(a,b)Qc,d) + Qa, b)X(c, d),
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where ag and a are the time and space components of the 4-vector a. In terms of these

operators, the operators for intermediate baryons with positive parity and spin % are

i = FD(p)MrQ(p, o)

85 = FDG)MrS(ye),

A»s%Jr = —FD(p)Q3(p,py,€),

PE = —FDE)Ts(p.pe) (B.4)

in the s-channel and

P

AZ = FD(p)Mr:py,e),

Bi = FDp)MaS(p.e),

3 = FD@)%(pyen),

i = FD(p)Ta(py, € p) (B.5)

in the u-channel, where p, and ¢ are the photon 4-momentum and polarization, Mr and
p are the mass and 4-momentum of the intermediate baryon, and D is the propagator

denominator defined by
D(p) = (p* = M +iMgl) ™. (B.6)

The coupling products F' are defined by Eqs (4.31) and (4.32). Note that the intermediate
baryon width I' in Eq. (B.6) is zero in the Born terms. For an intermediate proton there

are additional contributions to the operators from the charge coupling. These are given by

Achar‘ge — egAKpD(p)Q(pv 6)7
échmge — egAKpD(p)E(pv 6)7
Geharge = egpp,D(p)MRo - €,

bcharge — 0. (B’T)
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For contributions with intermediate spin -% resonances, we define the coupling parame-

ters

181 - F1+F‘21
/32 = F2—2F1)

By = 3F - F (B.8)

with

Gl
B =
! IMpM, Dip),
MpG?
£ = ,
2 (2Mp)2 M, D(p), (B.9)

where Mp is the mass of the ground state baryon at the photon vertex, and G! and G? are
the couplings defined by Eqs. (4.59) and (4.60). With these definitions, the operators for

intermediate resonances of positive parity and spin % are given by

AT = N0 k) + 2Rk P, = 30, 0) ~ 2Fuu(p s )
B? = %[ﬁlz(mo k1) + 2F (- p)S(pyy €) — 35(p, q1) — 2P %a(p, P, Pyy €) = 3F2(pxc - R,
é§+ = 3]\113 18103 (p, pic, k1) + 2F1(pxc - )2 (0, Dy, €) + 3F2(p - k1)o - P
+3M20 - qy — 2MEFIQ3(Prc, Py, €));
D? = é-]—tj,;[ﬁﬁg(p,pmh) + 2F) (px - p)Z3(p, pyr €) — 3F2(pk - k1) E
—3M3qY — 2MEF Z3(pK, Py €)] (B.10)
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in the s-channel and

A? - %[_ﬁgﬂ(kbp}() — 2F1(px - p)QUe, py) + 3Up, q1) + 2F1U(p, €, py, PK )],
§§+ - %[——[332(1@1,19;() — 2F1(px - p)X(e, py) + 3Z(p, q1) + 2F154(p, €, Dy, i) — 352(pic - k1)),
A§+ - 3]»11 [~61Q3(p, k1,pK) — 2F1(pk - P)Q3(p, €, py) — 3F2(pK - k1)o - p
—3M}o - qz + 2MRF1Q3(e, py, pi )],
f)§+ = 3}\1/! [~5123(p, k1, pK) — 2F1(pK - ) E3(p, €, py) + 3Fa(pk - k1) E
+3MEGS + 2MEFi Z3(e, py, pic )] (B.11)

in the u-channel, where E is the energy of the intermediate resonance, px is the kaon

4-momentum,

ki = (p-e)py—(p-pye

ky = (pK : é)p'y - (pK ’p'y>6> (B'12)

and
PK P
= PK D,
T Fiko + o= 3MQ
= Py, B.13
P Fyky — R D 3]\/[2 1- (B.13)
For contributions with intermediate spin % resonances, we define the coupling parame-
ters
Gl
— _D(;
MrG?
F e D{(p), (B.14)
* = @iy

where Gt and G? are the coupling products given by Eqs. (4.81) and (4.82), and the linear
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combinations

§&1 = bipy —bee,
§2 = a1py — aze,
¢ = q-epy+q-pye
where
a = 29‘p7pB‘f—CI'EpB'p'yp
az = {°'PyPB " Py,
by = q-pyp-e+q-ep-py,
by = 2q-pyp Py
with
q = px-—Pp
and
_pPK
g = ML

Four other useful combinations are

1

6 = Q'EpK'p'y'*"J'PfypK'E"PK'p'yPK‘f""gﬁKp
1 2

co = (29 -py—PK Py)PK Pyt gﬁx(p-pry) ,

, a’lp'p'y""aqp'ﬁ

c3 = 3 ,

M3
c4 = Pk Py — 2Pk €+ PK - Py(PB PyPK - €~ PB

1
+55Kp*p7(p pyPB €= D" €PB " Dy)
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“€p - Py

" E€PK p'y)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)



with

_ mk +4(6Mpg)*
Bk = M2 . (B.20)

In terms of these quantities, we have for positive parity spin —3— resonances

L5T 1
A = R0 - a0, 0) + Rl - 2a)
1
5 [MQ y (Pa‘-?,P, €1) + 2q : p’)’Q4(pa aQ; Py E) - Q4(pa q, gvp’)')]v
N 1
BZ = Fyes+ FilaX(p,py) — c2X(p,€)] + ng[C:aE(q p) — (g, &2)]
1
+~5-F1[M Sa(p, @, 0, &1) + 2 - Py 24(p, ¢, Pyr €) — Za(py 6, € Py
R
5%t cy
2 = Fy—0-p+ FMglcio-py—coo € — WF2[6393(P,€1 p) — Q3(p, ¢, 62)]
Mp 5Mp
1.1
—-—5-F1[m93(q,p, €1) + 2q - pyMpQ03(q, pys €) — MrQ3(q, €, py)l,
f?s%+ = FzCer— — Fiey MRE,, — -"}——-Fz[CsE%(P q,p) — L3(p, q, &2)]
J\/I 5MR < ) ?
1
—5F1[m23(q7p7 &) + 2q - pyMrZ3(q, py, €) — MrY3(q, ¢, y)] (B.21)

in the s-channel and

L5t 1 ;
Az = Fi[eiUpy,p) — c2Qe,p)] + ng[Csﬂ(I% q) — (&2, 9)]
1 1
+-5—F1[37ﬁﬂ4(§1,p,p, Q) + 2q - p,Q(e, 2, Py, @) — (P4, 2, ¢, D),
R
L5t 1
B'L% o FQC4 + Fl[Clz(P'yaP) - 622(67}3)] + —F2[63Z(p7 Q) - E(‘gza Q)]
1
+""Fl[ E4(£lap7pa ) + {)q P’yZ/l( y Dy Pys 4 ) - E4(p’yvva7 Q)])
512
1
AEJF = —-Fzmcr p+ F1Mg[cao - € — €10 - py] + 5MRF2[CSQ3(P;Z?, q) — Q3(p, £2,9)]
+ SFI[‘]‘\'Z’QS(glypv ) + 2q : p’yMRQ3(€)p’Ya q) — MRQS(p’ya C) Q)L
h: E L p(esTs(p,pr ) — Da(p, 62, )]
D2 = FQC4'M"}; + FlclMRE'y + 'S'm" 2[63 3(P>Paq e, 9q
LR B 6 n 0 + 20y MeBs(ep )~ MaSion ol (B2
R
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in the u-channel.

For intermediate baryons of negative parity, the A and B operators are given by the
same expressions as for intermediate baryons of positive parity and the same spin; whereas,
the C and D operators are given by expressions that are the negatives of the corresponding
positive parity expressions.

For the t-channel, we define the coupling parameters

G‘
:V K* D
3
M. (p)

T Gk
o = D(p) B.23
MSC(Mp +MA) (p) ( )

where M, is the same scaling mass that appears in Eqgs. (4.88) and (4.89), and the Gg~
are the coupling products defined by Eqs. (4.92) and (4.94). In terms of these parameters,

the t-channel operators are given by

At = 0,

By = egarpD(p)

ct = 0,

Dl =0 (B.24)

for an intermediate kaon,

Abee = ia"(Ef —0-po-§),

Bt = —ial(Eo &- fo-p),
Ot* = Zfl’Vf)
Dt = —iaVo-¢€ (B.25)
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for an intemediate K*(892) resonance, and

Aty = o"le-prQp,py) + Epy - pro - €,

By = olle-pg2(p,py) + py - PKO - DO - €],

Cii = a'lpy pro-e—e pgo-pyl,

Dy, = ae-pxE, (B.26)

for an intermediate K1(1270) resonance, where p and E are the 4-momentum and energy

of the intermediate meson,

[ =¢€-py X Pk, (B.27)

and

£ = ¢ x (Expy — E4PK). (B.28)
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