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Obsahem bakalaiské prace je sezndmeni se s problematikou isobarick-
ého modelu pro foto a elektroprodukci kaonu na nukleonech a ziskéni

orientace v dané oblasti.

elektroprodukce, fotoprodukce, kaon, produkce podivnosti, nukleonové

rezonance

iii



Thesis title:

Department:

Author:

Branch of study:

Kind of thesis:

Supervisor:

Abstract:

Keywords:

Electroproduction of Kaons on Nucleons

Department of Physics

Dalibor Skoupil

Nuclear Engineering

Bachelor’s Degree Project

RNDr. Petr Bydzovsky, Csc.

The production of pseudoscalar mesons (7, 7, K) on nucleons induced
by low-energy electrons is suitable process for investigating the prop-
erties and dynamics of baryons and their resonances. Because of the
creation of the pair of strange quarks, the interesting process is the
kaon production. An understanding and a good approach of the kaon
production process with association of hyperon is very important for
calculations of cross sections of hypernuclei electroproduction.

The aim of this bachelor thesis is to get familiarised with the isobar
model problematics for the photo- and electroproduction of kaons on

nucleons and to get orientation in the given area.

electroproduction, photoproduction, kaon, strangeness production, nu-

cleonic resonances

iv



Contents

1 Preface

2 Introduction to the Particle Production
2.1 Why do we study particle production reactions? . . .. ... ... .. ..
2.2 How to study particle production? . . . . ... ... ... ... ... ..
2.3 What are the advantages of (v*, K)? . . . . ... ... ... ... ... ..
2.4 Historical Background . . . . . . .. .. ... .. Lo o

3 Approaches to the Description of Particle Production Processes
3.1 xPT, Quark Model, Regge Formalism, Regge-Plus-Resonance Approach .
3.2 Coupled-Channel Approach . . . . . ... ... ... ... . ........

4 Isobar Model
4.1 The Effective Lagrangian . . . . .. ... ... .. ... .. ...
4.2 An Hlustrative Calculation . . . . . . .. .. ... ... ...
4.3 Properties of the Model . . . . . ... ... ... oL
4.3.1 Resonances . . . . . . ..o e
4.3.2 Coupling Constants . . . . . . ... ... .. ... ...
4.3.3 Hadronic and Electromagnetic Form Factors . . . .. ... .. ..

4.3.4 Amplitudes and Observables . . . ... ... ... .. .......
5 Demonstrative Calculations and Graphs

6 Conclusion

© o o ot W

11
12
14

17
19
20
22
22
22
23
24

26

30



A The Hadron Current 31
A1 CGLN Amplitudes . . . . . . .. 0 32

B Feynman diagrams 34

B.1 The Rules for the Construction and Interpretation of Feynman Diagrams 35

vi



Chapter 1

Preface

The aim of this work is to deal with the production of pseudoscalar mesons on
nucleons induced by electrons at energy of few GeV. This process is suitable
for investigating the properties of baryons and their resonances. The tool for
studying this process are models based on the tree-level perturbation theory
of the effective hadron Lagrangian. Free parameters in the Lagrangian are
determined by the fitting on the experimental data.

It is believed, that the particle electromagnetic production will bring
some deeper insight into the structure of hadrons. Therefore, it is an im-
portant and very promising field of study. Moreover, thanks to the particle
production, one can study the resonance properties.

Although there are many ways to study the particle production, the most
challenging process is the kaon photo- and electroproduction. Since the
electromagnetic part of the process is well understood, the kaon production
is relatively easy to describe.

In this thesis, the second chapter is related to a brief introduction. There
are shown reasons why and how to study the particle production. The
historical background is outlined there, too. After that in the third chapter,

we introduce some approaches to the description of the particle production
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processes. Among them, the isobar model, which is presented in the fourth
chapter, is of particular interest.

After all, there are some demonstrative calculations and graphs, which
shows the cross sections calculated using the Kaon-MAID model in compar-

ison with the experimental values.




Chapter 2

Introduction to the Particle

Production

In history, the strongest motivation for the scientific progress has always
been the desire to find out how do things work and to see beyond the limits
of our everyday experience of space and time. Everytime in the past, people
were mesmerized with the universe with the amount of stars. In the cores
of stars, there are observed phenomena, which on Earth only occur under
artificial circumstances in the laboratories or in particle accelerators. No
wonder, that this fascination with the universe led to growing interest in
processes at ever smaller distance scales. It is believed, that research of this
orientation is essential to understand the processes occuring in the universe.

A milestone in our understanding of the microscopic world has been the
development of the Standard Model (SM). In this model, all elementary par-
ticles are sorted into two categories of bosons, the elemetary particles with an
integer spin, and fermions, the elemetary particles with a half-integer spin.
The fermions are leptons (e.g. electron, muon, tau) and quarks, which form

the hadrons (e.g. proton, neutron). Moreover, it seems that all processes
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occuring in the nature can be described on the basis of only four fundamen-
tal forces: the strong, weak, electromagnetic, which are understood to be
mediated by the exchange of gauge bosons and are treated uniquely by the
SM, and the gravity (which is the weakest force).

The three standard-model forces are very well understood. For each of
them, a field-theoretical framework is available which describes how the
bosons mediating the force couple to the elementary fermions. However, the
knowledge of the behavior of the fundamental constituents of matter does
not guarantee an understanding of larger-scale processes (e.g. the low-energy
hadron-hadron scattering). In this respect the strong interaction, described
by the theory of quantum chromodynamics (QCD), is the most challenging.
The structure of QCD causes the behaviour of the strong coupling constant
as, which measures the strength of the force that holds quarks and gluons
together to form the proton, the neutron and other particles, is different than
the behaviour of the electromagnetic coupling constant. At large distances
between interacting particles (e.g. a small energy or momentum transfer),
the strong coupling constant does not decrease, as the electromagnetic con-
stant, but increases, which causes the perturbation scheme of calculations
cannot work well.

One very interesting effect of this behavior is called confinement. The
confinement causes that quarks cannot be observed as free objects, but only
in bound states - hadrons. The constituent quarks in a hadron cannot be
separated from the bound state because of the steeply rising interaction with
gluons and sea quarks (this is the reason why quarks can never be studied
or observed in any more direct way than at a hadron level).

The main objective of the study in hadronic physics is to gain insight
into the transition between quark-gluon and hadronic degrees of freedom.

Over the years, considerable effort has been invested into improving the
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existing picture of the nucleon spectrum. In this case, the knowledge of the
nucleon excitations (resonances) is expected to provide essential information

concerning the behavior of quarks at hadronic scales.

2.1 Why do we study particle production reactions?

There are two good reasons why to study the particle production. Analysing
the processes, we can gain a deeper insight into the hadron structure as well
as investigate the resonance properties.

In order to get better insight into the structure of hadrons (in this case
nucleons) it is important to fully understand its excited states. It is the spec-
trum of nucleonic excitations which reflects its internal structure and must
contain some kind of sign of the constituents at a lower level. Information
about the nucleon resonances can be collected from the amount of experi-
ments performed at world laboratories (we can mention e.g. CEBAF, ELSA,
MAMI, SPring-8 etc., where the photo- or electroproduction processes are
realised) [4].

In the last few decades, a plenty of information concerning the nucleon
spectrum has been gathered. It is the pion induced and pion production re-
action, we can owe it for. However, it has been realized, that pionic reactions
might be overly restrictive with regard to the specific type of intermediate
resonant state, which can be excited [4]. This assumption is supported by
quark model calculations predicting far more excited states than have been
registered in pion production experiments. This observation is known as the
“missing resonance” phenomenon in medium particle physics.

There is a question, whether we can observe those “missing resonances”
in decay channels which do not involve a pion or whether there is something

seriously wrong with the present quark model as the essence of our perceiving
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of the structure of hadrons.

Recently, the photo- and electroproduction reactions that involve strange-
ness in the final state have internationally received a lot of attention. It
is believed, that the presence of a strange quark pair sS in the reaction
dynamics in addition to the up and down quarks can shed a new light on
the understanding of the spectrum and dynamics of hadrons. Therewithal,
the quark models predict decay of some of the missing resonances into the
strange channels [4,9].

All this mentioned above makes the strangeness production a very promis-

ing field of study.

2.2 How to study particle production?

There are several ways how to study the particle production, and there-
fore the information can be gathered from a variety of experiments. Most
of the available information about the nucleon resonances was gathered in
experiments involving pion-nucleon final states. The production of strange
particles in the final state can also be achieved in the reactions with hadron
beams, e.g. n(r", KT)A and n(K~,77)A or in the photo- and electropro-
duction reactions, e.g. p(y*, KT)A (see figure 2.1). However, the strangeness
production, being far more general (reacher) process than the pion produc-
tion extends our knowledge of the reaction mechanism to larger flavour space
[7].

The pion induced process (7, KT) is known as a strangeness creation
(fig. 2.1 b), whereas in the process induced by antikaons (K~—,7~), the
strangeness is transfered between the hadrons (fig. 2.1 a). The cross section
of the latter process is the biggest one (= mb), but the luminosity is low and

therefore the production role of this reaction is small. In the electromagnetic
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process (v*, KT), a pair of strange quarks has to be produced (fig. 2.1 ¢)
which supresses the cross section (=~ nb). However, the luminosity can be
increased significantly using a high intensity electron beam (e.g. CEBAF in
the Thomas Jefferson Laboratory, USA).
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Figure 2.1: The particle production processes mentioned above in the text are shown. The
figure a represents the process n(K~, 7~ )A where the strangeness is transfered between
the hadrons. The figure b represents the strangeness creation in the pion induced process
n(rt, KT)A. Finally, the figure ¢ shows the electromagnetic process p(e, e’ KT)A where

a pair of strange quarks is produced.
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Although the largest count rates are obtained in the hadronic processes,
use of an electromagnetic probe has a different advantage. Indeed, all elec-
tromagnetic ingredients in the reaction amplitude can be directly expressed
in the context of the quantum electrodynamics (QED), the well-established

theory of electromagnetic interactions [1,3].

2.3 What are the advantages of (v*, K)?

A detailed study of electromagnetic production reactions

e+p—e +A+KT
e+p—e +3°+ KT

e+tp—€+ST+K°

e+n—e +A+K°
e+n—e +X0+ K°
e+n—e +X + KT

is considerably more challenging than the pion production p(y, 7" )n. One
reason for that statement is that at present, high-duty electron and photon
facilities like CEBAF, MAMI, ELSA, SPring-8, etc. provide data for electro-
magnetically induced reactions on the nucleon with unprecedented accuracy
[7]. Moreover, gaining the information about the nucleon spectrum is far
easier from the process (v*, KT) than from the hadron induced reactions,
because the electromagnetic part of the interaction is well-known and sim-
plier to interpret. Theoretical approaches to electromagnetic strangeness
production generally fall into two categories. The different approaches will

be discused later.




CHAPTER 2. INTRODUCTION TO THE PARTICLE PRODUCTION

Associated strangeness production reactions are particularly interesting
due to the creation of a strange quark-antiquark pair. In particular, the in-
clusion of a strange quark-antiquark pair in the reaction opens an additional
degree of freedom, and it is believed that some of the missing resonances have
a specific strong coupling into these “strange channels” [7].

On the other hand, the main difficulty in the kaon production, compared
with the m and 7 production cases, is that the reaction mechanism here is not
dominated by a small number of resonances, which then makes an analysis
less transparent. This fact implies that we need to embody in the model
contributions from a large number of resonances. Accodring to the spin of

the resonances, one needs one to five free parameters per resonance [9].

2.4 Historical Background

The beginning of both theoretical and experimental study of kaon photo-
and electroproduction was given in the year 1957, when both Caltech and
Cornell laboratories released the p(y, K*)A cross-section data obtained at
their electron synchrotrons. There were a plenty of data collected on the
kaon photoproduction (Caltech, Cornell, etc. [3]) but only a few experiments
were realized on the electroproduction (DESY, Cambridge [3]).

The modeling of kaon photoproduction processes started by the pioneer-
ing works of Kuo and Thom [6]. The few datapoints reported in these
pioneering publications were of a limited accuracy, and only the kinematical
region very close to threshold could be probed due to the limited electron
energies available at that time.

Further experiments were performed in the 1970s and 1980s, not only
in the USA but also at facilities in Bonn and Tokyo [3]. One had to wait
until the end of nineties, when in the year 1998 the SAPHIR collaboration,
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operating at the Bonn ELSA facility, released the first high precision data

for all three reaction channels on the proton target

y+p— KT+ A, (2.1)
y+p— Kt +3° (2.2)
T+p— K+ 37, (2.3)

over the photon laboratory energy range from threshold up to 2 GeV [3].
The reaction (2.1) is by far the most studied one, both experimentally and
theoretically, although a large part of the existing data base suffers from
inconsistencies within the reported accuracies. There are less investigations
of the reaction (2.2). The third process has up to the mid-nineties received
very little attention because of experimental difficulties in identifying the
final state particles [5].

The SAPHIR data clearly triggered revived interest in the theoretical
community in the search for missing resonances [11].

Over the past years, the database of the process (v*, K™) has been sub-
stantially extended with a high precision data from the CLAS (2005, 2007
and 2010), SAPHIR (2003), LEPS (2003, 2006 and 2007) and GRAAL
(2007) collaborations. In addition, the SAPHIR collaboration has also pro-
vided a new analysis of the y + p — K° + X7 channel [3].

10



Chapter 3

Approaches to the Description
of Particle Production

Processes

Generally, the theoretical description of the electro- and photoproduction
processes goes along two main paths. On the one hand, there are parton
based models. It is the quark model which is at the basis of calculations of
the reaction dynamics. The Regge theory, which is the high energy theory,
also take the partonic constituents into account. The chiral perturbation
theory, which is a low energy approximation of the QCD formalism, have to
be remarked, too [4].

On the other hand, the problem can also be faced starting form solely
hadronic degrees of freedom. In such an approach, the hadrons are treated
as effective particles with specific properties. This kind of approach is the
Isobar model, which is discussed in the next chapter.

From this dual approach, we hope to get a deeper level of understanding

of the phase transition between the low and high energy description of the

11
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subatomic matter [4].

3.1 xPT, Quark Model, Regge Formalism, Regge-Plus-

Resonance Approach

In the last few years, the chiral perturbation theory (xPT) turned up as
the powerful scheme to describe the low-energy meson-meson and meson-
baryon dynamics. However, it is limited only to low energies (this means
energy range from treshold up to approximatly 100 MeV) and thus it can
not describe the physics close to resonances [10]. Consequently, it is one of
the possible approaches to the reaction (v*, K1), though applicable only in
the treshold region [13]. In order to simplify the approach, in the xYPT only
the hadronic degrees of freedom are used (the approach would be far more
complicated if the quark degrees of freedome played any role).

The quark model allows us to perform elementary approaches to study the
reaction mechanism of v +p — KT+ A. This model is in a closer connection
with QCD than those based on the hadronic degrees of freedom. It needs a
smaller number of parameters to describe the data [15]. In fact, it contains
only a few coupling constants which are related together and there is no need
to introduce the resonances, because they emerge naturally from the model
as excited states of the system. The quark models therefore assume explicitly
the extended structure of the hadrons which was found to be important for
a reasonable description of the photoproduction data. In the quark model
we usually restrict ourselves to the nonrelativistic description [13].

By definition, the quark model describes nucleon as a bound state of
three constituent quarks. Although, the quark model predicted a plenty of
resonances, some of them have not been proven experimentally yet. There

are two possible explanations for this problem of “missing resonance”. The

12
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first and more drastic one, that constituent quarks might not represent the
proper degrees of freedom. Quark-diquark models, which contain fewer de-
grees of freedom, may be more convenient. On the other hand, the possibility
that these resonances do exist, but manifest themselves in different reaction
channels was indicated [3].

The Regge theory has a rich history which goes back to the late fifties
and has proven to be an efficient approach for understanding a variety of
high energy reactions involving hadronic and electromagnetic probes. It is
an alternative approach to quantum mechanical potential scattering.

In its simplest form, the Regge model can be formulated as a modified
version of the isobar approach. The main difference and the basic idea as
well, is the property of Regge model, that each intermediate state in the
Regge amplitude consists of several hadrons, rather than a single meson or
baryon. The members of such a class of particles are characterized by a
relation between their spin and mass squared. They are said to lie on a
Regge trajectory [3,12].

The Regge model can constitute a direct link between the hadronic and
partonic picture of certain processes.

The Regge amplitude is substantially simplier than the amplitude of an
isobar model, because it does not contain resonances and consists only of
background diagrams [14]. Therefore, the Regge model is a high-energy ap-
proach; it was developed mainly for the energy range beyond the resonance
region E** > 4 GeV and for small kaon angles [13,14]. On the other hand,
the low-energy cross sections (in the resonance region) can not be reproduced
in a pure background model. Nevertheless, this barrier can be overcomed by
adding to the Regge amplitude amount of Feynman diagrams which contain
the intermediate nucleonic excitations, resonances. These resonant contru-

butions are made to vanish sufficiently fast at high energies, where the pure

13
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Regge model is valid. In that way, the Regge-plus-resonance model (the
abbreviation we will use in the whole thesis is RPR) is developed [3].

The RPR approach has a plenty of benefits, we mention two of them.
Firstly, a suitable high-energy behavior for the observables is automatically
ensured. Secondly, the fact that the high-energy amplitude is given purely
by its non-resonant (background) part allows us to determine the parameters

of the background part from the high-energy data [3].

3.2 Coupled-Channel Approach

The final-state interaction is the general expression for meson-baryon rescat-
tering processes among the hadrons in the final state which connects various
channels of the process [13]. For instance, the reaction channels v+ p —
K"+ A and v+ p — 7" + n are, due to the final-state interaction, cou-
pled together. Therefore, we need to include both of them. This method
is called the coupled-channel analysis and the models are unitary models
(the S matrix included is unitary). In other words, in the unitary models all
possible final states of the electromagnetic-production part of the process
are included. In principle, this would require information on channels, such
as KT + A — KT + A, for which no experimental information is available
[11].

Accordingly, if we neglect the final-state interaction (this means restric-
tion to only one-channel description), then the unitarity is broken.

To give an example, let us assume an s-channel graph with a nucleonic
resonance. This resonance can decay in several ways (the probabilities and
final products of the decay can be found in the Particle Data Booklet). As
shown in figure 3.1, the probable way of the decay is N* — KT + A (for
the resonances N (1650), N(1710) and N (1720) the probability is about 5-15

14



CHAPTER 3. APPROACHES TO THE DESCRIPTION OF PARTICLE
PRODUCTION PROCESSES

%). In fact, both KT and A interact strongly and therefore it comes to an
rescattering process K+ A — K* + A described by the t-matrix in fig. 3.1
a. Another way of decay of the nucleonic resonance is N* — 7 + n. Then
the final-state interaction allows to couple both decay channels: 7 +n —
K™+ A. As can be seen from the figure, if we handle only the channel
v+p— KT+ A (fig. 3.1 a) ignoring the second way of the decay we lose

some flux in the final state.

I K",

b)

Figure 3.1: The s-channel graphs with a nucleonic resonance N* are shown. The part a
shows the nucleonic decay N* — KT 4 A and the rescattering process KT +A — KT +A,
which gives the main contribution to the (7*, K*) process. On the contrary, the figure b
shows another way of decay of the nucleonic resonance N* — 7+ 4 n which then through

the final-state interaction gives the required K ™A final state: 7+ +n — K+ + A.

In principle, a complete coupled-channel analysis could handle the chal-
lenging problem of extracting the relevant physics form the meson scattering
and meson production data. Apart form a unified description of a wide va-

riety of reactions, a coupled-channel approach can incorporate the effect of

15
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the final-state interactions into a description of the dynamics.

Obviously, the main advantage of the coupled-channel analysis is the
larger amount of data which is at disposal. On the other hand, there is
nothing we know about the amplitude of K* + A — K* + A, which then
have to be parametrized somehow [11]. Therefore, more parameters need to

be introduced.

16



Chapter 4

Isobar Model

Since the early work of Thom [6] in the mid-sixties, great effort has been
put into developing a model for the description of the p(y, K)A processes.

Firstly, let’s introduce the main thoughts of the isobar model. The start-
ing point for modeling the p(y, K*)A processes is a description in terms of
hadronic degrees of freedom. This means that in these models the reac-
tion amplitude is derived from an effective hadronic Lagrangian using the
Feynman diagrammatic technique in the tree-level approximation [3]. But
even at the tree level, the description of this processes involves a substantial
number of Feynman diagrams. The Feynman diagrams contribute into the
background (or nonresonant) and the resonant part of the amplitude. The
diagrams containing the intermediate nucleon excitations (or resonances)
are referred to as the resonant diagrams, as they can produce peaks in the
cross section (see fig. 4.1). The resonant diagrams reflect themselves as
the s-channel terms and contain the most relevant physical information.
Conversely, the diagrams with intermediate kaon and hyperon and their res-
onances, which cause no such behavior, are called background diagrams (see
fig. 4.1) [3].

This kind of description (i.e. the tree-level effective-field approach) is

17



CHAPTER 4. ISOBAR MODEL

commonly referred to as the isobar model. It is the near-treshold and reso-
nant kinematic region involving photon-laboratory energies Elv"b =091-25

GeV, where the isobar model is of a particular interest [13].

A
U p
S | RESONANT " N' "
@ | (+BACKGROUND) Py
- /p Y\ YE K
S by NEE BACKGROUND | K*
o . :
> ! ]
e p Y
T : / \
a ' "high-energy” .
e : region : perturbative
resonance | , QCD
region |l -~ 7T - '
1 | B §
t1 3-4 photon energy (GeV)

Figure 4.1: There is shown the schematic representation of the total K'Y (where ¥ =
A, X0 %) photoproduction cross section as a function of the incoming photon energy in

the lab frame Elwab. The figure is from Ref. [3].

The effective-field approaches can, in principle, provide a direct connec-
tion between quark-model predictions for mesonic or baryonic properties and
quantities accesible from experiments, such as the scattering cross sections.

Now it is the right time to clarify the term effective. Except at very
high energies the current quarks and gluons do not represent the optimum
building blocks in models of hadronic reactions. More convenient degrees
of freedom are the constituent quarks surrounded by a cloud of gluons and
quark-antiquark pairs forming mesons. As we can not fully describe proper-
ties of constituent quarks from a more fundamental field theory (QCD), they
are referred to as effective degrees of freedom and are treated phenomeno-

logically. Which effective building blocks to use depends on the energies and

18
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momentum transfer involved in the process one needs to describe. In the
kinematical region assumed here (the non-perturbative QCD region) it is
natural to use hadrons in their entirety as effective degrees of freedom [3].
Despite the long history and the large amount of both experimental
and theoretical efforts, a complete understanding of the p(v, K)A reaction
mechanisms in this model remains troublesome. Firstly, there are many nu-
cleon and hyperon resonances that contribute to the process, which results
in a large number of versions of the isobar model [13]. Secondly, the Born
terms in their own predict the p(y, KT)A cross sections which are a few

times the measured ones [12].

4.1 The Effective Lagrangian

The inter-particle interactions are modeled in terms of effective Lagrangians.In
this approach, every intermediate particle in the reaction dynamics is treated
as an effective field with its own characteristics such as mass, constants
for coupling to electromagnetic and other hadronic fields and strong decay
widths [3].

The effective-field theory determine the structure of propagators and the
vertices which serve as input when calculating the different Feynman dia-
grams contributing to the reaction process.

Because the mathematical structure of these Lagrangians is not a priori
known, their construction relies for the most part on symmetry arguments.
In the effective-field theory, the various strong and electromagnetic coupling
contants are not determined by the theory itself. They are treated as free
parameters and can be determined either from the experiment by fitting the

observable quantities to data or by relating to more fundamental models [3].
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4.2 An Illustrative Calculation

In this section, we will deal with the electroproduction process and show
how to calculate the invariant amplitudes or cross sections (for more detail
see App. A).

Firstly, we write down the invariant amplitude of the process e(p.) +
p(pp) — € (p.) + A(pa) + KT (pg+) in the one-photon-exchange approxima-

tion, which is as follows

iMy; = ﬂe(p/e)(—ieyﬂ)ue(pe) (_;gw> Jy(ppapm %/)7 (4'1)
¥

where p. = (E.,p.) are the fourvectors and ¢, = p, — p., q% < 0 is the
momentum of a virtual photon; v is the Dirac spinor; v* is the Dirac matrix;
g the metric tensor; and J” is the matrix element of the hadron flux, which
describes the photoproduction of a kaon on proton induced by the virtual
photon.

In the equation (4.1), the contribution of the electron part of the diagram
is given explicitly and therefore one needs only to calculate the matrix el-
ement J”. For the description of this, the effective hadronic Lagrangian in
the tree-level approximation is used. Schematically, the single contributions
(the reducible part) are shown in the figure 4.2.

For illustration, we evaluate the first contribution of the scheme on the

figure (that is the proton exchange, s-channel). The matrix element then

reads
_ L €
Ty = ua(Pa)Vsgprn = | =1V + 0005 | up(pp), (4.2)
e8] p S—mg mep uy | Up\Pp

where g,k is the coupling constant of the vertex with kaon and A hy-

peron; 75 is the Dirac matrix, P = p, + ¢, s = P?, 0,, = % (Y, Yu]. The
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CHAPTER 4. ISOBAR MODEL

first term in the bracket is for the vector coupling and the second term for

the tensor coupling caused by the anomal magnetic moment of the proton

(,Up) .
0 K T K*
g E E
= +
\\ D
p A p A
Yv Ko,
+ o
N
p A

Figure 4.2: There are shown different elements of the lowest-order p(y*, K*)A amplitude.
The upper line collects the Born terms, which have a ground-state hadron in the inter-
mediate state. Depending on whether the exchanged particle is a proton, a kaon, or a
hyperon, one distinguishes between s-, t- and u-channel contributions, respectively. The

lower line shows the non-Born terms [3].

For further calculations it is needed to express the scalar amplitudes A;
(see App. A) from equation (4.2). By a suitable manipulation of the terms

in that equation, one obtains

v

v . v v v v q
J(l) = —iup(pa)7s Agl)Ml +A51)M2 +A21)M4 — Aél)MG + engAq—; uy(pp),

where expressions for Ag-l) are given in App. A.
The last term in the bracket, which violates the gauge invariance, vanishes
in the full tree-level approximation, because the counter term emerges from

the second contribution in figure 4.2 - the kaon exchange.
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CHAPTER 4. ISOBAR MODEL

4.3 Properties of the Model

4.3.1 Resonances

The meson production processes are suitable to probe the properties of the
resonances. In quark model calculations, there are far more excited states
than observed in the experiments, which is known as the “missing resonance”
phenomenon.

There are more than twenty resonances as likely candidates to participate
in the p(v, KT)A reaction. A number of those resonances is only poorly
characterized. It is believed that they all have large widths of hundreds of
MeV, resulting in a broad energy smudging of every state [4].

Moreover, several calculations have shown that the data gathered from
experiments can not be reproduced without including some particular reso-
nances. Thereby, the calculations provide indirect support for the existence
of these excited states. Therefore, special attention is paid to the problem of
“missing resonances” and to searching for their signals [11]. By determining
the various resonance contributions, one can extract values for the coupling
constants [4].

Furthermore, as was mentioned in the beginning of this chapter, the cross
sections when given only by the Born terms are a few times the measured
ones. However, it turns out that hyperon resonances and hadronic form
factors can provide a natural mechanism to produce theoretical cross sections

of the right order of magnitude [12].

4.3.2 Coupling Constants

An effective Lagrangian approach for the p(y, KT)A process involves the
introduction of a set of coupling constants. Being parameters in an effective

theory, these coupling constants can be, in principle, calculated on the basis
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CHAPTER 4. ISOBAR MODEL

of QCD-inspired constituent-quark models for the hadrons. Consequently,
the effective field theories allow to test theoretical predictions for coupling
constants against photoproduction data.

Assuming the SU(3) flavour symmetry, the coupling constants gxa, and
JKsop, Which serve as input parameters when computing the Born contri-
butions, are fixed by the well-known ¢,yy coupling. One of the striking
observations when dealing with the p(vy, K™)A process in terms of hadronic
degrees of freedom, is that the Born terms on their own give rise to cross
sections which largely overshoot the data, strictly speaking this statement
is valid only in the case, when the SU(3) limits for the coupling constants

grAp and grsy, are considered [13)].

4.3.3 Hadronic and Electromagnetic Form Factors

Due to the final structure of the hadrons, the vertices can not be treated
as interactions of point-like particles. To account for the finite extension
of the hadrons, it is a common procedure to introduce a phenomenological
form factor at each strong or electromagnetic (for the electroproduction)
vertex. Therefore, we set up for example a dipole form factor to modify

each hadronic vertex. The widely used form factor is of the type

A4
AT (- M

where x = s, t, u; A is the cutoff value and sets the short-distance scale of

Fo(A)

the effective theory and x represents the off-mass-shell momentum squared
at the vertex.

It is well-known that introducing the hadronic form factors violates the
gauge invariance at the level of the Born diagrams. Additional contact term

is then required to restore this fundamental symmetry [12].
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In the electroproduction, one needs to introduce the electromagnetic form

factor in the photon vertex [8], see fig. 4.3.

e (pe)

o

Electromagnetic K™ (px)
form factor <
/ N* 4
\
Hadronic A )
form factor

p (pe)

Figure 4.3: Electromagnetic and hadronic form factors

4.3.4 Amplitudes and Observables

Because of historical and practical reasons (the nuclear calculations) the
two-component spinor representation of the amplitude is often used. In this
form the full amplitude can be expressed in terms of six Chew-Goldberger-

Low-Nambu (CGLN) amplitudes F;

F=0-¢Fi+1i(0-pr)(0 X py-E)F
+(0 - Dy)(Pr - €)F3 + (0 - Pr) (Pr - €)Fu (4.3)
+(0 - Py)(Dy - €)F5 + (0 Prc)(Dy - €) Fs,

where we used @ = -%.There are many prescriptions used in the literature,

= a
the one we use stems from Ref. [5]. Relations of the CGLN amplitudes to
the scalar amplitudes .A; are given in App. A.1.
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The electroproduction cross sections are then obtained as

% = dO’U + €LdO'L + €dUP Sin2<0) COS(2¢)

++/2e1(1 4 €)doy sin(f) cos(o).

In this equation, # is the angle between the outgoing kaon and the vir-

(4.4)

tual photon, and ¢ is the azimuthal angle between the kaon production
plane and the electron scattering plane (see fig. 4.4). Parameters ¢ and
ey, are the transverse and longitudinal polarization parameters, respectively.
Moreover, doy is the cross section for an unpolarized incident photon beam,
and the term containing dop is the asymmetry contribution of a transver-
sally polarized beam. The cross section of a longitudinally polarized virtual
photon is given by do, while do; contains the interference effects between

the longitudinal and transverse components of photon [5].

leptonic plane j

hadronic plane

Figure 4.4: Leptonic and hadronic planes for kaon electroproduction. Figure is from Ref.

[5]-
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Demonstrative Calculations

and Graphs

In this chapter, the graphs of the cross section depending either on the kaon
angle in the center of mass frame 6™ or on the total center-of-mass energy
W are shown. The data were collected from the plenty of experiments (see
the legend in the figures 5.1 and 5.2), but only the Kaon-MAID model was
used to describe them. It would be useful to introduce main thoughts of this
model.

Besides the extended Born diagrams (exchanges of proton, K, A and
30 particles), the Kaon-MAID model also includes exchanges of resonances

in s- and t-channels:
e in the t-channel - vector K*(890) and axial vector K (1270)

e in the s-channel - S};(1650), P;1(1710), P13(1720) and a “missing reso-
nance” D;3(1895)

On the contrary, the model does not include any exchange of hyperon

resonances in the u-channel.
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CHAPTER 5. DEMONSTRATIVE CALCULATIONS AND GRAPHS

In the strong vertices, hadronic form factors are assumed in the line of
Haberzettel [19], which preserve the gauge invariance of the model. Values
of the main coupling constants, gxany and grxny, fulfil the flavour SU(3)
symimetry.

The crossing symmetry, which relates the photoproduction channel with
the process of radiative capture (the crossing symmetry gives yp — KTA «—
K~ p — Av), is not taken into account in this model.

Parameters of the model (coupling constants and cut-offs) were fitted to
the old SAPHIR data from the year 1998 [19].

On the figure 5.1, there is shown the dependence of the cross section on
the kaon angle in the center of mass frame 6%™. The data were collected
at fixed photon-laboratory energy at about 1.32 GeV (the energy vary from
one data set to another at most by 0.01 GeV). Remarkable but well-known
attribute of the experimental data is their inconsistence in the small kaon
angles. This gives the room for further improvement in the experiments.

On the fiure 5.2, the cross section depending on the total c. m. energy
W is shown. The data were obtained from CLAS collaboration in the year
2005 with fixed kaon angle at about 37° (cos 6%™ = 0.8).

The continuous line represents the Kaon-MAID model. As can be seen
from the figure, the model is in good agreement with the experimental data
only up to the energy of W = 2.2 GeV. This is caused by the fact, that the
Kaon-MAID model was fitted with the old data, which were measured only
within the energies W = 1.6 — 2.2 GeV.

The dashed curve shows the model without the D;3(1895) resonance. It
can be seen, that this resonance is important for the description of data
around the energy of W = 1.9 GeV.

The dotted curve illustrates how the model describes the data when the

P13(1720) resonance is omitted. According to the fig. 5.2, this resonance is
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Figure 5.1: The cross section in dependence on the kaon angle in the center of mass
frame is shown. The photon-laboratory energy is fixed approximately at 1.32 GeV. It is
well-known, that in the small angles, the data suffer from noticeable inconsistence. This
brings the room for further experiments and better analysis. The data represented in the
figure by circles originates from Ref. [16], the data represented by squares from Ref. [17]
and the data represented by diamonds from Ref. [18]

needed for a good agreement with the data in the energy range W = 1.6 —
2.0 GeV, although one can expect a drop only in the region around W =
1.7 GeV. This could be caused by the coupling (interference) with another
resonances. What else could play a role is, that the resonances differ by the
relative ratio of their coupling constants for vector and tensor part.

The dash-dotted curve shows the model without all nucleonic resonances
as a smooth function of energy. The main part for the grow up in the energy

range W > 2.2 GeV is made by the vector kaon resonance K*(890).
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Figure 5.2: The cross section in dependence on the total c. m. energy is shown. The
experimental data originate from CLAS 2005 [17]. The continuous line represents the
Kaon-MAID model, which is in a good agreement with the data in the energy range
W =1.6—2.2 GeV. The dashed, dotted and dash-dotted lines illustrates the description of

the data without D3 resonance, P;3 resonance and all nucleonic resonances, respectively.

For the calculation the program EMKHYP and also the web pages of the
Kaon-MAID model [19] were used.

29



Chapter 6

Conclusion

This thesis showed the basic properties of the photo- and electroproduc-
tion processes, the rich history of their investigating and reasons, why these
processes are important for modern-day physics .

The theoretical approaches to the description of these processes were
sketched, too. But a special room in this thesis was reserved for the tree-level
effective-field approach, the Isobar model, which is of particular interest.

Thanks to the importance of the photo- and electroproduction processes
(we expect to gain a deeper insight into the hadron structure), the experi-
mental community is interested in the search for missing resonances, which
brings a flood of initiatives for the theoretical community. Many approaches
to describe the photo- and electroproduction processes have been developed,
but there is still room for questions and for the further analysis, as was shown
in the fifth chapter (for example the problem with the unlike cross sections
for different data sets).

Because of many of these unanswered questions, this topic could be very

interesting for researching in the next years.
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The Hadron Current

The hadron current for the virtual-photon production process

v (¢y) + p(pp) — K (pr) + A(pa)

is convenient to write down in a general form given by gauge and Lorentz

symmetries as

6
J"(Pp, Pa, 4y) = ZAJ'(S, t,q2)ua(pa) Vs M} up(pp),

j=1

where M7 are the gauge invariant operators, for which MYq,, = 0, and A;
are scalar amplitudes, which in the isobar model result from contributions
of particular Feynman diagrams. For the operators My, there are many

prescriptions used in the literature. The one we use in this thesis is

m
My = %(/é'yfyy_'yy /4"/)7 Méj:pz_qupZ_%a
M3 =p} — QWPAZ_%a My =~"(g,pp)— APy
My = ~"(gypn)— A3 Mg = fnay — 71}(]3
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In section 4.2, the scalar amplitudes Ag.l) for the proton exchange in the

s-channel reads
AW = _jedra g 4 L), AW = —24¢ KA

—m?2 —_m2
smp smp

AP = —iefekh e A =LA,

—m?2 )
s—mg mp 2

The amplitudes in the t-channel (the K* exchange) A§»2) reads

AgQ) — % gKAp27
k

Aéz) _ Agz)

A.1 CGLN Amplitudes

The relations between the CGLN amplitudes (in Eq. 4.3) and the scalar

amplitudes A; are (the prescriptions are used from Ref. [5])

Fi= (Vs — M)A — py - ppAs — py - prAs — P2 As,

| - [px| )
Jo = — M)A, — - ppAs — “paAy — piAs|
> = ML) (B 1 ) (V5 M)A = by oy =y paAs = P A

py| - Ipx|
7= m [=2py - pp Az + (Vs + M) As + P A

P’
Fy= m 2D, - PpA2 (Vs — M) Ay — P2 Ag)

Ipy°

f == —-———
P (B + M)

[_-Al + 2p, - pads + (Vs + M,)(As — As) + p,y 'PAA(;}
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Fo = (‘Epzm%) [=2py - paAs + (Vs = M) As — py - paAs
— 57 (D0 A1 + Dy - PpAs + Dy - pads + pro(V/5 + M) As)),
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Feynman diagrams

The formalism of Feynman diagrams is a calculation scheme introduced by
Richard P. Feynman to represent the mechanisms of elementary-particle in-
teractions. The Feynman-diagram technique is very important in the Quan-
tum Electrodynamics (QED) for calculations of the cross sections and tran-
sition rates because the coupling constant « in the perturbation expansion
is very small, o = 1/137.

As we mentioned above, the Feynamn diagrams are connected with the
perturbation theory. The basic building block of the Feynman diagram is a
vertex. Any physical process in QED involving the interaction of electrons,
positrons, photons, etc. can be represented and the first step is to find a di-
agram with the least possible number of vertices. This simplest combination
of vertices which give the required process is called a leading-order diagram
(it is important to know that there may be more than one such diagram).
The leading-order diagrams correspond to the lowest order of a perturbation
calculation and have the biggest contribution to the total amplitude of the
process.

In addition to the leading-order diagrams there are higher-order diagrams,

each of which will contribute to the total amplitude. However, these con-
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tributions are in magnitude at least a-times smaller than the leading order.
It is the smallness of a which makes all but the next-to-leading-order con-
tributions negligible. Since the higher-order diagrams can only be drawn by
adding internal lines, they must always involve two more vertices for each
step in increasing order.

In an effective field theory (e.g. the Quantum Hadrodynamics), the cou-
pling constants need not to be small enough to justify the perturbation
expansion and, therefore, one assumes only the lowest order(s) of the ex-
pansion, e.g. the tree level.

For the construction of the Feynman diagrams, only the topological struc-
ture is important. As long as the ordering of the vertices along the fermion
lines is kept, the graphs can be arbitrarily deformed without changing their

meaning.

B.1 The Rules for the Construction and Interpreta-
tion of Feynman Diagrams
There is a list of rules which needs to be obeyed when constructing Feynman

diagrams. The first two rules are universal - these are the conservation laws.

But there are six other rules that apply in the diagrams, too.
1. Energy and momentum are conserved at a vertex.
2. Electric charge is conserved at a vertex.

3. Solid straight lines with arrow that point in the direction of increas-
ing time are used to represent fermions propagating forward in time.
Arrow heads pointing in the reverse direction represent antifermions

propagating forward in time.

4. Broken, wavy, or curly lines are used to represent bosons.

35



APPENDIX B. FEYNMAN DIAGRAMS

5. Lines having one end at the boundary of the diagram represent free

(that means real) particles approaching or leaving a reaction.

6. Lines that join two vertices (internal lines) normally represent virtual

particles.

7. The time ordering of the vertices connected by an internal line is not
determined, so that two diagrams having an internal line apparently
oriented differently with respect to time, but otherwise the same, are

not different diagrams.

8. Every particle at the boundary should be labelled with a momentum.
If this is done two diagrams which might otherwise appear to be the

same become different diagrams.

All information about the Feynman diagrams stems from Ref. [1] and

[2].
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