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Abstract

In this dissertation, the gauge couplings unification in AdS5 was studied. We considered the
Standard Model particles to propagate in the bulk of AdS5. The renormalization group equation
for the gauge coupling constants at one loop level were derived. We discussed the evolution of
inverse fine structure constants o' which is related to the gauge coupling constants as well as
the evolution of sin? Oy, where Oy is the weak mixing angle in the Weinberg-Salam theory of
the electroweak interaction.

We found logarithmic running for the gauge coupling constants as in the standard model instead
of power law running as in case of flat extra dimension models; this result therefore preserving
the perturbative unification of couplings. We showed that such theory can be compatible with
gauge couplings unification at high energy scales, these scales at which unification occurred
were found to be depend strongly on the cutoff A and on the number of Kaluza-Klein states.
Furthermore, we found that sin? 0y at this high scales rises up to 0.74 in our model where its
value in QFT-subtraction scheme is equals to 0.23, which is a good indicator for the success of
our model.

These results may be very useful, at least from a model building perspective of gauge couplings
unification.
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1. Introduction

It has been known that the ultimate goal of particle physics is to identify what appear to be
structureless units of matter and to understand the nature of the forces acting between them.
Stated thus, the enterprise has a two-fold aspect: matter on the one hand and forces on the
other.

The expectation is that the smallest units of matter should interact in the simplest way, or there
is a deep connection between the basic units of matter and the basic forces. Hence, this joint
between matter and force nature of the inquiry is properly shown by the discovery of the electron
by Thomson and Maxwell theory of the electromagnetic field, which together mark the birth of
modern particle physics.

The duality nature of the electron; that is as an elementary source of the electromagnetic field,
with its motion constituting an electromagnetic current as well as an important constituent
of matter encouraged the particle physicists to investigate deeper in order to know more and
more about the ultimate constituents of matter and to understand the interaction between these
particles by their force fields. These have consisted in the discovery and study of two new (non-
electromagnetic) forces; the weak and the strong forces.

This effort has recently culminated in crucial progress: the identification of matter blocks which
are indeed in analogous to the electron and the highly convincing experimental verification of
theories of the associated strong and weak force fields. Briefly, the picture as follows; there are
two types of matter units: leptons and quarks. Both have spin-% and are structureless at the
smallest distances, currently these particles are probed by the highest-energy accelerators like
CERN and Fermi-Lab. The leptons are directly generalization of the electron, if the particles are
charged then they will interact both weakly and electromagnetically. However if they are neutral
then they will only interact weakly [Aitchison et al., 2004].

By contrast, the quarks which are the fermions constituents of hadrons, and thence of nuclei-
are more like strongly interacting analogues of the electron, since they interact via all three
interactions, strong, electromagnetic and weak. This, actually, is the basis for distinguishing
between these two types of matter unit, a distinction which will eventually disappear if it proves
possible to unify all three types of force (out of four known forces) and to some extent we well
be going to discuss this in the last chapter of this dissertation. There is more interaction left,
which is the gravitational interaction, however studying this is out of the scope of this research
because it's neglected compared to the rest of the three interactions and we will interpret this in
more details through this work.

At all actions, the electromagnetic and weak interactions of both quarks and leptons are described
partially in unified way by the electroweak theory, which is a generalization of quantum electrody-
namics (QED); while the strong interactions of quarks are described by quantum chromodynamics
(QCD), which is also in analog to QED.

These theories are collectively in the very famous theory in physics, that is " The Standard Model
of Particle Physics”, the essence of this theory is that; the elementary particles of matter are
quarks and leptons, the mathematical framework for the force dynamics are gauge theories and
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the vacuum is in a sort of superconducting phase [Nagashima & Nambu, 2011]. We will discuss
this theory next in this thesis as one of our theoretical phenomenology for the aim of this work.

But before, as an introduction we will review many concepts in High Energy Particle Physics.
In the next section we are going to have an overview of the standard model and will study it in
greater details in the next chapter.

1.1 Overview on the Standard Model

As we briefly introduced the Standard Model of particle physics which is the theory that describe
three forces out of the four known fundamental forces in nature (the electromagnetic, weak, and
strong interactions), as well as classifying all known elementary particles so far, this was driven by
theoretical and experimental particle physicists alike, but before going into detail of that, we need
to know a bit about the elementary particles, and this what we will discuss briefly next in this
section and we are going to study that in more detail in the following chapter in this dissertation.

1.1.1 The Elementary Particles. What are the building blocks of matter? The answer for this
question can be found by two ways; either by looking for the elementary particles, the ultimate
constituents of matter at their smallest scale or on the other hand is to clarify what interactions
are acting among them to construct matter as we see it. As the technology develops, the size of
microscopic objects becomes smaller and smaller, so what is considered as an elementary particle
in an era is turned out to be a composite particle latter on, this happened many time in the
previous century in the field of particle physics.

In the 19" century, when modern atomic theory was established, the exploitable size of the
microscopic object was 1071%n and the atom was "the elementary particle”. Then it was rec-
ognized as a structured object when Thomson extracted electrons in 1897 from matter in the
form of cathode rays. Its real structure (the Rutherford model) was clarified by investigating the
scattering pattern of a-particles striking a golden foil. In 1932, Chadwick discovered that the
nucleus, the core of the atom, consisted of protons and neutrons. In the same year, Lawrence
constructed the first cyclotron. In 1934 Fermi proposed a theory of weak interactions. In 1935
Yukawa proposed the meson theory to explain the nuclear force acting among them.

The protons and neutrons together with their companion pions, which are collectively called
hadrons, were considered as elementary particles until 1960, we know now they made from
composite particle called quarks. Where the electrons remained as elementary particles as far
as the technology can tell and they are collectively dubbed leptons. Quarks and leptons are the
fundamental building blocks of matter so far [Nagashima & Nambu, 2011]. These technologies
can investigate up to 10~'%m and there is the string theory which regards the ultimate constituents
of matter not like particle but instead as string in the dimension of Plank’s scale (~ 107%m)
and this is out of the scope of this dissertation.

1.1.2 The Four Fundamental Forces. It was well known in physics that, there are four fun-
damental forces in nature, the Strong, Electromagnetic, Weak and Gravitational force. They can
be classified in groups as long-rang forces, which include the Gravity and the Electromagnetic
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forces and as short-range forces and these are the Strong and Weak forces.

The electromagnetic force play an essential role in the microscopic level and at the same time it
can be easy observed in the macroscopic level as well, however it's strength is inversely propor-
tional with the square of distance. In general, the long-range forces their strength decrease only
with the inverse power distance laws (Coulomb's and Newton's laws).

The strong force is thousands time stronger than the rest of the other forces, while the weak
force is thousandths time weaker than the other forces and that in the ultra microscopic scale
which is less than 10~'®m where both strong and weak force come in.

The electromagnetic and the weak forces were unified by Glashow, Weinberg and Salam in one
force which called GWS theory or simply the electroweak theory [Aitchison et al., 2004]. Now
a days many theoretical physics trying to unified all of the four forces in single mathematical
framework, however this if it is done-even in the long term-would give a birth to a new era in
physics, one of these models of unification is called the Grand Unified Theory (GUT) that is at
very high energy the three gauge interactions of the forces, are merged into one single force and
this unification is characterized by one large gauge symmetry [Buras et al., 1978].

These classifications address the properties of the forces generally however, all the fundamental
forces, despite their variety of appearances, are essentially long-range forces and can be treated
within the mathematical framework of gauge theories.

The weak force can be described by a gauge theory which contains two kind of charges, the gravity
(theory of gravity) also can be described by it as well as the electroweak theory too, so in order
to understand the interactions between particles we need to study the gauge theory first and this
what we will do next as an introductory chapter, however in the next section briefly we will have
an overview for the particles interactions. Considering that the electromagnetic and weak forces
are unified and all four fundamental forces work in the same mathematical framework, it is natural
to consider that all the forces are unified but show different aspects in different environments,
however in this work as we mentioned we will omit the gravity.

1.2 Particle Interactions

In this part we will review the interactions between particles in general and study how the particle
interactions developed from a classical point of view to much better point of view and that is
the quantum theory. Previously, in classical physics it was thought that the matter and force are
clearly separate for example as in Newton's theory of gravity. Latter on, the theory of quantum
physics started to arise and give much more accurate interpretations for physical problems that
couldn’t have been explained by the classical physics such as the photoelectric effect, Compton
effect and the duality nature of light. This lead to a conceptual distinction between matter and
forces, or between particle and field, this distinction was no longer so clear until in 1927 Dirac
gave a fully quantum mechanical explanation to the spontaneous emission process using the QED.

Now in this section we will give - in a general descriptive level - the use of Yukawa's intelligent idea
of the quantum nature of force to study these interactions within the standard model, but before
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that we will introduce the physics behind this idea. Yukawa proposed a theory to understand
the strong interaction between the proton and neutron and can explain the (-decay too. This
theory built in analog with the electromagnetism interaction where the photon is the mediator
of this force. He postulates a new field of force and succeed to understand the particles interact
by exchanging virtual quanta, which mediate this force. Now Yukawa's theory of force as virtual
quantum exchange can be stated.

He begins by postulating a potential that describe the strong interaction which is not a coulom-
bic potential, but it's a static potential that decrease rapidly for the interaction between these
particles, this in the range of < 2fm. The potential energy of his postulation is in the form

Ulr) = —_gge_i (1.2.1)

4T r

where, g; is a constant, 7 = |r| and a is the range parameter. This potential satisfy the equation

(v2 - %) U(r) = g2(r) (1.2.2)

Which is in analogous of Poisson's equation in electrostatics. Yukawa had generalized eqn:(1.2.2)
to non-static case, that is

a?

2 & 1 U(r,t) =0 (1.2.3)
\V 2012 T, = 2.

Which is relativistically invariant and still U is a classical field, then treat the field quantum
mechanically as De-Broglie wave solution of U in the above equation and that is

r__ibt )

U o e(Pi="5 (1.2.4)

By substituting eqn:(1.2.4) into eqn:(1.2.3) and solving for the positive root of E, one can find:
25,273
c
E = |:02p2 —+ ?:| (125)

Comparing eqn:(1.2.5) with the result from the special relativity formula of the energy and
momentum, we can easy deduce the following relation for the quantum finite field U which has
the mass my:

a=— 1.2.6

myc ( )

For a ~ 2fm — my ~ 100MeV, which is Yukawa's famous prediction for the mass of the
nuclear force quantum mechanically.
These had lead to many physical interpretations to many problems in particle physics. Now we
move to understand more aspects of Yukawa's force mechanism, in particular in the electromag-
netic, weak, strong as well as gravity interactions.

Starting by the electromagnetic interactions, it is special case of Yukawa's picture where g2 is
replaced by the electromagnetic charges and my — m., = 0 which is photon, hence a — oo and
the potential in eqn:(1.2.1) return to Coulomb potential. The one-photon exchange scattering
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process is shown in Fig:[1.1] which drawn as an abstract representation of similar interactions in
QED known as Feynman's diagrams, the details of the influence of these diagrams will be studied
further in the next chapters.

Figure 1.1: One photon exchange mechanism between charged leptons.

The coupling strength in the case of the electromagnetic interaction is e. The expansion parameter
2
. : e 1 o
of perturbation theory is a = yriadr This gives us a general sense about the strength of the
T

electromagnetic interaction.

For the Weak interactions Yukawa extended his theory to describe neutron [3-decay too using the
hypothesized process shown in the Fig:[1.2] below

u A

Figure 1.2: Yukawa's U-exchange mechanism for neutron [-decay.

The weak interaction is mediated by W* and Z° in the same manner as photon does in the
electromagnetic interaction, however the photon is massless particle where the W=+ and Z are
particles having mass, the My, ~ 80GeV and My ~ 91GeV and the range of the force in this
interaction is ~ 2.5 x 10™'%m which is less than the dimension of the nuclear that is ~ 10~ 'm,
however this explain why the weak interaction is so weak because it's only affect tiny part of the
hadronic volume.
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The weak and strong interactions are mediated by different mediating quantum, but they are
both generalization of the gauge theories of the electromagnetism, this arise the possibility of
unifying all of the forces.

In the strong interactions Yukawa's theory of interaction viewed to be occurring between quarks
rather than nucleons. The interquark force appears to be in analog of the QED, this is clear when
probing two nucleons together, regardless to the composites of the nucleons this hard collision
scatter quarks to wide angle and breaking up the nucleons in this interaction. The quark has never
been found in an isolation (free particle), however what appears to happen is that when two quarks
separate from each other, their mutual potential energy increases tremendously so that, at a
certain level of the scattering process, the energy stored in the potential converts into a new pair of
quarks. This process continues where many pairs of quarks been produced and many other pulled
up by unknown mechanism yet, these quarks bidden together into hadrons within an interaction
volume of order 1fm?, so that no free quarks are finally observed, consistent with 'confinement’.
Very strikingly, these hadrons emerge in quite well-collimated 'jets' [Aitchison et al., 2004].

The mediators for the strong interaction are the gluons, unlike the mediators for the weak inter-
action, the gluon is like photon has no mass, however the QCD is much more complicated than
the QED. The phenomenological potential for a pair of quarks is

V= —g +br (1.2.7)

The first term of this potential is dominant for the small » which arise from single gluon exchange
and a ~ g? is empirical value. The second term is dominating for the long r and typical value of
bis 0.85GeV fm~1.

In the gravitational interactions, it's natural to expect that Yukawa theory of interaction apply to
the gravity, but there is no consistent quantum filed theory of gravity has been constructed and
only general framework of string theory offer hope for such combination of gravity and quantum
theory and this is beyond the objective of this thesis.

To sum up; for this chapter, as a relatively simple picture for our purpose is to have an overview of
the standard model of particle physics, there are quarks and leptons and they don't do gravitational
interaction. The quarks form the hadrons and they are the source field of the gluon field. The
weak interactions involve pairs of quarks and leptons, these are the source for W+ and Z° fields.
Quarks and leptons are also sources for the photon field in the electromagnetic interaction. All
the mediating quanta have spin-1 and called bosons. The weak and strong force fields are
generalizations of the electromagnetism field and all of them are gauge theories, however they
can be interpreted in different ways.

An illustration for the elementary particles according to the standard model can be summarized
in below chart:
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1 st 2nd 3rd generation Goldstone outside
standard matter unstable matter force carriers bosons standard model
(@ N [ N\ ((moow A N\
2.3 MeV Q/c;;! 1.28 GeV Q/%J 173.2 GeV oﬁ/‘%{! 6 (',ha!'ge 125.1 GeV'
\ <— colors Z
- U c ¢
+ &®
& =3
» up charm top " spin g
E o L ) 2] 12) < st %
e g
A D :
2 = on N\ " N oo 2 ) K
[=a 4.8 MeV, P 95 MeV 41 4.7 GeV 40 S
z @ % % % “ 3 o
= = 2
g S el g
I3 IS
= B
= 2
down. 3 strange £ bottom o gluon . i<
J . J . J / 8
a _
( 511 keV' ’l\ ( 105.7 MeV/ 71\ ( 1.777 GeV. —l\ ? E
2 =
= 2 5]
T (& v T ) £
2 3 S
-gﬁ ] g g
& 2 electron S muon A tau {2 photon . = z 3
= - J - J - J 2 =3
=3 \ J g £
= e =~
S—Dt g ( <2eV ) ( < 190 keV h ( < 18.2 MeV h 80.4 GeV, B 91.2 GeV/ @ I \ ?
= & =2 @
o = | IS
: % % 7, = A
> 2 |
2 g | 2
€ ,LL T = | 2
¢ neutrino % pomeutrino ) 7 neutrino 4 . . = ! graviton |
\_ - ~/ /U _J J .~ -
12 fermions 5 bosons
(412 anti-fermions) (+1 opposite charge W)

increasing mass —

Figure 1.3: This chart summarizes the physical properties of the elementary particles, their

interactions and their fields mediators according to the standard model (SM) of particle physics

Where the four fundamental forces nature is shown in this table:

Table 1.1: Shows the four fundamental forces in nature and their physical properties

The force Charge Mediator Mass Coupling Range
Strong Color 8 gulons (g) 0 1 ~ 107 %m
Electromagnetic  Electric charge Photon () 0 1—;7 00
Weak Weak charge ~ W=*, Z° ~ 102GeV/c2 1072 ~10"¥m
Gravitation Mass Graviton (¢') 0 10~ 00

To have a deeper sight into the standard model of particle physics we need to understand the fields
theories for these interactions and that what we will do in the next chapter of this dissertation
which is titled as the fields theories and the standard model.
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1.3 Research Problem

Models with extra dimensions might explain some of the unanswered issues of particle physics.
One of the candidate proposals of this sort is the Randall-Sundrum (RS) model. where the strong
warping of the extra dimensions introduces an exponential hierarchy between the Planck and the
weak scales.

1.4 Aim of the Research

We aim to study the Randal Sundrum (RS) model to develop theoretical tools that required to
construct model in warped extra dimensions and calculate the gauge couplings constants in this
model, and solve the renormalization group equations for it numerically by a dictated numerical
program (mathematica version 9).

1.5 Outline of the Research

The dissertation is organized as follow: In chapter two we review the Field Theories and the
Standard Model that will be necessary to calculate the effective Lagrangian. In Chapter Three,
we develop theoretical tools that required to construct model in warped extra dimensions and
match the higher dimensional theory to an effective 4D Lagrangian. Chapter Four is meant for
our results, discussions and conclusions.



2. Field Theories and the Standard
Model

The aim of this chapter is to study the field theories, gauge theories and the standard model in
order to develop the phenomenological basis to see how the generic model can be constructed,
introduction to symmetry and the spontaneous symmetry breaking will be discussed too.

2.1 Introduction

In the theoretical phenomenology of particle physics, the particles and their interactions can be
studied using the quantum field theory (QFT), this is vital because as we will see the parti-
cles are just excitation from the fields and we can study them using it, that why it's an our
aim for this chapter and we will study them later in the third section, where it is also can be
used to quantize these fields, however we can’t do that without quantum mechanics principles
[Peskin & Schroeder, 2005, Zee, 2010, Lancaster & Blundell, 2014].

QFT is a tool among others that we will be using to study the gauge coupling unification at a high
energy scales which is our aim for this dissertation. What is more, we will study in later section
how the continuous symmetries of the Lagrangian is related to the equations of motions that is
the famous Noether's theorem, in addition to these in the last section we shall study examples of
Lagrangian to construct the Standard Model Lagrangian in the last part of this chapter in order
to study briefly the Standard Model of particle physics as an additional topic for this chapter,
where at the same time represents our main foundation for the following chapters.

We are reviewing some of the quantum mechanics theory features in the second section of this
chapter, then we are going to study the QFT in the following one to see how classical fields can
be quantized in order to understand the nature of the particles and their interactions. All these
and others are required to know what is meant by the coupling of the gauges at a high scale as
our aim of this dissertation. In the first section of this chapter we will present the classical field
theories to cope with the purposes of this chapter as we have just stated above.

2.2 Classical Field Theories

As foundation concepts, we will study the concept of the Lagrangian density formalism classically
and then see how it can be generalized using QFT.

In the classical paradigm the field is defined as a set of numbers assigned to each space-time
point and the dynamics of these fields that is how they evolve with time, can be studied using
the Lagrangian and hence the principle of the least action. In the classical mechanics from the
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Lagrangian function L, which is defined as the difference between the kinetic and the potential
energy
L(q,q) =T -V (2.2.1)

where ¢ is the velocity and ¢ is the coordinate [Aitchison et al., 2004], the derivative of the
Lagrangian with respect to the velocity is the momentum

oL
= — 222
P= 5 (22.2)
and with respect to the coordinate is the force
oL
F=— 2.2.3
5 (223)
The quantity
H = 224
Z o (224)

Is the Hamiltonian of the system which represents the total energy of that system of many
particles.

The least action is defined as

S= / ® dt Lig(t). d(0) (2.2.5)

t1

where, ¢(t) is the generalized coordinates and ¢(¢) is the generalized velocity. The equations of
motion come from the Hamilton's principle of least action subjected to the constrains ¢; and %
which is

59 — 5[2 dt L(g(t). §(1)) = 0 (2.2.6)

because in many problems in physics, the Lagrangian depends only on the generalized coordinates
and their first derivatives, the variation in the action will be

55 = /:dt {ai(L)“H%(L)&]( )}

_ /t12dt [825)5(1@) + aa—(L)%é (z)} (22.7)

The second part of eqn:(2.2.7) can be integrated as following:

/: {dt% - %M(t)} = % [Ga(t)]i: — /:2 dt [iaa(L)] Sq(t) (2.2.8)

Because there are no change at the end points because of the least action concept, hence we
have

6q(t1) = 0q(t2) =0 (2.2.9)
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So by substituting eqn:(2.2.9) into eqn:(2.2.8) this yields:

/: [dt% : %&z(t)] =0-— /: dt [%%(Lt)} dq(t) (2.2.10)

The variation in the action in eqn:(2.2.7) will be

55 = /: dt :%é)&](t) _ {%g—ﬂ &ﬁ)}
= [, o~ (o | 0]
_ /: at :%(Lt) - {%%H 5a(t) (22.11)
By using eqn:(2.2.9) into eqn:(2.2.11), it deduced to
oL _d oL _, (2.2.12)

Oq(t) — dtoq(t)
Which is Euler-Lagrange equations in the generalized coordinates.

These classical generalizations of the Lagrangian is required to study the gauge field theories, i.e,
our tools to the objective of this work, because it can give us the physical sense of fields however
with different interpretation as we can see later.

From the definition of the classical Lagrangian and with the relativistic invariance transformation
of the generalized coordinates for space and time, the classical field theory can be constructed,
this begins by defining the Lagrangian density

Z(p(x), Oud(x)) (2.2.13)

For a functional of the field ¢(x) and its four-components, the Lagrangian depends on the gradient
0,¢(x) = 0¢(x)/0z*. This field-often is complex-can be considered as a distinct, generalized
coordinate which is the space-time coordinate x, hence the field theory now can be considered
as a closed system with an infinite number of degrees of freedom. The classical action S in
eqn:(2.2.5) in this case can be written as

S = /t dt / BxL(6,0,0) (2.2.14)

Because the second part is the spacial part, the second integral takes the form of the Lagrangian
in classical mechanics, we can compare eqn:(2.2.14) to eqn:(2.2.5), hence,

L= /d?’x.z(qa, 0,0) (2.2.15)

From the least action concept we are looking for infinitesimal small variation of the field that
leaves the action unchanged
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o(x) — o(x)+ dp(x) (2.2.16)
S — S+468 (2.2.17)

For the same reason that we wrote eqn:(2.2.9) the variation in the action of eqn:(2.2.14) is
required to be stationary as stated in [Quigg, 2013]. We can write

05 =0 (2.2.18)
o 0 0
_ . 9 4 4
08 = 5¢8¢ /,Z(qb, 0,¢) d*x + 0 (0,9) 0,9) /Z(qﬁ,@u(b)d x (2.2.19)
It is clear that
9u(00) = 00,9 + ¢0,.6 (2.2.20)
The second part of the right side of eqn:(2.2.20) is zero, so we will get
00,0 = 0,(69) (2.2.21)

So by rewriting eqn:(2.2.19)

0 0
i

0% 0L
= Sp— + 0,(6 d* 2.2.22
[ |95 + o557 (2222
The last term of this equation can be written in the form:
0% 0% 0%
D, |6 =9,(6 5¢) 0 2.2.23
 94550) = 09 gy + 0D g (22.23)

Which can be rearranged to

0L 0. 0.
50,0 " [Ma(am)} ~ 09 %555 (2.2.24)

By substituting eqn:(2.2.24) into eqn:(2.2.22) the variation in the action can be written as

0y 0.5
55 — / 00550+ 0,(00) 5 ¢)]d4x

- / _5¢a‘$ 0, lw%} — (60) 0, 02 ]d“x

9 (69)

00 T 000,0) 0(0,9)
_ / 5¢%_(5¢)aﬂ af(;jb)]d% (2.2.25)

The term 0, (¢ (02 /0(0,¢))) vanished because at the boundaries §¢ = 0 in a similar way to
eqn:(2.2.5), where else it is valid for all 0¢, together with eqn:(2.2.18) eqn:(2.2.25) deduced to

0% 0%
5 (50) = (2220)
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That is the Euler-Lagrange Equation for the classical fields. It tells us that; for a given Lagrangian
density which is defined by a certain classical field the corresponding classical equations of motions
for that field can be driven using it.

Next we will examine few examples for some Lagrangian's using eqn:(2.2.26). First for massless
and massive scalar fields, then, for a scalar field that is coupled to an external source and lastly
for a couple of scalar fields and a complex field, from the indented Lagrangian for each in the
classical field theory.

To begin with as first example, consider the relativistically covariant Lagrangian of the massless
scalar field ¢(x) which is our first case,

(9“¢0u¢— ( 0,0)* (2.2.27)
This Lagrangian can be expanded to be in the form of eqn:(2.2.1) as following
1 1 1
L= (8yo)® — SVo- Vo (2.2.28)

Where the first part represents the kinetic energy and the second part is the potential energy.
From eqn:(2.2.27) we can get

oL oL
=, — o 2.2.29
96 00,0 ¢ (2:2.29)
Inserting eqn:(2.2.29) terms into eqn:(2.2.26) this yields®
8M5“¢ =0 (2.2.30)
In the form of eqn:(2.2.28) with 8, = ;2; = (22, V) one can write
02<z5
9,0 = ¥ — V% = (2.2.31)

This is the wave equation for the massless scalar field. So as we have seen, we get the equation of
motion for the scalar field from inserting the corresponding Lagrangian into the Euler-Lagrangian
equation.

For the massive scalar field consider the Lagrangian given by

1
5 (O — 5’ (2.2.32)
By simply differentiation this Lagrangian we will get:

oc 9

% = m2¢ (2.2.33)
oL oL

— = = | =—)=0,0'¢=0 2.2.34
s~ 0 > (s 9= (2239

1See for example Ref. [Peskin & Schroeder, 2005] for the relativistic covariant notation that we used here.
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Substituting the terms from eqn:(2.2.33) and eqn:(2.2.34) into the Euler-Lagrange Equation the
later deduced to:
(O+m*)¢=0 (2.2.35)

This equation is the well known Klein-Gordon equation for the massive scalar field (free particle)
driven in this classical regime. It is clear that when m = 0 we will get back to eqn:(2.2.30)
the massless scalar field case. This classical picture can’t explain an aspect of the solution for
Klein-Gordon equation, where the quantum paradigm can explain that as we will see later in the
next section,

Klein-Gordon equation can be derived in the quantum picture for the field too, to show that both
pictures can lead to the same result.

Now, consider the case where the scalar field couples to an external source in one dimension,
the simplest case here is that the field is interacting with an external potential, giving a source
current J(z) The Lagrangian in this case is

C— % (0,0(2))? — %m2¢(x)2 +J(@)6(x) (2.2.36)

From the above Lagrangian one can get,
oc
o0

oc ol
0, (W) = 0,0"¢(x) (2.2.38)

Plugging eqns:(2.2.37) and (2.2.38) into eqn:(2.2.26) and rearrange we get:

= —m*é(z) + J(z) (2.2.37)

0,0"p(x) + m*¢(z) = J(z) (2.2.39)

When the J(z) = 0 we get back to eqn:(2.2.35) which is Klein-Gordon equation.

Our final illustration is that when we have coupling scalar fields with a complex scalar field.
Consider the two defined fields

v = %[%Hdn] (2.2.40)
Pl = i[(bl_i(%] (2.2.41)

V2
In this case we obtain a new form of Lagrangian defined by
L= 0"pta,p — m*pTy — g (viy)” (2.2.42)

We can notice about this field; the complex field v created from the two scalar fields ¢; and ¢,
as well as ¥ (having two degree of freedom), the second thing is that the Lagrangian is invariant
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for the rotations 1) = e and ¥T = e~ as following:

L= 0o, —m?*ply — g (p1y)°
= (9“6’”@@1&6” — mQG’iawTwem —g (e’mwwem)z
= egryTed,p — mPem e Piye — g (e plype)?
_ efmﬂ‘aauwfauw . meTwefiaJria g (efiaJriawTw)Q

— 90, — mPPly — g (i)
= L (2.2.43)

So the Lagrangian has experenceed one dimensional unitary transformation, or in other words
in terms of group theory-the formal representation of symmetry-the Lagrangian has encountered
U(1) symmetry, which means that the above Lagrangian can give a physical meaning. The
relationship between group theory and symmetry is formally stated in Noether's theorem.

We can easily predict for a complicated situation when we have a massive scalar field and a
massive complex scalar field and they interact through a potential, the Lagrangian will be,

L= 0"p'a, —m* iy + % (0,0)° — %m2¢2 — gYTg (2.2.44)

It means that we have just combined the Lagrangian's from eqn:(2.2.42) and eqn:(2.2.32) and
we subtracted the interaction term gi)T1)¢ to get the intended Lagrangian.

As an interpretation from the previous discussion, we carefully can claim that: for the intended
particles that interacting through a certain fields a Lagrangian is needed to be written in order to
construct the physical theory to these interactions, hence, as smart guess we can predict that for
many particles, which are interacting through different fields; a generalized form of Lagrangian is
important to be written to construct the physical model for these particles and their interactions
in one single model, we will experience an example for similar Lagrangian in the last section of
this chapter.

So, we have given a clue on how we can apply the same trick to a generalized form of a Lagrangian,
which is the Lagrangian of the standard model to study the corresponding theories to the concept
of the gauges unification at very high scales which will be studying at the last chapter of this
work, because as we mentioned its vital in order to write down a physical model is to construct
the appropriate Lagrangian. However, before that we are going to study an alternative picture
to this classical picture of the field theory which is more accurate, elegant and sophisticated, but
with a shortage than the classical field theory that is the quantum field theory.

The aim of this theory is to construct fields that are similar to the classical fields theories defined
over the space and time, but also accommodates the observations of quantum mechanics theory.
This is the QFT, where we will have relevant introduction to it later on this chapter.
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2.3 Quantum Theories

It is well known that a quantum mechanics state can be described by a state vector in a complex
vector space that known as the Hilbert space and one important variable in the quantum theory
is time!

There are two pictures of quantum mechanics; Heisenberg picture in which the time dependence
is located in the operators and the wave function is constant, while in the other picture that
is Schrodinger picture, the wave function only depends on time, we refer to [Griffiths, 2016] &
[Zettili, 2009] for further reading.

In Schrodinger picture the way that the wave equation ¥ (x,t) develop with time is given by
Schrodinger equitation of motion for that wave function

OY(z,t)
i = Hy(x,t) (2.3.1)

Where, & = x and p = iV are the operators of position and momentum respectively.

In Heisenberg picture the expectation value of an operator Ois

(01t)) = (w(t) O lu(®)) (232)
and .
_—iHt
(1) = e~ 11(0) (23.3)
Where 1(0) is the wave function at ¢ = 0, the equation of motion for Heisenberg picture is
dOut) 1, -
-~ [OH(t),H] (2.3.4)

Before getting into the quantization of the fields, here we give example on how a classical physical
problem can be interpreted using quantum mechanics theory, so we could have a clue about what
we will expect in our purpose of study in this part as an alternative paradigm to what we have
discussed in the previous section.

The following problem is the famous problem in physics which show how the quantum interpre-
tation for a classical problem could yield a better understanding than the classical one, that is
the simple harmonic oscillator. For example consider a mass m attached to spring which has the
constant K with = displacement between the mass and the equilibrium point. Classically the
momentum and the energy are P = mi and £ = K12 /2 respectively.

The total energy of the spring is the sum of kinetic and potential energy of it
E=—+ _-Ka* (2.3.5)

Transforming this equation to Schrodinger picture, one can write

Hiy = Ev (2.3.6)
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The H is the energy operator (Hamiltonian) and E is the energy eigenvalue corresponding to that
operator. Replacing the classical momentum by the operator P = —i/id/0x and the position by

the operator z, gives
. h? 0? 1

H=———+-K# 2.3.7
2m Ox? i o ( )
So we can rewrite eqn:(2.3.6) as
R 0% 1
T 4 K2 = F 2.3.
( 2m8x2+2 z)w 4 (2:38)

Which is the Schrodinger equation for the simple harmonic oscillator. Its full solution can be
found in [Griffiths, 2016] because we only interested in the result that is

0l = == (%) H(e % (239)

Where, H, is the Hermite polynomial that gives the wave-like behavior for the wave function and
¢ =+/mw/hx.

The eigenvalue is

1
E, = (n—i—§) hw, n=012- (2.3.10)

is the particle-like behavior with w = /K /m. For n = 0, it reads Fy = hw/2, which known as
the zero-point energy.

This duality in the point of view for the same problem is called quantization, which has two
aspects; the first quantization: Particles behave like waves. The second quantization: Waves
behaves like particles [Lancaster & Blundell, 2014].

Dropping the zero-energy we will have

Epso = nhw (2.3.11)

We have the oscillator with n quanta on it, where each particle in a certain momentum state. To
move to the next energy level in the leader we need to add a quanta Aw to the zero-point energy
and to move from higher energy level to lower one we need to subtract the quanta hw. This is
the quantization of energy.

These can be expressed in terms of energy operators as following:

o mw [ . T
a T (x—i— _mwp) (2.3.12)
R mw (. 7

a' and & are the creation and annihilation operators respectively. Which have the commutation
rules:
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G, 0;] = [aT,a}]:o (2.3.14)
[ai,a}] — 4, (2.3.15)

So to move from the zero-point energy to the first energy state we need to operate by a' and to
move from higher energy state to a lower state, we need to operate by a, but when we operate
by a on the zero-point energy we will get the same energy eigenvalue, which called the ground
state energy level.

We can state that the universe is set of simple harmonic oscillators, with the zero-point as the
least energy level, so in any other level, if we want to measure the energy for that level, we need
to measure the relative energy to the zero-point energy.

There is important question in physics that particle physicists trying to answer; how the particles
get their masses!? This seems like a trivial question, but it's not the case indeed! We can find an
answer for it from the principal of symmetry later in the next section and when we dive deeper
while we use the quantum theory tools to redefine the classical field which known as the quantum
field theory, which we will be tackling some of it's aspects next.

In particle physics, particles are classified as hadrons or mesons according to; if they are elementary
particles or constituent particles and to their quarks constituents according to the quark model.
Also, it's well know that particles in the universe is classified in another way into two types
according to their spin; fermions (having half integer spin) and bosons (having integer spin).
We can exchange two identical bosons to get the same state but we can't do that for fermions
because we will violate Pauli exclusion principle.

Consider a system of particles in the simplest way that is the particles which are confined in
a box and then we will recap that because it's more realistic to study particles as continuum

system. In natural units?, the momentum operator can be written as p = —id/dz. The solution
for Schrodinger plane wave equation for a particle in a box with side length L is
1
(x) = —=e?" (2.3.16)

VL

Operating on that wave function by the momentum operator yields the corresponding momentum
state,

() = p(x) (2.3.17)
This wave function must satisfy periodic boundary conditions ¢ (x) = ¢(x + L), so eqn:(2.3.16)
becomes

1
T4 L) = —=ePEH) = y(x 2.3.18
U( ) I ¥(z) ( )
We can't get this unless e = 1, from Euler theorem we can deduce that; the momentum for
this particles having that wave function is quantized, hence

2mm
P, =— 2.3.19
- (2:3.19)

2here h=c =1 is used
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Where, m is an integer represents the momentum state.

In case of non-interacting particles we can get the total energy for that system by operating by
the Hamiltonian on that particles, but how the energy state for each particle can be obtained!
This can be easy understood in term of the occupation number representation which can be
found when we operate on the vacuum state and from the principal of symmetry (type of the
particles). The vacuum state |0) is crucial in quantum field theory in analog of the zero-point
energy in the simple harmonic oscillator, hence, to get any particle in particular state we need to
operate by the proper operator, as we can see later.

The state label of the particles can be replaced by the creation operator &ZT when we acting on
the vacuum state |0) to get the corresponding particle in a particular state. This generally can
be written as .
nang ) = [ [ —— (am)™™ |0) (2.3.20)
m (Npm!)
It vary whether the particle in the box are bosons or fermions; in case of bosons we can add
as many particles as possible in the same states where they are symmetric for the exchange of
any two particles and these particles don't obey to Pauli exclusion principle, where this can't be
happen in case of fermions because fermions obey to it, we must conserve the symmetry by not
exchanging any two fermions, because they are antisymmetric particles.

=

In more generalized form, as the box dimension increase the momentum state for the particles
will be nearly spaced, taking infinite size in a generalized space variables the momentum will
be transformed from being discrete to a continuous state and the d;; will transformed to Dirac
function, see for instance Refs. [Peskin & Schroeder, 2005, Lancaster & Blundell, 2014] and
the references therein. Then the summation will transformed to an integral, this is called the
continuum limit, which describes particles nature better than the box model which we have just
discussed before.

so the commutaion relation in equations (2.3.14) and (2.3.15) will be written in the continuum
limit as

[ap,af] = 6@ (p—q) (2.3.21)

Bosons can be described by commuting operators, while the fermions are described by anticom-
muting operators where the Hamiltonian in this paradigm is written as

H= / d*pE,ala, (2.3.22)

To sum up, the quantization of the simple harmonic oscillator gave us a clue on how the quanti-
zation of the simplest case can be done when the particles is confined in a box using the creation
and annihilation operators, this paradigm of quantization states depends on whether the parti-
cles are bosons or fermions, however this is generalized to the continuum limit, where it's more
realistic in describing particles nature.

We have seen how the particles can be created to a certain momentum state when we operate
on the vacuum state by the creation operator. We can dive deeper to study the nature of these
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field itself in the following sections, this is important because QFT is describe how the particles
interact among themselves or with other entities. We study that in order to attempt to answer the
questions; are these particles on the first place were confined under one field? or these particles
could be confined in one field at a high scale? Are there any models yet? the first question could
be answered by cosmologists, but we are more interested to attempt to answer the last question
later as our aim for this thesis, but all these depend on the field of these particles that we are
studying.

Fields operators create and annihilate particles in different ways than d; and a, do, which cre-
ate/annihilate particle into particular momentum state, but alternatively the field operators cre-
ate/annihilate particles into particular spatial locations [Lancaster & Blundell, 2014].

These operators are written as Uf(z) and W(z). They are defined by

A 1 )

i) = —=) afe ™ (2.3.23)
Vv 4

~ 1 )

U(r) = —= > ape?” (2.3.24)

as the creator and annihilator operator respectively. Where, v is the segment of volume of the
space that contain the particle. The filed operators obey the same commutation relations as in
eqn:(2.3.21), however instead of two momentum states p and ¢ we have special states = and
y and the type of particle is matter here, whether particles are bosons or fermions, this can be
written as

[¥(@), ¥ ()| = 8z~ p) (2:3.25)
For both types of particles.

We can claim that particles are simply excitation of quantized field as outcomes for the field
operators which we have just briefly stated.

As an interpretation for our discussion so far we can claim that the field is quantized and we can
get particles in a certain quantum state by making a proper linear combination of operators (field
operators) to create/annihilate particle into particular space states instead of the momentum
states; in analog of the Hamiltonian in the model of particles in a box, however these time it
much more complicated situation than the case of the particles, because we are dealing with
fields.

2.4 Quantum Field Theories (QFT)

QFT allows us to describe the interaction between particles together or with other entities, to
see that we need to have away to quantize the classical fields because classical fields don't work
to describe the elementary particles as it will known in particle physics. These mechanisms which
allow us to quantize the classical fields is either the canonical quantization (for non-interacting
fields) or the non-canonical quntization (for the interacting fields). For simplicity we only will
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study the canonical quantization and will leave the other for future work to avoid the complexity,
since we will understand the concept from studying the canonical quantization, which allow us
to see how particles are added or removed from the system using our fields operators which we
have presented previously.

To do the canonical quantization; first we need to write the classical Lagrangian density, because
there are many ways to write the Lagrangian, then we need to calculate the momentum density
to workout the Hamiltonian in term of the field as in the case of the classical method of writing
a model. One, more thing is needed; that to treat the momentum density as quantum operators
using the quantum mechanics, so they could have physical meaning and these operators mustn’t
commute. Finally the field can be expanded in term of creation/annihilation operators (expansion
mode). This method of canonical quantization can be seen in many QFT textbooks such as
[Lancaster & Blundell, 2014] and [Zee, 2010].

We can illustrate this method with any of our non-interacting previous fields, however only we
will consider two fields; the massive scalar field and the massive complex scalar field. To begin
with consider the first case, the Lagrangian for the massive field is eqn:(2.2.27) which can be
expanded in the (+ — ——) metric as

L= 1000 - 3 [#(w)]

_ % [(g_(f)Q _ (V¢)2 — m2¢2] (2.4.1)

and its equation of motion is Klein-Gordon equation eqn:(2.2.35). The momentum density is

[M*(x) = % = oMo(x) (2.4.2)
Hence,
°(z) = (z) = 3°¢(x) (2.4.3)

The Hamiltonian density can be defined in terms of momentum density as
H = I%x)0hp(x) — L
= 0°¢(x)dp(x) — L

1 2 1 2 1 4 2
= 51000 + 5 [Po()] + 5m? (o) (2.4.4)

Now we need to turn our field into operators using the quantum mechanics, from which we know
that
[z, p] = ih (2.4.5)

for the single particle. In this regime
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In analog of eqn:(2.3.21) these operators can be written in the form of eqn:(2.4.5) in the equal
times, hence,

(¢, ), TI(1, y)] — 6@ (z — ) (2.4.8)

Where, ¢(x) and ¢(y) is commute as well as II°(z) and II°(y). From the quantum mechanics
see [Griffiths, 2016] the position operator is written as

A 1 o
T = —— E T.ete 249
! v N k g ( )

And the momentum operator is

h
T = a a_ 2.4.10
T S (G + a_g) ( )

Where, ay, is the annihilate operator into the momentum state k. Substituting eqn:(2.4.10) into
eqn:(2.4.9) yields:

~ 1 h ~ ~ k]
= — g 1/ ) el 2411
x; ~ Y (ar. +a_x)e ( )

k
1
2

B | y y
= (-) > ——— (are™ + afe ) (2.4.12)
m (2wkN)§

k

where, (a_p = d;). When £ — p and w — E, the time-independent field operator can be
deduced to

n o dgp 1 ~ _ipT ~t _—ip-x
() = / T (ape™® + ale= ) (2.4.13)

1

which is known as mode expansion where (%) term appears because of the inverse Fourier

transformation.

The creation/annihilation operators obey
[ap,a}] =0 (p —q) (2.4.14)

In the same way as we have got in eqn:(2.3.25).

Our second example of the quantization for the field we will consider studying the complex scalar
field. We are going to apply the same method we did for our previous field.

Starting by the Lagrangian of the complex field

£ = 9"l (2)9,00(x) — m*6! ()i () (2.4.15)

This Lagrangian is just addition of two scalar fields in eqn:(2.2.32).

1 1 1 1
L= 3 (0u1)* — §m2¢% t3 (0up2)” — §m2¢§ (2.4.16)



Section 2.4. Quantum Field Theories (QFT) Page 23

Which can be easy transformed to the form as in eqn:(2.4.1). Its clear that it's similar to the
Lagrangian of the massive scalar field but without the factor % Then the momentum densities
are

o 0L .

I, = a(aow)_aw (2.4.17)
o oL
Y, = —a(aow)_aw (2.4.18)

The Hamiltonian can be written as
H = Z 11%(2) 007 (z) — L
= aow*(mow(w) + Vil (z) - Vi (2) + m*¢! )y () (2.4.19)
Now putting the fields into quantum operators yields:
Ot2), 0t y)| = [0 2), 1 (ty)| = 6 (@ — ) (2.4.20)

And the mode expansion of this field operators are

i d3 1 A —ipx | I ipw
D) /(27;) TN (ape + e ) (2.4.21)
i (x) = / (;r) (2;); (&;eip'uépe—m) (2.4.22)

The operators a, and Z;p annihilate two different particles and &;f) and l;;f) create particle and
annhalite antiparticle respectively with the same momentum state as explained by Richard Feyn-
man, see [Feynman et al., 2005]. So the complex scalar fields is quantaized and its excitation are
scalar particles and antiparticles [Lancaster & Blundell, 2014].

These two quantizations for the fields (non-interacting fields) were the simplest cases to consider
as illustrations for our method of quantization of the non-interacting classical fields, however
there are many interacting fields that their quantization are not going to work with this method
and we aren't interesting into their quantization because we have simply shown the method, but
we are going to study some of the interacting fields for different purposes later in this dissertation.

The field in the relativistic quantum mechanical regime behaves different than in the non-
relativistic regime as we will show next.
Consider the field ¢(x,t), in the non-relativistic case, the kinetic energy equation is

PQ

E=— 2.4.2
v (2.4.23)

Transforming the variables £ and P to operators yields,

N 0
(E—)E—Zha,

Do p= —mv) (2.4.24)
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Hence, 2
8¢($vt) _ —h—VQ(b(I,t) (2425)

10
! ot 2m

Which is just Schrodinger equation.

In case of the relativistic field we use the dispersion relation for the energy
1
E = (p*c® + m?c")? (2.4.26)
Together with the momentum transformation as we did before in eqn:(2.4.24) we get that

m&b(aﬂ;at) _ (p202+m204)

[N

P(,1)
= (—R2V2 4 m?c)? ¢(a, ) (2.4.27)

Unlike eqn:(2.4.25) this equation has two main problems; the problem that comes from the fact
that its not covariant - we will know what is meant by that in more details later, as well as the
negative root solution in the dispersion relation. A quick solution for these problems could be by
just simply squared it to have

0*¢(z, t)
_ ey
h ot?

In natural units this deduce to Klein-Gordon equation, see eqn:(2.2.35). But Klein-Gordon equa-
tion also has another physical problem! When we look at it

= (=R*V? + m*c*) ¢(z,t) (2.4.28)

(87 +m®) ¢(z,t) =0 (2.4.29)

The term 02 isn't defined, as a solution we may think of expanding it, this will contain squared
root second order time derivative, which is not an adequate description of nature! Because,

(6% +m?) = (V& +im) (V& — im) (2.4.30)

Dirac solved this problem by introducing new four vectors v* whose obey following properties
(%)* = 0 (2.4.31)

()= ()'=(*)" = -1 (2.4.32)

These sets of vectors anti-commute and are written as
[V, = 29" (2.4.33)

Dirac invented new way to deal with the v/02, he introduces new covariant operator @ defined
by multiplying 0, by v* i.e,
0, =9

Squaring it and using equations; (2.4.31) and (2.4.32) yields,

P =10, = & (2.4.34)
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Now eqn:(2.4.30) can be rewritten as
(62 +m?) = (8 +m?) = (@~ im) (@ + im) (2.4.35)
Picking up the right bracket above and operating by it on a wave function we get that
(@+im)y =0 (2.4.36)
And using @ = v*0,,, it gives,

(v'0,+im)y = 0
or  (iv'9,—m)y = 0 (2.4.37)
Which is the famous Dirac equation that describes fermions (such as quarks and leptons).
v = (7, ~) are four-by-four matrices which can be written in many ways. Writing them is might

be a bite tedious as large matrices, but these matrices were reduced to two-by-two matrices where
each element is two-by-two matrix itself

= (U(—)M O:) (2.4.38)
7 = ((I) é) (2.4.39)
v = (_00 g) (2.4.40)

This imply the wave function in Dirac equation has to be two-by-two vectors each with two-by-two
element and can be written in the compact form as

= (Z}i) (2.4.41)

We can quantize Dirac field using the same method we did for our non-interacting fields before,
however we are not going to do that for the same reasons we have mentioned. The excitation
for Dirac field is describe fermions and the Lagrangian for this field is

£Fermions = w (Z’Y”au - m) ¢ (2442)

This Lagrangian isn't invariant under some symmetry transformations, but what is the symmetry?
and what is meant by the term invariant!? These questions well find their answers in our next
section about these topics, which is named gauge symmetries.

2.5 Gauge Symmetries

Before knowing about the gauge symmetries we need to know briefly about symmetry in particle
physics to study the gauge symmetries as a foundation for our aim of this dissertation.
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In physics symmetry means invariance that is, no change under any type of transformation,
such as the coordinates transformation. Symmetry is one of the most effective tools in studying
theoretical particle physics, because its allow us to study unrevealed areas of physics and it has
become evident that practically all laws of nature originate in symmetries. Because according
to Wigner's classification the symmetries of the laws of physics determine the properties of the
particles found in nature [Anderson, 1972].

Symmetry formally studied by group theory, because the set of all symmetry transformations
represents groups called the symmetry groups. Continuous symmetry is represented by Noether's
theorem, which we are stating in this section later.

Symmetry transformation means change in variables so the equation that describing the physical
law have the same form before and after this transformation. This equation is said to be covariant
with respect to this symmetry transformation. It is classified to geometric symmetries (space-time
symmetry) to the internal symmetry. Internal symmetry is classified to global symmetry in which
the space and time coordinates are considered to be independent, and to local symmetry where
they considered as dependent variables.

Briefly we are going to study the gauge groups which their global symmetry is replaced by local
one, because these gauge groups are extremely important in the studying the QFT of elementary
particles. The invariance under gauge transformation requires the introduction of gauge vectors
fields that interpreted as quanta mediating the interactions of the ultimate constituents of matter
[Costa & Fogli, 2012].

In chapter one of this dissertation, we stated that there are four fundamental interactions in
nature; weak, electromagnetic, strong and gravitational interaction. In our study we only consider
three of them for the reason that when we compare the gravity force to the electromagnetic force;
for example we know that

K.¢?

F. = - (2.5.1)
GNmz

Fy = 5 (2.5.2)

Where, F, is Coulomb’s force and Fj is the gravity force. Substituting the intended quantities
above gives us

F.
= = 107 (25.3)

g

This implies that the electromagnetic interaction is stronger than the gravitational interaction by
order of 100, Gravity compared to the weak force is weaker by factor of ~ 10%* which is known
as the hierarchy problem, and of course its much much weaker than the strong interaction. For
these reasons and others, that why gravity is negligible in particle physics, however there are some
recent attempts to build theories that unified gravity with the other three interactions; such as
Theory of everything (ToE) and Supper Symmetry theory (SUSY) which are out of the scope
of this dissertation, because we only interested in studying the gauge couplings unification for
the three considerable interactions in a space at very high energy scales. We can also recall the
properties of these interactions by looking at Table 1.1.
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In term of the internal symmetry and its corresponding groups, following we are going to discuss
our three considerable interactions of the elementary particles.

To start with, in the QED interaction the gauge field is based on the abelian group U(1). Its
gauge vector field is the photon, this gauge field is very successful gauge theory because its
theoretical expectations match the experiments perfectly. See [Griffiths, 2017].

For the weak and the strong interactions of the elementary particles, the group U(1) is required
to be replaced by larger non-abelian groups, since there are more than one mediators for these
interactions and they can't be described using U(1) group. The strong interaction (QCD) is based
on the gauge of color SU(3) that describes the interaction between quarks which are mediated
by eight vector bosons known as gluons.

There is common thing between the QED and the QCD that is their gauge symmetries are believed
to be exact and unbroken up to extreme high energy scales. We will know about these energy
scales in our focal point of this thesis, when we will study the gauge coupling at these high energy
scales in our third chapter of this dissertaion, but we need to know about the symmetry breaking
mechanism first. Simply the spontaneous symmetry breaking mechanism (SSBM) is referring to
the situation where the Lagrangian of the field is invariant under specific gauge transformations,
however the solution of its equation of motion corresponding to that field will acquire a lower
symmetry and some of the fields that including the gauge vector bosons - which are massless in
the Lagrangian - will acquire mass [Costa & Fogli, 2012].

This mechanism was applied to attempt to unified the fundamental interactions in the famous
theory of the elementary particles of physics that is the Standard Model (SM). According to this
theory weak and electromagnetic interactions have been unified in a certain energy scale in gauge
field theory that based on the group SU(2), x U(1)y [Glashow, 1961]. It has 4-vectors fields,
three of them acquire mass through the SSBM we have mentioned above. These gauge vectors
are bosons which mediate the weak interaction are (W=, Z) where the fourth one is the mediator
of the QED (photon).

Some theorists are speculating that the strong and the electroweak interactions may be unified
at very high energy scales. We can guess these theories must be based on larger gauge group.

SM and SSBM are our next topics to study, so we could able to go further to study a model
in extra dimension to see how these gauges are couple in that dimension, this because in the
Standard Model and as its well known between particle physicists, this coupling is not happening.
This model is called the Randel Sunderm (RS) model and that extra dimensions space is known
as AdSs. Studding these topics are coming next, but before that we will study the gauge field. So
we could had all the necessary tools required to construct our model which is targeting to study
the coupling of these gauge bosons mediators for the three interactions at these high scales.

2.5.1 The Gauge field. Field theory may admit different configuration which lead to the same
observations, so a selection is needed to be made for particular formulation out of the possible
options - choice of the gaug, where the transformation from one configuration to another is
known as the gauge transformation and the underline invariance is called the gauge invariance
[Lancaster & Blundell, 2014].

To shed the light on this, consider the complex scalar field in eqn:(2.4.15) (without the interaction
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term) and as we had seen in eqn:(2.2.43) this Lagrangian isn't changed under the global trans-
formation. However, if we transformed the field by different amount at all points in space-time
as

b(x) = ()@ (2.5.4)
Applying this transformation for the Lagrangian
= (0"0) (90) — m*u'y (25.5)

It's clear that the mass term of the Lagrangian won't change under this transformation, and now
we are going to experience the other term. So

uip(x) — Ou(x )i”

_ wz(:p #w (eza )
= W [00(x )+Za 04(93)1/1( )]
= @9, +id,a(z)] ¢ (x) (2.5.6)
In the same way for 9*4T(z) we get
MYt — 7@ [gr — jora(z)] ¥l (z) (2.5.7)

Inserting equations; (2.5.7) and (2.5.6) into the Lagrangian in eqn:(2.5.5) with using of (2.5.4)
yields

L = <8“w>*< 0u) — Pyl
# [e7 @[ —idta(x)] Yl (2)] [ [0, + i,a(x)] ¢(x)]
— m%p(z)e @ (x)ei ™ (2.5.8)
So its not invariant under local U(1) transformations. This problem is solved by introducing the
field A*(z) via
D, =0, +1qA,(x) (2.5.9)

Which is known as the covariant derivative. The local U(1) symmetry will be fixed if A, trans-

formed as )
A, =4, — 58“a(x) (2.5.10)

Where, ¢ is the coupling strength of that field.

Making these two sets of transformations in equations; (2.5.10) and (2.5.9) to our Lagrangian
gives:

= (0")" (D) — m* o) (2.5.11)

In conclusion, making the field transformation and replacing the derivative by the covariant
derivative makes the Lagrangian invariant. The field A*(x) (gauge field) which leaves the field
theory invariance is known as the gauge theory.
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2.6 The Standard Model

The SM is the theory that describes the interactions among elementary particles [lliopoulos, 1980,
Cheng & Li, 1984]. It combines the QCD, based on the group SU(3)¢ [Gross & Wilczek, 1973],
and the Glashow-Weinberg-Salam theory of the electroweak interaction (that unified the weak
and electromagnetic interactions), based on the group SU(2), x U(1)y. Therefore the SM is an
SU(3)c x SU(2), x U(1)y gauge theory. We have the following fermionic assignment for the
particle content

qL = <Z) ; ur,dg, (2.6.1)
L

£L=<”> ©en, (2.6.2)
€ L

where we have omitted the color index for quarks and we present only one generation for simplicity.

The above assignment is the result of maximal parity violation by the weak interaction, since
the left handed and right handed fermions transform differently. For instance, the doublet shown
in eqn:(2.6.2) is assumed to transform in the fundamental representation of an SU(2) group,
whereas the right handed partners are taken to be a singlet under this group, and the neu-
trinos are assumed to be left handed only®. The neutrino will not acquire mass as its right
handed partner does not exist in this theory [Branco & Senjanovic, 1978], [Senjanovic, 1979],
[Mohapatra & Senjanovic, 1981]. As we did previously, in order to construct a model or theory
we need to write a Lagrangian, so as to study the standard model of particle physics we need to
write the Lagrangian for that theory, which we are going to do next.

The SM Lagrangian can be written as:
£SM - EGauge + EFermz’cms + EHz'ggs + £Yukawa + 'CGauge.firing + £G’host . (263)

We shall now briefly introduce each sector of this Lagrangian that corresponds to the intended
field.

2.6.1 Gauge Sector. The gauge sector is composed of 12 gauge fields which mediate the
interactions among the fermion fields; the photon (-, mediates the electromagnetic interactions),
the three weak gauge bosons (IW* and Z, mediate the weak interactions) and eight gluons (g,
a =1,2,...,8, mediate the strong interactions). The gauge field dynamics are embedded in the
Lagrangian in terms of field strength tensors as

1 1 1
'CGauge.Boson = _ZG;‘VGAMV - ZWS,/WGMV - ZBMVBMV s (264)

where repeated indices imply a summation over that index, and p, v takes 0,1,2,3, where the field
strength tensors for non-Abelian theories are given by:

G4, = 9,G — 0,G — ig, f*P°GEGY | (2.6.5)

3Because of maximal parity violation of the electroweak interactions, the neutrinos are massless in the SM.

This can be generalised to study mixings in the lepton sector with Vpysng, as we will see in next subsection 2.6.5
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being the SU(3)¢ field strength, g, is the coupling strength of the strong interaction, A, B,C
run from 1 to 8 and f4BC are the (antisymmetric) structure constants of SU(3), which satisfies
the Lie algebra for the group generator ¢

[t4, 8] = i fABCC (2.6.6)
Wi, = 0,W — 0,W; —ige™™ WIWy (2.6.7)

Is the SU(2), field strength, a,b, c run from 1 to 3 and €* is the totally antisymmetric three-
index tensor with €23 = 1, ¢ is the coupling strength of the weak interaction.

The field strength of the U(1)y gauges boson which has the same form as electromagnetism is
given by:
B, =90,B,-0,B, . (2.6.8)

2.6.2 Fermion Sector. The SM contains three copies of chiral fermions (generations) with
different gauge transformations. The fermionic Lagrangian has the usual covariant Dirac form

['Fermions - ZZ.}?'-YMDM]C y (269)
f
with the covariant derivatives can be read as
u B <A | u

D, (d>L = (0M — Zg‘*?GM — ZQTWM — zg’EBu) (d)L , (2.6.10)

a2
Dyur =\ Ou —igs Gy — g 5By | ur , (2.6.11)

D |
Dydr =\ 9y —igs Gy +1ig' 5By | dr (2.6.12)

v | v
D, (e)L - (a,t —ig W +@g'§BM> (€>L , (2.6.13)

and

DﬂeR = (8,1 + ig/B#) €Rr - (2614)

Here ~, are the usual Dirac matrices, see eqn:(2.4.38), ¢’ is the coupling strength of the hy-
percharge interaction, Y is the hypercharge, o are the generators of SU(2) (simply the Pauli
matrices), and A\* are the generators of SU(3)¢ (the Gell-Mann matrices).

Note that gauge symmetry forbids a mass term for fermions (quarks and leptons) and gauge
bosons. A mass term would break the gauge invariance SU(2)., x U(1)y. However, we observe
the mass of gauge bosons W+ and Z and the fermions experimentally [Arnison et al., 1983], so
a mass is needed to be given for these particles. The masses in the SM are generated through
a mechanism known as the the Higgs mechanism, which will be discussed in depth in the next
section.
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2.6.3 The Higgs Mechanism. As was presented in the previous section, a Dirac mass term
will violate the gauge symmetry. As such we need a mechanism that gives mass to the SM
particles and keeps the Lagrangian invariant under gauge symmetries. This can be done through
the mechanism of spontaneous gauge symmetry breaking also known as the Higgs mechanism.
This mechanism adds a new complex scalar field ® which is a doublet under the SU(2),, group,
a singlet with respect to SU(3)c and has hypercharge Yo = 1 [Higgs, 1964a, Higgs, 1964b,
Englert & Brout, 1964, Nambu, 1960].

¢r ¢1 + i
O = = , , 2.6.15
<¢° e (2:6.15)
where ¢, ¢9, @3 and ¢, are real scalars. This new scalar ® adds extra terms to the SM Lagrangian:
Liiggs = (DM(P)T(DMQ)) - V(®), (2.6.16)
where the covariant derivative D, is defined as
g Lot

D,=0,— Z§Bu - @g;W# . (2.6.17)

The general gauge invariant renormalizable potential involving ® is given by

1 A

V(®) = —§M2<I>T<I> + Z(<I>Tc1>)2 : (2.6.18)

eqn:(2.6.18) describes the Higgs potential, which involves two new real parameters p and X\. We
demand X\ > 0 for the potential to be bounded; otherwise the potential is unbounded from below
and there will be no stable vacuum state. p takes the following two values:

e 112 > 0 then the vacuum corresponds to ® = 0, the potential has a minimum at the origin
(see Fig:[2.1] right panel).

e 1> < 0 then the potential develops a non-zero Vacuum Expectation Value (VEV) and the
miniml_Jm is along a circle of radius —5 = % (see Fig:[2.1] left panel). Minimizing the
potential we get

2

GG+ ei= 5= (2.6.19)
As such, we need to choose one of these minima as the ground state (¢3 = v and ¢1 =0, ¢ =0
and ¢4 = 0). Thus the vacuum does not have the original symmetry of the Lagrangian, and
therefore spontaneously breaks the symmetry [Nambu, 1960]. In other words, the Lagrangian is
still invariant under the SU(2);, x U(1)y, while the ground state is not. We choose the VEV in
the neutral direction as the photon is neutral, so ® becomes

(@) = - (O) : (2.6.20)

With this particular choice of the ground state, the electroweak gauge group SU(2), x U(1)y is
broken to electromagnetism, U(1).,, ,

SU@). x ULy X U(1)en . (2.6.21)
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Figure 2.1: The Higgs potential V(®) with: in the left panel, the case u* < 0; and the right
panel for the case > > 0 as a function of || = V&1 P,

2.6.4 Gauge Boson Masses. The gauge boson masses can be obtained from the kinetic term
of the Higgs field [Cheng & Li, 1984]. Expanding the Lagrangian about the VEV yields:

1 o . 1 ob p 1 0
Liggs = 5 (0 v) (95 Wi + 59 Bu)lg5 W, + 59'By) (U) . (2.6.22)
From the definition of W3 = \%(Wﬁj:W/f) Zy = W} cos Oy — By sinfy and A, = W7 sin 6y —

B,, cos Oy, we get three massive gauge bosons

1 1
miy = 590", my = (g% + g%, (2.6.23)

and one massless gauge boson (identified as the photon)

m% =0. (2.6.24)
The Weinberg angle 6y, or weak mixing angle is defined by

cos Oy = J , (2.6.25)
g/2 _|_92
g/
sin Oy = (2.6.26)

The Weinberg angle is determined empirically. Where its value varies as a function of the mo-
mentum transfer, at which it's measured. This variation, or 'running’, is a key prediction of
the electroweak theory in the SM and we will compare our model against it in the chapter of
the results and discussions later. In QFT-subtraction scheme the Weinberg angle is equals to
0.23120 4 0.00015.
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2.6.5 Fermion Masses. Fermion masses originate from Yukawa interactions, which are the
couplings between the fermion doublets and the scalar field ® [Cheng & Li, 1984]. These Yukawa
couplings are uniquely fixed by gauge invariance and the Lagrangian, as given by:

Ly ukawa = Yiiq, ®dy + Yiiq, ufy + Yl defy + hoc. (2.6.27)

where the Y's are 3 x 3 complex matrices, the so called Yukawa coupling constants, h.c. indicates
the Hermitian conjugate and ¢ is defined by

P = (_;1)2) : (2.6.28)

When the Higgs doublet acquires a non vanishing VEV, eqn:(2.6.27) leads to the mass terms for
the fermions as follows:

EYuk:awa = M, UL UR + My JL dR +meerer , (2629)

with m, = 54,03 Ma = J5av; Me = J5yeU .

Note that neutrinos are massless and will never acquire mass, because its chiral partner v does
not exist in the theory.

When we consider all the generations of quarks, there are possibilities for their mixing. This
mixing is described by the CKM, which has four observable parameters, including three mixing
angles and one phase [Cabibbo, 1963]. It appears upon the diagonalisation of Yukawa matrices
by using two unitary matrices U and V', where

UYIv, Ut = diag(f2, f2, f2); VY v,vt = diag(h2, h2 h2) . (2.6.30)

The CKM matrix is given by

Vegwu =UVT. (2.6.31)

The form of the CKM matrix that describes the quark sector mixing is parametrised as

Vud Vus Vub
Vekm =\ Vea Ves Vo |
Via Vis Va

and the standard parametrisation in terms of the three mixing angles and one phase can have the
form

0

C12C13 S$12C13 S13€
_ id i5
Verm = —512C23 — C12523513€ C12C23 — 512523513€ 523C13 ) (2-6-32)
) 6
512823 — C12C23513€" —C12523 — $12C23513€" C23C13

where s15 = sin i, c1o = cos b5 etc. are the sines and cosines of the three mixing angles 6,5,
023 and 613, and ¢ is the CP violating phase.
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2.6.6 The Higgs Boson. As was discussed in section 2.6.3, the spontaneous symmetry breaking
predicted a new particle: the Higgs Boson, which must be a scalar and neutral. The Lagrangian
for this new scalar comes from the kinetic term of eqn:(2.6.16) expanded around the VEV

1 1
L iggs. Boson = 5(@]1)(8’%) — §mih2 + interactions , (2.6.33)

where m7 = v\ is the Higgs boson mass. The interaction terms contain both Higgs self-
interactions and interactions with gauge bosons and fermions. Note that as a consequence of
the Higgs mechanism all the Higgs couplings are completely determined in terms of the coupling
constants and masses. The Higgs boson, which was the last missing piece of the SM, has
been confirmed by the ATLAS and CMS experiments, and this is compatible with the SM Higgs
expectations with a mass of about 126 GeV [Aad et al., 2012, Chatrchyan et al., 2012].

2.6.7 Gauge Fixing and Ghosts. Gauge fixing is necessary when the gauge fields are quantised.
Quantisation means to develop a path integral formalism for the gauge theory. The path integral
is diverging as one integrate over an infinite set of gauge-equivalent configuration, here the gauge
fixing is used to pick up one arbitrary representative, therefore, giving meaning to the path integral.
On other hands, the gauge invariance we look for in gauge theory, a naive path integral approach
would spoiled it[Peskin & Schroeder, 2005]. The solution is given by the what is called the
Faddev-Popov procedure, where they introduced an identity expression consisting of a functional
integral over a gauge fixing condition times a functional determinant over anticommuting fields
in the path integral. The latter gives rise to what is known as ghost fields, which keep the gauge
freedom within the theory, but are not physical particles (because ghost violate the spin-statistics
relation).

As such, we need to add terms in the Lagrangian like

£Gauge‘fixing = _g(a,u.A'u)Q ; (2634)
and
LG’hast = C_ba'uDZbca . (2635)

Thus, we are now in the right position to write the full SM Lagrangian
ESM = EGauge + £Fermions + *CYulmwa + EHiggs + £Gauge.fia:ing + ‘CGhost- (2636)

This is the Lagrangian of the SM which used to build the theory and see how the gauges bosons
aren't couple according to it. As a solution to that we are going to construct a model and compare
these two results against each other. The calculations and results will be studied in the fourth
chapter of this dissertation, however next we will be studying the Randall-Sundrum model (5-
dimensional warped geometry theory) or more concretely the 5-dimensional anti-de Sitter space.
In this model, the elementary particles - without graviton which is a hypothetical particle mediate
the gravity interaction - are localized on a (3 + 1)-dimensional brane.



3. Randall Sundrum (RS) Model in Five

Dimension

In this chapter, the theoretical tools required to construct models in warped extra dimensions are
presented [Randall & Sundrum, 1999, Randall & Schwartz, 2002].

3.1 The Bulk Field Lagrangian

We start by Considering a 5D space time with the AdS5 metric

ds* = e ?Mdx® — dy? = gyndae™das , M,N =0, ..,3,5 (3.1.1)
where k is curvature parameter. The above metric can be written as.
1)’ 1)°
ds* = (E) (dz® —dz*), gun = (E) diag(1,—-1,—1,—-1,—1) (3.1.2)

Consider fermion 1, scalar ¢ and vector Aj; bulk fields. We shall take the gauge group to be
SU(N), with generator T satisfying

[T T = ifTe (3.1.3)
and
Fin = O A%y — OnAS, + gf AL AS (3.1.4)
In 5D the action is given by
o 5 1. 2 | o TM 2002 | i T
S5 = d’z+/g 4FMN + [ Dudl” + I Varh + mg|o)” + imyn) (3.1.5)

In curved space the gamma matrices are I'y; = ef,v4, where e, is funfbein defined by gy/n =
eteBnap and 4 = (7a,75) are the usual gamma matrices in flat space. The curved space
covariant derivative V; = Dy + wyy, where wy, is the spin connection and D), is the gauge
covariant derivative for fermion and / or scalar fields charged under some gauge symmetry.

3.2 Scalar in the Bulk

Now Consider a free action of complex scalar

Se = %/d‘r’x\/—g (9" 0, 0N D — m*D* D] (3.2.1)
1 4 1 ° 2 * * 2 A *
= 3 d*z | dz s [(k2)* (0" 0,9270,® — 02" 0;®) — m*®*®|  (3.2.2)

35
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Integrate by parts

Sp = 1/d4 /d L 3[— " H*9,0,P] + O*0, L 38@— 2 (L 5c1>*<1>
T 9 o : kz K wev "\ kz > mn kz

- 1/d4x/dz 1y 0,0 — & |07 — 0.+ L@
92 kz " ney N A
1

- 4 i ’ uv * R
+ z/d:p(kz ("0, BD* + 05 DD (3.2.3)

S

where a = (%¢)? and the last term is the boundary terms, the first term vanish because ¢ is

assumed to vanish at the 4D boundary 2# = +00 now decompose our field as

B, z) =Y o™ (") f(2) (3.2.4)

So:

00 3
Se = 3 2 [ain [ax (L) e @ 000,00 @)

n,m=0

b GO |5 - 20— 5] S (325)

and constraining those K.K wave functions to behave like

R 1\3
/ dz <—) ) ™ (2) = bn (3.2.6)
1 kz
and ;
o+ 20.4 £ 50 =m0 (327
Thus, we obtain
FP(2) = 22 ler i (v, 2m) + e2Ya (v, 2my,)] (3.2.8)

where v = V4 +a = /4 + %2 Plug all the ingredients into the action, we obtain the Four-
dimensional K.K action
1 oo
So =5 D [ 10,6 (a)0,67) @) — mi" ) (@)oo (3:29)
n=0

we therefore, define the canonically normalized density wave function as fén)(z) = éfé")(z) so

B )
/; dzEfCE")(z)f;m)(z):dmn (3.2.10)
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The general solution of the Kaluza-Klein modes corresponding to (mg # 0) is given by

~ 1

fiM(z) = kzﬁ [Jo(zmp) + b, Y, (2my,)] (3.2.11)
N, and b, can be obtained from the boundary conditions and normalization condition of our field.

Jo | 5]+ gl
by = ——tk ‘ (3.2.12)

o /

Y, [ 2]+ Yimaz)y

N2 = / dzkz[Jy(m,2) + by Yy (m,2)]? (3.2.13)

where prime means here derivative with respect to z coordinate.

The Kaluza-Klein masses are determined by imposing the boundary conditions and in the limit
mkR > 1 lead to the approximate values

1 3
my, ~ (n + 5V~ Z) The ™R (3.2.14)

3.3 Gauge Fields in the Bulk

Sa = /d‘:’:z:\/—ggMNgABFAMFBN + gauge fixing (3.3.1)

Integrate by parts.

— _1 4 i ap | _ 92 _ _ 2_} av
Sa = Q/d:l:/dz(kz)/l {877,“,4—(1 A)0,0, (82 282 A

a 1 1 1 .
o g [0y (- Sk )| 47
 glaedy [AL(O"A™ — A 4 AG(9HAT — P A
1
592fabcfade [AZAiAeuAdu + AZA;AGSAd’u]
(3.3.2)

To fix the gauge, we could add gauge fixing term in a RS bulk metric such way that cancel the
mixing term

A R 1 172
E

Sy = 1/d‘lx/RdziA Pt + (N — 1)0"0” — 32—18
4 2 1 kz . =z

1 1 1 1 ‘
+ A {—aua“ +3 (83 - 0.+ ;> A5] - / da—A0"Alf (334)

So:
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where the last term is the boundary term. Decompose our fields as
Au(a,z) = D AR fi () (3.3.5)
n=0
As(at,z) = > AR f1,(2) (3.3.6)
n=1
being constrained by
T Ly pm)
/ d k_fA” (Z)fAu (Z) = 5nm (337)
1 z
1 n m
| e ) = G (339)
1 z
1
{63 - ;c‘l«] XZL)(Z) = —-m? Xl)(z) (3.3.9)
-lo. 4| 0 = —m2p 3.3.10
= z+§ fA5(Z) = _mnA5(Z) (3.3.10)
K.K mode solution:
1 m
{aﬁ — 0.+ mfn} (2) =0 (3.3.11)
{822 - 0.+ T] fa(z) =0 (3.3.12)
n 1
fﬁxﬂ)(z) = /fzm [J1(zma) + ba, Yi(zm,)] (3.3.13)
"
n 1
fﬁg)(z) = k?ZN— [Jo(zmy,) + ba,Yo(zmy,)] (3.3.14)
Note that those equations of motion can be seen as two linear coupled equations
0157 (2) = ma f3(2) (3.3.15)
1 . "
{Gz - ;} F8(z) = —mafi) (2) (3.3.16)

a massless zero-mode (mg = 0) wave function can be easily obtained from the first order equation

of motion.

015 (2) =0

(3.3.17)
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this implies that ff(ﬁ)(z) is constant

1 1
fil(z) = = (3.3.18)
2 , \/_R
Llog(kR) VT
and
Loy
0. —<| £(z) =0 (3.3.19)
(0) 2k
z2)= 4| ———kz 3.3.20
R T (3320
Jio(Ze) 4 J! o (mp2)|2
b, 1’0(,f) 1,’°< I (33.21)
Vio(B2) + Vig(mnz)ly
N3, = /deZ[JLO(mnz)+bAH,5Y1,O(ng>]2 (3.3.22)

The Kaluza-Klein masses are determined by imposing the boundary conditions and in the limit
mkR > 1 lead to the approximate values

1
My, = (n - Z_l) ke ™ (3.3.23)

3.4 Fermions in the Bulk

In five dimensions a fundamental spinors representation has four components, so fermions are
described by dirac spinors. Under Z; symmetry z — —z a fermion transforms (up to a phase +)
as

Y(=2) = Ty59(2) (3.4.1)

consider free action

S0 = [ @ov=g | SO Daw - DT ) - i (3.42)

Sy = / iz / ! dz (i>4 {E (m“@ . (7582 46 _2275)) w] (3.4.3)

where m = ck and in curved space the covariant derivative is Dy; = 0y + wys, Where wy, is the
spin connection. In particular, for our metric, we have

1 1
Wy = (5%75;,0) (3.4.4)
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it is very easy to show that the spin connection terms cancel each other. Recall that

Y = (Z;) (3.4.5)

= (Yr 1) (3.4.6)

where 9y, r are the components of Dirac spinor .

and

decompose our fields as

Z Ui (@) £ (2) (3.4.7)

=D Ui @) (3.4.8)

where 1/1(;}3 are the Kaluza Klien modes satisfying 7“(%1#(;% = mnw(ﬂz. We recover our usual
four dimension action by constraining our fields as

f LN\ ),y m) Bl #(n) _\ F(m)
[t () H2AI ) = b [ e AT ) = b (349)
& &

R 1 4 . - o .
/ e (z?) A ) = b, / A JSU T (2) = G (3.4.10)

c— 27; M), 1(%”2 z
(0. +57) ( ;:zﬁzi) e ( ﬁzé?) N

==

{03 - gaz + (mi - (622%6))] (z) =0 (3.4.12)
The massless Zero-mode for m,, = 0 can be obtained and the general solution is given by
(az + %) D) =0 (3.4.13)
and
frea(z) = Vk U{}%;FTQCC_l (kz)2t (3.4.15)

the Zy symmetry implies that one of the components 1 p must always be odd. If 5 is
diag(1, —1), then equation (1.36) implies that v¢r 1, is odd and there is no corresponding zero
mode for this components of ¢). The Kaluza Klien modes for m,, # 0 is given by

() = (kz)SNin o () + baYa(zma)] (3.4.16)
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where o = ¢ + % and in their canonically normalized form

FE(2) = b La(zma) + b, Ya(zm,)] (3.4.17)

n

we have f}(%”z(z) = fé"zc(z) therefore

i 1
Ho(2) = ke [Js(zmn) + bsYs(2my)] (3.4.18)
where § = ¢ — 1
my

Jc:l:% (7)
by =~k L (3.4.19)

Vet (%)

2

NZ = / [Jic_,_%(mnz) + bc:l:%Yj:cJ,-%(ng)] (3.4.20)

The Kaluza-Klein masses are determined by imposing the boundary conditions and in the limit
mkR > 1 lead to the approximate values

1 1\ 1
~ “ex=) == —mkR 4.21
My, (n—l— 5 (c 2) 4) ke (3 )
3.5 Bulk Interactions
R —_— —
St = / d'z / V=0 [gs9TY Ay U + YUDU + \D*] (3.5.1)
&

R/gN* T _ _ 1 1
St = /d4x/ (—) [ng“Auw + YAty + Y —TOU + A\ —P*
1 kz kz kz

(35.2)

3.5.1 Gauge Interaction.

R 1\* —(n) m n m
S = 3 [ate [ () an(mrar ol 110 @)
k

n,m,l

—(n) m l n m ! —(n) m l n m l
U AT () Y (2) Flen(2) + O AT D () 1 (2) £ (2)

T A 1)
(35.3)
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Sa = [t [ S AP + g a5 DI
nm_ n m g5D ; (m)
+%M0mv§yyz@> Zm “f

n,m=1 n,m,l=1

+ L— R
(3.5.4)

Where,
ﬁmzAm°=(/wiﬁ%$ﬁ?
e — a5
AW:=/wEﬁ%@ﬁl
forAs interaction with fermions, we have:
&Mf:/h/wMWWWZM?@ gw%ﬂ”ZM“Z%
n=1
+ 95BN P A + gspBm Y ZA ZwL
l

n,m=1 n,m,l=1
+ L—R
(3.5.5)

Where,
Bom =5 = [ de (0107
J 2 UL — /dz—fé%fﬁx?fé?g
Bl / fLCfA5 Lc

These integrals rabidly oscillates and we should find a way to calculate their values, otherwise it
would be without physical meaning, so we need to numerically calculate their values according
to our model.

3.6 Renormalization group Equations (RGEs)

Studying the non-interacting theories; in that case the parameters of the Lagrangian would give a
physical values same as in the experiments, however most of the theories are interacting theories
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such as the SM and RS models. Adding interaction terms to these Lagrangian would led to diver-
gence, because in the experiment we only measure finite parameters. That means the parameters
in the Lagrangian in case of the interaction theories won't correspond to physical quantities and

somehow we must find these quantities in our calculations, this tool is the Renormalization Group
Equations (RGEs).

The main reasons to use the technique of RGEs is to study the momentum dependent of our
desired parameters at high scale. In other words; we use RGEs to study the properties of gauge
coupling constants at high scale, because this would allow us to understand better the nature of
these interactions. The RGEs of gauge coupling constants evolve with energy as following
2 Y 3

167 pr big; (3.6.1)
The mathematical proof for this equation can be found in [Olli Koskivaara, 2014]. Where, g;, i =
1,2, 3 are the coupling constant for the desired interactions and b; are the numerical values that
have to be evaluated for a given model for these interactions, in our case for the SM and RS
models.

3.6.1 RGEs in SM. To start with, the numerical coefficients b; is given by
4 1

11

Where the first term represents the gauge fields contribution, the second one represents the
fermions contribution and the last term represents the scalar Higgs contribution. C5(G) is the
group structure of adjoin representation, its known that for any SU(N) group is

Co(G) = N (3.6.3)

And C(R), C2(R) are the group structure for the fundamental representation of SU(N); fermion
and scalar higgs; given by C'(R) =1, and C5(R) = 3. respectively.

Now we are in the right position to evaluate b5

Firstly consider b5 : SU(3) for strong interaction, here we have

Cy(G) = 3 (3.6.4)
C(R) = 1 (3.6.5)
Cy(R) = 0 (3.6.6)

Note that Cy(R) = 0 because the Higgs scalar field does not have color. Substitute these into
eqn:(3.6.2), we get:

s |11 4 B
b = |58 - (8)1) —0 =7 (3.6.7)

Secondly, b5 : SU(2) for Weak interaction, here we have:

Co(G) = 2 (3.65)
CRr) = 1 (3.6.9)
O(R) = (3.6.10)
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Substitute them into eqn:(3.6.2), we get:

5 = [ - sen -0 (5)] - ¢ (36.11)

Finally, b7™ : U(1)y Hypercharge, in this case:
Cy(G) = 0 (3.6.12)

Substitute the hypercharge of the SM particles into eqn:(3.6.2), we get:

= () - (3))
- (306() 0+ () 0+ (5) 0+ (5) ©+2(5) 7))
- (30 (%) )

_ _% (3.6.13)
Normalizing b7 with SU(5) normalization we get
M — _% % g _ _% (3.6.14)
3.6.2 RGEs in RS. The Numerical Coefficients %% in RS model is given by
ois — | Beyayron — 20 crrt - Locomreo — Loyaon| (36.1s)
; 5 C2 5 5702 5C2

Where the first term represents the gauge fields contribution, the second one represents the
fermions contribution and the third term represents the scalar Higgs contribution and the last
term is the A? contribution. Here 1110 IGO0 120 and 1D are the sum of KK number
contribution for the gauge, fermion, Higgs and adjoint scalar running in the loop. These quantities
involving triplet Bessel functions integrals as calculated in section 3.5. We take their values from
Ref. [Randall & Schwartz, 2002]; and they are 109 = 1,024, 10 = 1.009, 1?9 = 1.009
and 7M1 = 0.013. Now substitute the group structure for each group of the SM, we obtain for
U(l)y

4 1 21

For SU(2) weak interaction, we get

11
bRS N
= |3

4 1
1)

11 1

2))(10)
(2)) 35 5

(2)1(1’1)} (3.6.17)
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and for SU(3) strong interaction, we have
11 4 1 1
bES = | = (3) 100 — —(3)12:0) — Z(3)7D (3.6.18)
3 3 6
Therefore our RGEs in RS model is given by
dg
1672290 = RS g3 (3.6.19)

dt

These set of RGEs will be solved and plotted using matheamtica. The results will be discussed

in next chapter.



4. Results and Discussions

Chapter four present our numerical results and discussions for the gauge coupling constants in
4D Standard Model and 5D Randall Sundrum model. Only some selected plots will be shown
and we will comment on the other similar cases not explicitly presented here. We quantitatively
analyzes and explored these quantities in RS model. We employ the technique of renormaliza-
tion group equations with the initial values adopted at the M scale as follows: for the gauge
couplings g1(Mz) = 0.462, go(Mz) = 0.651 and g3(Mz) = 1.22. These calculations need to
be performed numerically by using dedicated numerical packages. Here in this dissertation we
used MATHEMATICA program version 9 to obtain the figures.. We will discuss in both scenarios

SM and RS the evolution of the inverse fine structure constants which is related to the gauge
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Unificationof Fine Inverse structure Constants in the SM Unificationof Inverse Fine Structure Constatnts in the RS
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Figure 4.1: Shows the inverse fine structure constants a; ' (red), a; ' (blue), az*(gold) with: in

the left panel, SM case; and the right panel for RS model as a function of energy scale.

Fig:[4.1] left panel shows that all three standard model inverse fine structure constants are trying
to unify at some higher scale for one-loop level and in fact higher order loop correction does not
change the result much as its effects is very small that means we need a new physics that have
new particles to change the running of gauge coupling. This new physics could be Warped Extra
dimension. As depicted in Fig:[4.1] right panel, the unification of inverse fine structure constants
in RS model has accelerating and affect the running to lower value, we note that the running is
logarithmic as in the SM case. In RS model the unification of inverse fine structure constants is
achieved around 10'° GeV compare to the SM which is ~ 10'* GeV. Furthermore we present the
evolution of Weinberg mixing angle as function of energy scale in the SM and RS models. Note
that evolution trajectories evolve until the unification scale of gauge couplings unify. Once the
KK states begin to contribute the new contributions from the extra dimensions increases until we
reach the cutoff scale. This result may be useful, at least from a model building perspective, as
many extra-dimensional models such as gauge-Higgs unification models in UED predict for many

46



Page 47

Evolutionof Sin*6y in the SM Evolutionof Sin’6y in the RS
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Figure 4.2:  Evolution of Weinberg angle (sin” Oy with: in the left panel, SM case; and the right

panel for RS model as a function of energy scale.

choices of the gauge group large values of sin? 8y from a group theory point of view. However,
this value is the one expected in the energy range of coupling unification, which once evolved
back to the electroweak scale and may indeed be close or compatible to the measured value



5. Conclusions

In conclusion, we have studied the possibilities of gauge couplings unification in warped geometry
that is RS model in AdSs.

We derived a set of the renormalization group equations for the gauge coupling constants at
one loop level. We also discussed the inverse fine structure constants as well as the evolution of
sin? @y, as indicator of stability of this model. We showed that the running here in this warped
geometry is logarithmic running as in the case of the standard model and not a power law like
other extra dimension models. What is more, we found that such theory can be compatible with
gauge couplings unification at high scale, the scale at which unification occurred depends strongly
on the cutoff A and the number of Kaluza Klein states. Furthermore, we found that sin? Ay rises
up to 0.74 at high scale.

These results are very useful, at least from a model building perspective.
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