One-Loop Effects on the T

Parameter in the Universal
Custodial Randall-Sundrum Model

A thesis submitted to the University of Manchester for the degree of
Doctor of Philosophy

in the Faculty of Engineering and Physical Sciences

2011

Luke McDermott

School of Physics and Astronomy



Contents

Abstract 14
Declaration 15
Copyright 16
The Author 17
Aknowledgements 18
1 Introduction 19
2 The Randall-Sundrum Model 24
2.1 Model Motivation and Geometry . . . . . . .. ... ... ... ... 24
2.1.1  Derivation of Geometry . . . . . .. ... ... 24

2.1.2  The Hierarchy Problem . . . . . . . .. ... ... ... .... 27

2.2 Bulk Fields and Boundary Conditions . . . . . . . ... .. ... ... 30
2.2.1 General Procedure . . . . ... ... ... ... ... ... 31

222 Gauge Fields . .. ... ... o 35

2.2.3 Fermionic Fields . . .. .. .. ... ... 39

2.2.4 Higgs Field . . ... ... .. .. ... 43



3 The Universal Custodial RS Model

3.1 Model Details . . . . . .. ..
3.1.1 Gauge Sector . . . ...
3.1.2 Higgs Sector . . . . . . ...
3.1.3  Fermionic Sector . . . . .. ...
3.1.4 The Yukawa Sector . . . . . . . . ... ... L.
3.1.5  Gauge Fixing Sector . . . . . . ... ... ... ..

3.2 Scalar Mass Matrices . . . . . . .. ... oL
3.2.1 The Geometric Higgs Mechanism . . . .. ... ... ... ..
3.2.2 Additional Physical Scalar Modes . . . . . . .. .. ... ...
3.2.3 Unphysical Scalars . . . .. ... ... ... ...
3.2.4  The Physical Higgs . . . . . .. ... ... ... ... .....

3.3 Feynman Rules . . . . .. ... .. .. ...

4 Tree-level Contributions to S and T

4.1 Preliminaries . . . . . . .. .o
4.2 Standard Oblique Contributions . . . . . . . .. ... ... ... ...
4.2.1 T parameter . . . . . . . . ..o
4.2.2 S Parameter . . . . . . ...
4.3 Universal Non-oblique Contributions . . . . . .. .. ... ... ...
4.3.1 The Effective Action . . . . . . ... ... L.
4.3.2 Coefficient Calculation . . . . . . ... . ... ... ... ...

5 Fermionic Loop Contributions to T

5.1 Bidoublet Contributions . . . . . . . . . . . ...

5.1.1

UV Behaviour . . . . . . . . .

49
20
20
23
95
29
60
63
64
65
68
70
71

74
74
79
79
84
85
85
88



5.1.2 Renormalisation and Numerical Evaluation . . . . . . . . . ..
5.1.3 Numerical Analysis . . . . . . .. ... ... ...
514 The LRS Model . . . . . ... .. ... ... .. .. ... ...
5.2 Triplet Contributions . . . . . . . . ... .. ... ... ... ...
52.1 The LRS Model . . . . . .. .. ... ...

Summary and Outlook

Overlap Integrals
A.1 Definition . . . . . . ...

Feynman Rules

B.1 Propagators . . . . . . . . . ...
B.2 Gauge Scalar Couplings to Fermions . . . . . . . ... .. ... ...
B.3 Higgs Sector Scalar Couplings to Fermions . . . . . . . .. ... ...
B.4 Couplings of 2 Gauge Scalars to 1 Vector Boson . . . . . . ... ...
B.5 Couplings of 2 Higgs Sector Scalars to 1 Vector Boson . . . . . . . ..
B.6 Couplings of 1 Gauge Scalar to 2 Vector Bosons . . . . . . ... ...
B.7 Couplings of 1 Higgs Sector Scalar to 2 Vector Bosons . . . . . . ..
B.8 Couplings of 2 Higgs Sector Scalars to 2 Vector Bosons . . . . . . ..
B.9 Couplings of 2 Gauge Scalars to 2 Vector Bosons . . . . ... .. ..

Mixed Propagator Derivation
C.1 (4,+) Propagator . . . . . . ... ...
C.2 (-,+) Propagator . . . ... ... .. ... ... ...

Veltman-Passarino Functions

D.1 Definitions . . . . . . . . .

148

151
151

153
153
155
164
173
176
179
185
189
198

208
208
212

213



D.2

UV Behaviour

wordcount: 2723



List of Tables

4.1

B.1

B.2

B.3

B.4

B.5

B.6

B.7

B.8

A list of the Feynman rules associated with SSB induced vector boson

mass insertions relevant to the calculation of the S and T parameters

A list of the vertex factors for interactions between neutral gauge
scalar KK modes and two quark zero modes. . . . . . . . .. .. ...
A list of the vertex factors for interactions between a neutral gauge
scalar mode, a heavy quark mode and a single zero mode quark. . . .
A list of the vertex factors for interactions between the Aék) modes
and two left-handed heavy quarks.. . . . . . ... ... ...
A list of the vertex factors for interactions between the Zék) modes
and two left-handed heavy quarks. . . . . . . . ... .. ... ... ..
A list of the vertex factors for interactions between the Zg?)S modes
and two left-handed heavy quarks.. . . . . . . .. ... ...
The vertex factor for the interaction involving two zero mode quarks
and a positively charged gauge boson . . . . . ... ... ... ...
A list of the vertex factors for the interactions between positively
charged gauge scalar modes and a single zero mode quark . . . . . . .

A list of vertex factors for the interactions between positively charged

gauge scalar modes and two heavy quarks . . . . .. ... ... ...

80

158



B.9 A list of vertex factors for interactions between WGB modes and two

zero mode quarks. . . . ... ..o 164
B.10 A list of vertex factors for interactions involving ¢°*), a zero mode

and a heavy quark. . . . ... ..o oo 165
B.11 A list of vertex factors for interactions between ¢+ ¥ a zero mode

and a heavy quark. . . . . . ... oo 166
B.12 A list of vertex factors for interactions between negatively charged

WGB modes and a single zero mode quark.. . . . . . ... ... L. 167
B.13 A list of vertex factors for the interactions between ¢°*) and two

heavy quarks. . . . . .. oo 168
B.14 A list of vertex factors for the interactions between ¢+® and two

heavy quarks. . . . . ... 169
B.15 A list of vertex factors for the interactions between ¢~ *) and two

heavy quarks. . . . . .. oo 170
B.16 A list of vertex factors for the interactions between h*) and two zero

mode quarks. . . ... 170
B.17 A list of vertex factors for the interactions between h*), one zero mode

and one heavy quark. . . . . . ... ..o L oo 171

B.18 A list of vertex factors for interactions between h®) and two heavy

B.19 A list of vertex factors for interactions involving the zero mode photon
and two gauge scalar modes. . . . . .. ... Lo 173
B.20 A list of vertex factors for interactions involving the zero mode Z
vector boson and two gauge scalar modes. . . . . .. ... ... .. 173
B.21 A list of vertex factors for interactions involving the zero mode W;

bosons and two gauge scalar modes. . . . . . . .. .. ... 174



B.22 A list of vertex factors for interactions involving a heavy neutral vector
boson mode and two charged gauge scalar modes. . . . . . . .. . .. 174
B.23 A list of the vertex factors for interactions involving a heavy, positively
charged vector boson mode and two gauge scalar modes . . . . . . . . 175
B.24 A list of vertex factors for interactions involving zero mode vector
bosons and two Higgs sector scalar (HSS) modes . . . . . . . ... .. 176
B.25 A list of vertex factors for interactions involving a heavy, neutral vector
boson mode and two HSS modes. . . . . . . . . ... ... ... ... 177
B.26 A list of vertex factors for interactions involving a heavy , positively
charged vector boson mode and two HSS modes . . . . . . . ... .. 178
B.27 A list of vertex factors for interactions involving a negatively charged
gauge scalar mode, one zero mode and one heavy vector boson . . . . 180
B.28 A list of vertex factors for interactions involving a neutral gauge scalar
mode, one zero mode and one heavy vector boson. . . .. ... ... 181
B.29 A list of vertex factors for the interactions between a negative gauge
scalar mode and two heavy vector bosons . . . . . . .. ... .. ... 182
B.30 A list of vertex factors for the interactions between a neutral gauge
scalar mode and two heavy vector bosons. . . . . . .. ... ... .. 183
B.31 A list of vertex factors for interactions involving one gauge scalar and
two heavy vector bosons of the same KK level . . . . . .. ... ... 184
B.32 A list of vertex factors for the zero mode interactions between two
zero mode vector bosons and a single zero mode HSS. . . . . . . . .. 185
B.33 A list of vertex factors for interactions between a neutral HSS mode,
a zero mode and a heavy vector boson and a neutral HSS. . . . . . . 186
B.34 A list of vertex factors for interactions between a negatively charged

HSS mode, a heavy and a zero mode vector boson . . . . . . ... .. 187

7



B.35 A list of vertex factors for interactions between a single HSS mode
and two heavy vector bosons. . . . . . . ... ... L. 188
B.36 A list of vertex factors for interactions between a negatively charged
HSS mode and two heavy vector bosons . . . . . ... .. ... ... 189
B.37 A list of vertex factors for interactions involving two charged HSS
modes and two zero mode vector bosons. . . . . ... ... 190
B.38 A list of vertex factors for interactions involving two neutral HSS
modes and two zero mode vector bosons. . . . . .. ... ... 191
B.39 A list of vertex factors for interactions involving a charged HSS, a
neutral HSS and two zero mode vector bosons. . . . . . .. ... .. 191
B.40 A list of vertex factors for interactions involving two charged HSS
modes, one zero mode and one heavy vector boson. . . . . ... . .. 192
B.41 A list of vertex factors for interactions involving two neutral HSS
modes, one zero mode and one heavy vector boson. . . . . ... ... 193
B.42 A list of vertex factors for interactions involving one charged and one
neutral HSS mode and one zero mode and one heavy vector boson. . 194
B.43 A list of vertex factors for interactions involving two charged HSS
modes and two heavy vector bosons. . . . . ... ... 195
B.44 A list of vertex factors for interactions involving two neutral HSS
modes two heavy vector bosons. . . . . . .. ... ... L. 196
B.45 A list of vertex factors for interactions involving one charged and one
neutral HSS mode and two heavy vector bosons. . . . . . . .. . . .. 197
B.46 A list of vertex factors for all interactions involving two charged zero
mode vector bosons and two gauge scalar modes. . . . . . ... . .. 198
B.47 A list of vertex factors for all interactions involving two neutral zero

mode vector bosons and 2 gauge scalar modes. . . . . ... .. .. .. 199



B.48 A list of vertex factors for interactions involving one positive and one
neutral zero mode vector boson and two gauge scalar modes . . . . . 200
B.49 A list of vertex factors for interactions involving one charged zero
mode vector boson, one charged heavy vector boson and two gauge
scalar fields. . . . . . .. .. 201
B.50 A list of vertex factors for interactions involving one neutral zero mode
vector boson, one neutral heavy vector boson and 2 gauge scalar modes.202
B.51 A list of vertex factors for interactions involving one positive heavy
vector boson, one neutral zero mode vector bosons and two gauge
scalar modes . . . . . . ... 203
B.52 A list of vertex factors for interactions involving 2 charged heavy vector
bosons and two gauge scalar fields. . . . . ... ... ... ... ... 204
B.53 A list of vertex factors for interactions involving two neutral neutral
heavy vector bosons and 2 gauge scalar modes. . . . . . . .. ... .. 205
B.54 A list of vertex factors for interactions involving one positive heavy

vector boson, one neutral heavy vector bosons and two gauge scalar



List of Figures

2.1

2.2

4.1

4.2

4.3

4.4

4.5

4.6

Left-handed fermionic zero mode bulk profiles for different values of

the bulk mass parameter . . . . . . . .. ... ... ... ... ..

Bulk profile of the Higgs VEV . . . . . . ... ... ... ... .. ..

The leading order diagrams in € which contribute at tree-level to the
self-energy of the W, Or feld. . ...
The leading order diagrams in € which contribute at tree-level to the
self-energy of the W; Ok feld ...
Corrections to the SM Z boson-fermion interactions resulting from the
mixing induced by SSB . . . . ..o
Corrections to the SM W™ boson-fermion interactions resulting from
the mixing induced by SSB. . . . . . .. ... oo
The Mk dependence of the tree-level contributions to T in the UCRS
model . . ..
The Mgk dependence of the tree-level contributions to S in the UCRS

model ..o

10



5.1

5.2

5.3

5.4

2.5

2.6

5.7

2.8

The contributions to Iy (¢%) from diagrams containing mixing be-
tween right and left-handed gauge bosons and fermionic loops without
Yukawa insertions . . . . . . ... ...
The contributions to Ils3 (¢?) from diagrams containing mixing be-
tween right and left-handed gauge bosons and fermionic loops without
Yukawa insertions . . . . . . . . ...
Contributions to Iy (¢%) from loop diagrams containing the third
generation of quarks and four Yukawa mass insertions. . . . . . . ..
Definition of the zero mode top quark propagator used in the loop
momentum integrals appearing in the contributions to Tg ......
The dependence on the KK scale of the theory, Mg x = ke "', of the
contributions to Tg arising from diagrams containing n = 2 fermionic

modes or lower calculated within the framework of the standard UCRS

The sum of individual contributions to T% from modes up to and
including N,,.., calculated within the framework of the standard UCRS
model . . ..
The dependence on the bidoublet bulk mass parameter, c’f, of the
contributions to Tg arising from diagrams containing n = 2 fermionic

modes or lower calculated within the framework of the standard UCRS

The sum of individual contributions to T% from modes up to and
including N,,., calculated within the framework of an LRS variant of

the UCRS model . . . . . . . . . . . .

11



5.9 The dependence on the KK scale of the theory, Mgy = ke "L, of the
contributions to 7' g arising from diagrams containing n = 2 fermionic
modes or lower calculated within the framework of an LRS variant of
the UCRS model. . . . . . . .. . .. .. .

5.10 The dependence on the bidoublet bulk mass parameter, clf, of the
contributions to Tg arising from diagrams containing n = 2 fermionic
modes or lower calculated within the framework of an LRS variant of
the UCRS model. . . . . . . . . . ... ... .

5.11 The sum of individual contributions to T }p from modes up to and
including Npae - -« 0 o o o

5.12 The dependence on the KK scale of the theory, Mgk = ke™*L, of the
contributions to T}p arising from diagrams containing n = 2 fermionic

modes or lower calculated within the framework of the standard UCRS

5.13 The dependence on the triplet bulk mass parameter, cﬁf, of the contri-

butions to T’ }p arising from diagrams containing n = 2 fermionic modes

or lower calculated within the framework of the standard UCRS model.143

5.14 The sum of individual contributions to 7% from modes up to and
including N,,., calculated within the framework of an LRS variant of
the UCRS model . . . . . . . . . . ... ... ...

5.15 The dependence on the KK scale of the theory, Mgk = ke "L, of the
contributions to T ;f arising from diagrams containing n = 2 fermionic
modes or lower calculated within the framework of an LRS variant of

the UCRS model. . . . . . . . . . . .

12



5.16 The dependence on the triplet bulk mass parameter, cﬁf, of the con-
tributions to Tr_"pl’ arising from diagrams containing n = 2 fermionic
modes or lower calculated within the framework of an LRS variant of

the UCRS model. . . . . . . . . .

13



Absract

In this thesis we investigate the fermionic one-loop contributions to the Peskin and
Takeuchi oblique parameter T within the framework of the Universal Custodial Randall-
Sundrum (UCRS) model. Specifically we investigate in detail those diagrams containing
mixing between SM and Kaluza-Klein (KK) gauge bosons. We find that, contrary to an
assumption made widely in the literature, the individual 4D contributions to T are UV
divergent, while the sum over all such contributions is also divergent. Without performing
a full renormalisation, we conduct a numerical analysis of these contributions to T and
find that the constraint they impose on the KK scale of the theory, Mg, is potentially
significantly stronger than that imposed by the tree-level contributions to the S parameter,
Siree-  We subsequently repeat this analysis in the framework of a “Little RS” (LRS)
variant of the UCRS model and find that, although weaker than in the standard UCRS
model case, the constraint on Mg is still stronger than that from Si.c.. We conclude that
the T parameter does not receive custodial protection at the quantum level in the UCRS
model.

In addition to the above we have derived approximate analytical expressions for the

tree-level contributions to S and T, correctly quantised the UCRS model and derived the

mass matrices and Feynman rules for all scalar degrees of freedom in the model.
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Chapter 1

Introduction

One of the major challenges facing modern particle physics is the explanation
of the observed 10' order of magnitude difference between the scale at which the
weak, O (TeV), and gravitational, O (Mpaner), interactions become non-negligible
in particle physics processes. This conundrum is generally refered to as the gauge-
hierarchy problem (HP). As it does not include a description of quantum gravitation,
it can be assumed that the Standard Model (SM) is an effective theory, valid up to
Mp;. In the absence of some protective symmetry, however, such a high cut-off leads
to equally large quantum corrections to the Higgs mass and consequently to the weak
scale. The effect of such corrections is to make the observed electroweak symmetry
breaking (EWSB) scale achievable only through an extreme fine tuning of the Higgs
potential parameters, a very unnatural (and therefore unappealing) solution to the
problem of matching theory to observation. A more palatable alternative to this
scenario is for New Physics (NP) to appear at some intermediate scale (preferably
O(1TeV) so as not to result in a little hierarchy problem [1]) thereby lowering the
SM cut-off and removing the need to fine-tune the SM Higgs mass.
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There have been a multitude of diverse suggestions as to exactly what form
this NP will take, ranging from the introduction of a new symmetry of the Higgs
sector which protects the SM Higgs mass from the problematic Mp; scale corrections
(the famous Supersymmetry [2]) to the introduction of large, flat extra-dimensions
(EXDs) throughout which a low scale (~ TeV) higher dimensional gravitational
force is diluted, resulting in a weak effective 4D gravity [3]. A further interesting
extra-dimensional solution was suggested by Randall and Sundrum (RS) [4] and
consists of a small and exponentially warped EXD bounded by two 3-branes, on
one of which all SM fields (though not gravity) were originally confined. A single,
Planckian, fundamental mass scale is warped down by the non-factorisable geometry
of the EXD, resulting in a 4D effective mass scale which varies exponentially along
the EXD. At one end of the EXD (known as the UV brane ) the effective scale is
Planckian and is where 4D gravity is localised, while at the opposite end the effective
scale is O (T'eV') and is where the SM fields were confined.

It was quickly realised however that the original RS setup, though providing a
possible solution to the HP, suffered from some severe phenomenological constraints
associated with T'eV scale supression of the non-renormalisable operators which cause
such phenomena as proton decay, Majorana neutrino masses, flavour changing neu-
tral currents (FCNC) [5,6] and excessive contributions to the Peskin-Takeuchi [7]
S and T parameters [8-11]. The simplest way to relax such constraints was to re-
move the matter fields from their confinement on the IR brane and allow them to
propagate throughout the entire bulk of the EXD [5,8,12-16], thereby making the
suppression scale of non-renormalisable operators dependent upon the localisation of
its constituent fermionic fields in the EXD. Simultaneously it was realised that RS
models with bulk fermionic fields held greater model building potential than those

with T'eV confined fields; the exponential nature of the fermionic zero modes and
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their sensitivity to O (1) changes in the bulk fermionic mass parameters allowing for
a solution to the fermionic flavour hierarchy problem based on 5D geography to be
proposed [5,6,14,17,18].

RS models with bulk matter and gauge fields are not, however, without their own
phenomenological issues, in particular excessive contributions to the T parameter
[9,15,16,19] and anomolous contributions to Zbpby couplings [20]. It has been
noted in the literature that these further phenomenological issues can be ameliorated
through an expansion of the EW sector gauge group of the model to include both
an additional, right-handed, SU(2) symmetry and a discrete symmetry interchanging
this with the SU(2),, group of the SM. The well known effect of the gauged custodial
symmetry group being to protect the T parameter from large contributions while the
additional discrete symmetry, in combination with the custodial symmetry, protects
the Zd.d) couplings of the model from large anomolous contributions [21]. The
potential problems with FCNC experienced by RS type models with bulk fermionic
fields are, to a large extent, controlled by the RS-GIM mechanism [18]. A more
detailed discussion of their effect on the constraints present on the fundamental
parameters of the model can be found in references [11,17,22].

An alternative method of weakening the phenomenological constraints on the RS
model from these sources which was suggested in reference [23] is know as the “Little
RS” (LRS) model and is an RS variation of “Little Higgs” models well known in the
literature [24] . In the LRS model the aim of solving the HP is relinquished for that
of solving the smaller flavour problem, i.e. the difference between the weak scale
and the scale required to adequately suppress flavour violating higher-dimensional
operators, O (103TeV). Such a change of priorities requires that the 5D mass scale
of the model be reduced thereby allowing for other fundamental parameters, on

which some of the most phenenomenologically stringent observables (such as S and
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T) depend, to be simultaneously reduced in size.

In light of the fermionic, gauge and gravitational fields all being allowed to prop-
agate in the bulk it might appear slightly anomalous that in the majority of the
literature the Higgs field remains confined to the IR brane !. Initially this reluctance
to remove the Higgs field from the brane stemmed from the difficulty in reproduc-
ing, without fine tuning, the masses of the SM gauge bosons using a 5D spontaneous
symmetry breaking (SSB) procedure [15,28]. There has since been a small number of
papers which have addressed the problems associated with combining a fundamental
Higgs with a warped extra-dimensional background [29,30], the model of Davoudiasl
et al [29] which utilises the tachyonic nature of the lightest Higgs mode in certain
regions of parameter space to induce SSB at a 4D level being of particular interest
in the current context.

In this thesis we investigate a universal (all fields propagating in the bulk) vari-
ant of the custodial RS model presented in references [26,31,32], the Higgs sector of
which is a custodial version of that proposed in reference [29]. We refer to this model
throughout as the Universal Custodial RS model (UCRS). In chapter 2 we repeat
the derivation of the original RS model, explicitly work through its solution to the
HP and discuss the details of embedding the different varieties of bulk field into a
RS framework. In chapter 3 we discuss in detail the UCRS model with particular
attention paid to the gauge fixing and scalar sector. As part of this discussion we
derive the mass matrices of both physical and non-physical scalar modes in addition
to the Feynman rules for all interactions between scalar degrees of freedom (DOFs)

and vector or fermionic fields. In chapter 4 we then repeat the well known calculation

I This does not include that portion of the literature concerned with gauge-Higgs unification
models in which a bulk Higgs is a fixture due to its origin as a component of a higher-dimensional

gauge field [25-27]
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of the tree-level contributions to the S and T parameters for the case of the UCRS
model, deriving approximate analytical expressions for each; we assume that the U
parameter is zero throughout. In chapter 5 we subsequently calculate the contribu-
tions to the T parameter from those fermionic one-loop diagrams containing mixing
between left and right-handed gauge bosons and no Yukawa mass insertions. After
initially determining the finiteness of the individual 4D KK contributions from such
diagrams we assess the convergence of the KK sum over such contributions before
deriving approximate analytical expressions for those contributions containing n = 1
modes and lighter. Finally, the KK scale and fermionic bulk mass parameter depen-
dence of the set of contributions with n < 2 is investigated for both standard and
LRS variants of the UCRS model and the compatability of these contributions with
the current 95% confidence level limit of T and a KK scale O (TeV) commented
upon. In chapter 6 we summarise our results, while in the appendices are collected

some technical details which may be useful to the reader.
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Chapter 2

The Randall-Sundrum Model

2.1 Model Motivation and Geometry

2.1.1 Derivation of Geometry

In the majority of the literature the term Randall-Sundrum (RS) model is a
convenient shorthand for a model based upon the RS1 setup, i.e. a model with an
additional, compact, spatial dimension ! whose geometry is generally non-factorisable

and specifically described by a variation of the RS metric [4]
ds? = ey, drtdx” — dy?, (2.1)

where 0 < y < L is the coordinate associated with the extra spatial dimension, k

is a constant associated with the curvature of the EXD (henceforth the curvature

Not all “RS” models are of this form as there are many examples in the literature in which a
model with more than one additional dimension has an RS-like geometry and is referred to as an
“RS” model (see for example [33]). There is also the case of the RS2 model [34] which contains an
EXD which is infinite.
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scale), typically of the order of the Planck scale and 7, is the standard Minkowskian
metric which throughout this thesis has the signature n,, = diag (1, -1, -1, -1).
The exact form of the metric appearing in the literature is dependent on the type
of compactification which has been used in the particular work, the above example
being associated with an EXD compactified on an interval of length L. The most
frequently used compactification used for RS type models initially (including in the
original paper) was an S;/Z, orbifold.

The original derivation of the RS metric, from which ultimately all of the inter-
esting phenomenological properties of RS models are derived, was based upon the

solving of Einstein’s equations of gravitation in 5D given the following assumptions:
e At both ends of the EXD are 3-branes on which we are able to localise 4D fields

e The bulk (our 5D space not including the two 3-branes) and 3-branes each

contain separate cosmological constants
e The overall geometry of our 5D space is non-factorisable
e The spacetime respects 4D Poincare symmetry

Ignoring the backreaction of any fields we might later want to add, the gravita-

tional action for such a setup is

S :Sgr(w + SUV + SIR; (22)
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where the constituent actions are defined as

L
Sgrav :/d4$’/ dy\/a{—A+2Mf’R(5)},
0
L
SUV:/d4ZL‘/ dy\/a{VUV}é(y),
0

S[R —/d4l’ /OL dy\/a{‘/[}g}é (y - L) (23)

and where R® is the 5D Ricci scalar, M, is the fundamental mass scale of the 5D
theory (taken to be the of the same order as the curvature constant k to maintain the
naturalness of the model), A is the bulk cosmological constant and Vi, and Vjg are
energy densities associated with the branes at y = 0 (UV brane) and y = L (IR brane)
respectively. The final non-standard quantity which needs defining is the determinant
of the 5D metric gpn, G, where N, M = 0,1,2,3,5. We note that throughout this
thesis we use the standard convention that upper case Latin characters are used
for 5D indices, and as such take the aforementioned values, while lower case Greek
letters are retained in their standard role for four-dimensional indices.

Solving Einstein’s equations for the above action we find that we obtain the RS

metric if the following two conditions are met:
[ J VUV = —V}R == 24MEI€
o A= —24M3K>

We note that the bulk cosmological constant must be negative in order to obtain
the RS metric, meaning that the bulk of the RS model is a 5D Anti-de-Sitter space
(AdSs). This fact has allowed holographic principles [35] to be used in the building
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and phenomenological interpretation of RS type models throughout the literature

(see for example [36]).

2.1.2 The Hierarchy Problem

It is fair to say that the original motivation of the RS model was to reproduce
the large hierarchy in the effective 4D weak and Planck scale from a compact EXD
model containing a single fundamental, Planckian, mass scale. This approach being
in contrast to that taken by Arkani-Hamed, Dimopolous and Dvali (ADD) which
relied upon large, flat EXDs with sizes O(1mm).

The capacity of the RS setup to solve the HP can be clearly demonstrated using
a toy model containing only gravity and an IR-brane-confined Higgs field. We first
investigate whether the model predicts the weak scale, or equivalently the Higgs

VEV, to be O (TeV). The action for the Higgs field in our toy model is
L 2
Stiggs = /d%/ dyvG {8MHT8“H — A (H'H —vj) } S(y—1L), (2.4)
0

where G = detGyny = e ¥, ) is the dimensionless quartic coupling constant and,
in keeping with the previously stated philosophy of the RS setup, the term of mass
dimensions vy is O (M,). Now, lowering the Lorentz index of the second partial
derivative using the 4D part of the RS metric tensor G* = e**¥n"¥ and integrating

over the extra-dimensional coordinate y we obtain the expression
Siriggs = / dta e L by, 110, H — X (H'H — 13)°}. (2.5)

If we now return the Higgs action to canonical normalisation through the field redef-

inition H — e**H the action finally becomes

SHiggs = /d4x {GMHTG“H - A (HTH - e_QkLUg)Q}' (2.6)
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We therefore observe that there is a rescaling in 4D of the original Higgs 5D VEV, v3,
by an exponential factor originating from the RS metric. Such exponential factors

are referred to as warp factors and the Higgs VEV is said to have been warped down,
v = e "y, (2.7)

From this relationship we are able to determine that in order to obtain the weak

scale of the SM we must have the relationship in our fundamental parameters
kL ~ 36. (2.8)

This small hierarchy in the required values for the curvature scale and the length
of the EXD is generally considered to be not too large and as such is compatible
with our aim of removing severe hierarchies from our model. In the case of any
concerns regarding the stability of this relationship, given the dynamic nature of the
background space time, Goldberger and Wise have shown that it is indeed possible
to generate such a stable hierarchy dynamically using additional scalar fields [37].
If we were to repeat the above analysis but now with the Higgs situated on the
UV brane we would find that its VEV would receive no warping down at all and
would therefore remain at the Planck scale. We are therefore able to infer the key
principle of the RS model: the effective 4D mass scale depends exponentially on the

distance along the EXD,
Aesr (y) = Ae ™™ = M. (2.9)

It is clear that the branes which bookend the EXD are the extremities of this sliding
mass scale. The UV brane having a 4D effective mass scale of the order the Planck

scale (Acrr (0) = M,) while on the IR brane the effective mass scale is

Acpr (L) ~ ke™™ = Mk, (2.10)
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where Mg is known as the Kaluza-Klein (KK) scale. Comparing equations (2.10)
and (2.7), and remembering that there is a single mass scale in the 5D theory, we
see that in order for the RS model to indeed offer a solution to the HP the KK
scale must therefore be close to the weak scale. Exactly how far away from 17eV
is a matter for debate but it is usually assumed that Mgy = 10TeV introduces a
little hierarchy problem into the model. It is for this reason that fully IR confined
RS models are not considered in the literature (the non-renormalisable operators
associated with proton decay, Majorana neutrinos and FCNCs are only suppressed
by Mg meaning that the KK scale must be approaching the Planck scale) and,
as we shall discuss in detail, why suppression of excessive contributions to the T
parameter is important.

It remains for us to check that the prediction for the strength of gravitational
interactions predicted from such a setup agree with observation and are not also
warped down to a phenomenologically problematic scale. The strength of gravita-

tional interactions in 4D are determined by the coefficient of the term containing the

Ricci scalar in the gravitational action (the Planck mass squared)

S4Dgrav D) _M]%l/d4$ V —G(4)R, (211)

where G™ is the determinant of the 4D metric tensor and R is the 4D Ricci scalar.
It is therefore necessary for us to derive an expression for the Planck mass in terms
of the fundamental parameters of the RS model starting from the part of the 5D

gravitational action related to curvature
L
S5Dg7’av ) _Mf/d4l’/ dy \/5R(5) (212)
0

As it is only the pr components of the Ricci tensor in which we are interested

(R =n"R,,) we ignore its 55 components and use the fact that the Ricci tensor is
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invariant under a constant rescaling of the metric to rewrite our expression in the

form
L
S5D grav D —Mf/d%/ dye ™\ —GWeMp R, (2.13)
0

where we have exploited the relationship between the 5D and 4D metrics in the RS
model. Finally, integrating (2.13) over y and comparing with (2.11) we find that the
relationship between the fundamental mass scale of the theory and the scale which

sets the strength of gravitational interactions is

3
M3, = MT (1—e ). (2.14)

Given the smallness of the exponential term for a value of kL which solves the HP,
this expression tells us that in order to agree with observation the fundamental mass
scale of the RS model must be of the order of the 4D Planck scale, as was assumed
in the derivation of the weak scale above. We are therefore able to declare that the
RS setup provides a possible solution to the HP. In terms of the y dependence of
effective mass scales, the weakness of 4D gravity can be understood as an extreme

UV brane localisation of the massless graviton.

2.2 Bulk Fields and Boundary Conditions

As RS type models are necessarily formulated in terms of 5D fields, during the
calculations which form the core of this thesis we have used the dimensional reduction
techniques know as KK reduction, [38], in order to a obtain a 4D effective theory.
The following section will therefore mainly be a summary of the (important) results
pertinent to this thesis. We will also include some more detailed discussion of topics
not so widely covered in the literature, such as the boundary conditions (BCs) of fields

in RS models and the process through which a weak scale Higgs VEV is obtained.
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2.2.1 General Procedure

We will now illustrate the general procedure used to obtain a 4D effective theory
from a RS type model, using as an example a theory containing only a non-interacting
scalar field, @ (z,y) [39]. We start by writing down the 5D action for the scalar field

(dropping the coordinate dependence of the field for convenience),
L
Se = /d4:1:/ dy VG {0y @M & — m?®?} . (2.15)
0

The 5D field is then replaced in the above action by an infinite tower of 4D fields,

¢™ (x), and associated extra-dimensional wavefunctions (known as bulk profiles),

57 () 2,

B(a.y) = % S0 (@) £ (y). (2.16)

This stage is known as KK decomposition. These 4D modes are assumed to be
eigenstates of the mass obtained as a result of integrating over the EXD (the KK
masses), a fact which allows us to determine the properties of their associated bulk
profiles. Substituting into (2.15) the explicit form of the RS metric and requiring
that the after integration over the extra-dimensional coordinate the action of the

effective theory be of the form

Se =Y / d' {9,006 —m"2o2 (2.17)
n=0
we find that the orthogonality condition of the bulk profiles is
L ok ) ()
7| e w1 o). (2.18)

2We have stated the form of the KK decomposition specific to an interval compactification. For

the case of an orbifold compactification only the normalisation prefactor will change.
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and that they must also obey the additional condition

0y (05 [ (y)) + me 01 (y) =m0 0 () (2.19)

which we will refer to as the mass equation/condition.

In order to find the profile of the KK modes in the EXD we need to solve equation
(2.19). To this end we first investigate whether the KK decomposition of the scalar
field contains a zero mode, a massless mode usually associated with a SM particle
and labelled by the index n = 0. We therefore set the KK mass to zero and look for
a solution to the resulting equation. For the case of a scalar field we see that unless
the bulk mass, m, is equal to zero (in which case the zero mode has a flat profile
in the EXD) the KK decomposition of the field does not contain a zero mode. We
next consider the profiles of the massive (heavy) KK modes (n > 0). We therefore
solve the second order differential equation in its full form for the region of the EXD
between the two branes, obtaining the well known, general result that the extra-

dimensional profiles of heavy KK modes are Bessel function like,

" e2ky m™ eky . m™ eky
fé)(y)::}G@5 Jas ( | 0 Yae | =) ] (2.20)
¢

where o = /4 + 7,?—22 and the normalisation constant, /N ;n), is found by applying the
orthogonality condition, (2.18). We have decided that, due to the limited validity
of some of the approximate expressions for normalisation constants given in the
literature, e.g. [40]

okL/2

VrLm®’

we prefer to evaluate these expressions numerically in our subsequent investigation.

N ~ (2.21)

We note that (2.21) is independent of the type of field.
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Finally, we must use the boundary conditions (BCs) of the 5D fields on the UV
and IR branes to determine the so far undetermined constant b((;) and subsequently

()2 Throughout this thesis we con-

the mass spectrum of the heavy KK modes, m
sistently apply BCs which ensure the variation of the action of the relevant field

vanishes on the boundaries of our EXD [41,42], of which there are generally two

types

e A Dirichlet condition (represented by the shorthand (-)) where the relevant

field is zero on the boundary. In the case of the scalar field
fq(bn) (y) |b7‘ane =0. (222)

e A Neumann-like condition (represented by the shorthand (+)) where some
expression containing the derivative of the field is zero on the boundary. In the
case of the scalar field this condition is in fact a pure Neumann condition and

therefore of the form
an(z()n) (y) |brane =0. (223)

To illustrate the process through which we find the KK mass spectrum of a field we
consider the example of a scalar field subject to (-,4-) BCs. Applying these BCs to

(2.20) we find the following expressions for the so far undetermined constant b2,

(n) (n) kL (n) kL (n) kL
T m, 2, my’e +m¢ e 7 my e
@ k o k k a? k
b(n) _ _ (2.24)

% o) ) kL ) kL ORTAN
m m e m e m e
Yo, | —2— 2V, ¢ oy ¢

The mass spectrum is then found from the second equality in the above expression.

Practically, after making the change of variables a:fbn) = mgﬁn) e [k, the mass spectrum
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of the scalar field is of the form

m{Y = 2V ke ™ = 20 My, (2.25)

where xgﬁn) is the n'" root of the mass equation

Joo (2 [2Y00 (2) + 2V, (2)] — Yoo (ze ™) [2J,40 () + 20 (2)] = 0. (2.26)

The first of these roots usually being O (1) and with all subsequent roots approxi-
mately separated by w. As was the case with the normalisation constants of the bulk
profiles, we find it inconvenient to give approximate expressions for the values of
these roots in terms of the 5D parameters of the theory as they are generally found
numerically and the approximate relationships given in the literature are usually only
valid for a very small region of parameter space. We note that although the form of
the mass equation is dependent upon the type of field being considered, expression
(2.25) is completely general, meaning the first KK mode of all fields are O(Mgx).
As it stands there is an amount of ambiguity in our notation for the bulk profiles
and mass spectra of the 5D fields. This arises from the fact that clearly the mass
spectrum, and therefore the bulk profiles, are dependent upon the BCs of the 5D
field. The set of BCs that a given profile obeys could be included explicitly amongst
its arguments, for example f(z()n) (y, BC'), however this could be misleading as well
as being overly bulky when dealing with overlap integrals involving many different
profiles (as will be the case once we begin to discuss the Feynman rules of the UCRS

model). We therefore extend the notation introduced in [40]

£y, (. 4) = £ (),

17 (o (= 4) = 157 ), (2.27)



to incorporate all four possible combinations of BCs, using a bar to indicate a reversal

of BCs,

£y (1, ) = F9 (). (2.28)

This notation can also be applied directly to the mass terms in order to indicate

which set of BCs has been used in its calculation, i.e.

(+7+) — m((j)n)Qa <_> +) — m((;)?j
_(n)2 =~ (n)2
(_7 _) — m((,b ) ) (+7 _) - mg

(2.29)

For the remainder of this section we will consider the KK reduction of the fields
which will feature in the UCRS model which will be the focus this work. Particular
attention will be paid to the Higgs field due to the non-standard requirement that the

lightest Higgs mode be tachyonic in order to generate the 4D SSB process required
of it.

2.2.2 Gauge Fields

The action of a 5D Abelian gauge field Ay (z,y) in the RS setup is

Lo (1
Sgauge :/d4l'/ dy G{—Z_F']\/HV.F’]MN}7 (230)
0
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where Fiyny = Oy Ay — On Ay and our gauge field now has five components

Anrlany) = [ (2.31)

As(z,y)

Writing the 5 components of the 5D gauge field in this way highlights their respective
roles in the 4D effective theory, with the vector components clearly corresponding to
4D vector boson modes after decomposition and the 5th component corresponding
to an additional (relative to the SM) set of scalar degrees of freedom (DOFs). Due
to their different 4D interpretations it is sensible to decompose the vector and scalar

components of the 5D gauge field separately,

A(o,y) = % S Au@) 0 (w), (2.32)

[e.9]

Ay(,y) = % S 45(@) £ (). (2.33)

Substituting these decompositions into the action of the 5D gauge field and requiring

that after integration the action is of the form

SQCWQG = Z / d4l‘ <‘C£222:tor + ‘Cgrcbc)nlar + ‘ngz)xmg> ) (234)
n=0

where, as the name suggests, the mixing Lagrangian contains terms which mix the
vector and scalar fields. The form of these mixing terms, the details of their subse-
quent removal and their connection to the massive vector modes will be discussed in
detail in section 3.1.5

Completing the reduction procedure we find that the orthonormality conditions
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for the two sets of extra-dimensional profiles are

1

L
5| i) = b
0

1 L — n m
7| e W = b

The well known bulk profiles of the vector fields are

() =1,

" eky m(”) ek’y N m(”) ek‘y
\(/)(y):N(n) [J1< Vk +b§,)Y1 Vk ; (n=1,2,...

\%4

while those of the gauge scalar modes are

0 ok
158" W) =\ g €™

" e2ky m(n) eky N m(n) eky
é)(y):N(”) [J0< Sk +bfq)Yo ST , (n=1,2,...
S

(2.35)
), (2-36)
). (2.37)

Notice that the zero modes of both fields only exist if the associated 5D field has

Neumann-like BCs at both ends of the extra dimension which for the gauge vector

and scalar fields take the specific forms

aE)f\(/n) (y) ’brane = 07

05 (e45” 1)) irane = 0.
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However, due to the coupling of their respective equations of motion (EOM) the BCs
of the vector and scalar components of the 5D gauge field must be the opposite of
each other [41] making it impossible for gauge scalar and vector boson zero modes
to exist simultaneously.

Another consequence of the coupled nature of their EOMs is that the mass spectra
of the vector and scalar components of the same 5D gauge fields are in fact identical.
This can be seen by considering the case of a 5D gauge field whose vector components
have (+,+) BCs (and consequently has a scalar component with BCs of (—, —)).
Applying the BCs of the vector field to the bulk profiles of its heavy KK modes
(n > 0) we find that the mass spectrum of the vector modes can be found from the
equality

B Ji (zn) + 20 J] (20) B J1 (xnekL) + et ] (J:nekL) (2.39)
Vo Y1 (2,) + 2, Y/ (mn) N Yy ("EnekL) + xnekLyll (xnekL) , '

which,using the Bessel function identity

T (@) = =20, (2) + Jpa (1) (2.40)

T

we are able to rewrite as

J " kL
bgl) _ _Jo () __J (x € ) (2.41)
Yo () Yo (znekh)
This is exactly the same condition which we obtain from application of the (—, —)

condition to the gauge scalar bulk profiles and therefore we are able to conclude that
the two fields will have identical mass spectra for their heavy KK modes. Using the
same approach we are also able to show the equivalence of the vector Dirichlet and
scalar Neumann-like conditions. From these equivalences we are able to conclude
that in general the mass spectra of the vector and scalar components of a 5D gauge

field are identical. Making use of this identity, we dispense with a separate notation
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for the mass spectrum of the gauge scalar modes, using instead the notation for the

equivalent gauge vector mass, e.g.

md = miP. (2.42)

We finally observe that, although not exactly the same, the mass spectra asso-
ciated with the four different BC combinations are similar. An example being that
the mass of the n = 1 mode of a vector boson with BCs of (4,+) differs from that
of a vector boson with BCs of (-,+) by approximately 2%. The remaining two com-
binations of BC do not appear in our investigation and as such are not relevant to

the current discussion.

2.2.3 Fermionic Fields

The action of a free 5D fermionic field, ¥(x,y), in the RS setup is
L -
Sy = /d"‘x/ dy VG {\IJ(@'FM (Ons + wa) — cwk‘>\If} , (2.43)
0

where ¢¥ is the bulk mass parameter and O (1), the curved space gamma ma-
trices are defined as TM = EMq2 3 the inverse vielbein for the RS metric is
EC]L” = diag <eky’ ety ek ey, 1) and wy, is the spin connection, which in the
RS model takes the form

)

5]{6_’“?‘/%75 for M = p

0 for M = 5.

Due to the required chirality of the low energy effective theory, it is sensible to

844 = (y#,—iv"), 7° is defined in the standard fashion and all lower case gammas refer to the

4D, flat space gamma matrices.
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decompose the chiral fermionic fields separately,

2ky
Vin(y) = = 3 ULk (@) flk W) (2.45)
n=0

and following through with the general decomposition procedure we find that the

orthogonality conditions for the fermionic bulk profiles are

Lt n m
7| e W R 0) = b (2.46)

while their functional forms are

0 (1F2) kL _ .,
fI(,,R (y) - \/WQ:F ky (247)

ky/2 m(n) eky m(”) eky
(n) _ ¢ P (n) WP B
fir(y) = N [Jf"f(m <—k ) + by, Yafm) ( 2 : (n=12,...),
P
(2.48)

where a¥ = 1/24¢¥ and the left (right) chirality takes the upper (lower) sign choice
where there is ambiguity *. The form of the Neumann-like condition (+) which is

applied to these profiles is

(85 + C¢k) f[(,n])2 (y) |brane = 07 (249)

)

while the Dirichlet condition is the same as that given for the previously considered
fields.
As was the case with the vector and scalar components of the same 5D gauge

field, the coupling of the EOM for the left and right-handed fermionic components

4Tt is necessary to note that our expression for a%( R) does not agree with the majority of the
literature (with the exception of [12]) . In order for the masses of the left and right-handed modes
of the same 5D field to be identical o¥ must be of the form stated here
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leads to them having exactly opposite BCs. If we now calculate the mass spectra of
the two components of the 5D fermionic field we find (again making use of the Bessel
identity (2.40) ) that they are identical. Following our approach with the masses
of the vector and scalar gauge modes, we therefore represent the fermionic masses
of both left and right-handed modes using a single notation, mfpn), the BC symbols
,(2.29), refer to the BCs which must be applied to a left-handed field in order to

obtain the mass of the relevant mode, e.g.
m = my = (2.50)

A few comments are in order regarding the general properties of the fermionic mass

spectra which will be of use in our later discussions:

e Although there is a dependence on the bulk mass parameter of the field, for
the ¢¥ values required to reproduce the SM fermionic masses (see for example

reference [6]) the differences between the SL’S) values are smaller than 1.

e The difference between the xfj ) values for the different BC combinations is

smaller than the equivalent differences for gauge fields. The case which will be
of particular interest is the difference between the (—, +) and (4, +) BCs. Our

investigations have shown that this difference is typically less than 0.1%.

A further consequence of the left and right-handed fermionic fields respecting
opposite BCs is that, as was the case with the gauge vector and scalar fields, it is not
possible for the spectra of both components to simultaneously contain a zero mode.
It is this property which provides a solution to the chirality problem (the production
of a chiral low energy effective theory from the non-chiral fundamental) common to

all 5D models.
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Finally, a key element of model building in RS type models is the variation in
fermionic zero mode localisation which can be achieved through changes O (1) in
the bulk mass parameter ¢ (see figure 2.1). This property can be seen by simply
considering the form of (2.47) for values of ¢¥ either side of the value for which the
LH profile is flat, ¢¥ = 1/2,

.

2=y e “1/2)2kL for ¢ > 1/2 UV localisation

MY (y) ~ Q1 for ¢¥ =1/2 non-localised

ek(l/%cw)(y*L)\/(l/Z — ) 2kL for ¢¥ <1/2 IR localisation.
(2.51)

\

It was quickly realised that this property allowed for the explanation of the fermionic
mass hierarchy through a higher-dimensional geography [5,6,17] similar to the split
fermion framework suggested in references [43,44]. Furthermore, the small masses
of the majority of fermions means that they are necessarily UV localised with the
result that the effective cut-off scale associated with any higher-dimensional operator
involving light fermions is Planckian. This prevents phenomenological problems with
any of the potentially troublesome higher-dimensional operators mentioned in the
Introduction.

A potential drawback for such a model of fermionic masses is the well known issue
with large FCNCs experienced by models with split fermions [43,45]. Here again the
lightness of the SM fermions allows a potentially serious phenomenological issue be
avoided, the UV localisation of the light fermions greatly lessening the degree of non-
universal gauge-fermion couplings largely responsible for such effects [18]. Once again

this mechanism via which the phenomenological ills of the RS model are cured due
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Figure 2.1: In the above figure we demonstrate the possibility of varying the bulk
localisation of left-handed zero mode fermions through O (1) changes in the bulk mass
parameter ¢¥. In the above the ¢¥ values shown are: 10 (curved blue), 0.6 (pink), 0.5
(flat blue), 0.4 (yellow) and -10 (green). The distance along the EXD is measured

wn units of L.

to the lightness, and associated UV localisation, of the majority of the SM fermions
is termed the RS-GIM mechanism in reference to the obvious similarities with the

SM GIM mechanism [46].

2.2.4 Higgs Field

When considering the KK reduction of the Higgs field there is the additional
complication that we require that in order to replicate the SSB of the SM without

introducing additional light scalars the mass spectrum should have the following two
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characteristics:

e The lightest KK mode of the Higgs should be both tachyonic and O (v),

e The remaining modes should be non-tachyonic and the lightest of these should

be O (TeV).

As was shown in reference [29] such a KK spectrum can be obtained through a
judicious choice of the 5D Higgs potential parameters, the precise details of which
are not required for the current discussion. For the remainder of this section we will
therefore outline the KK reduction procedure in much the same way as has been
done for the previous field types, all the time assuming that we have chosen the
Higgs potential parameters such that a KK spectrum with the above characteristics
has been obtained.

The most general action up to and including quartic self-couplings for a complex
5D scalar field (which we suggestively label H and refer to as the Higgs ) ° is of the

form
L
SkHiggs = /d4x/ dy VG { (o H) OMH —V (H)}, (2.52)
0
where the Higgs potential is given by the expression

2
V (H)=m*H'H + %—t‘uﬁm2 + {’%HTH + A];—fw*m? §(y—1L)

2 A
- “%HTH + %]HTHF} 5(y). (2.53)

Jumping ahead somewhat, we are able to simplify this general form by considering

the relative sizes of the effective 4D couplings resulting from the KK reduction of

5This procedure is not dependent upon the exact form of the Higgs field and therefore we wait

until the next chapter to define the Higgs field of the UCRS model
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the three original quartic couplings. Our investigations have shown that even in the
most sympathetic region of parameter space the effective coupling resulting from the
reduction of the IR confined quartic term is two orders of magnitude smaller than the
couplings originating from the bulk quartic term. The coupling originating from the
UV confined quartic term is suppressed by two powers of the Planck scale relative to
the bulk term. We are therefore able to ignore the two brane confined quartic terms
and will relabel the bulk quartic coupling as simply Asp, thereby allowing the Higgs
potential to be simplified to

1
V(H) = | m?k+ i 8y — L) = piy 8(y) + Asp H'H | HTH. (2.54)

Sticking with the conventions of reference [29], we rewrite the above mass parameters

in terms of the curvature constant of the theory and a set of dimensionless parameters,

m? = 20k%¢ tv,ir = 16K°€Buv,ir. (2.55)

As pyy will receive a Planck scale suppression in 4D it will be the values of ¢ and
Brr which will determine the mass spectrum of the Higgs, the details of which will
be given alongside the specifics of the Higgs field within the framework of the UCRS
model in the next chapter.

The Higgs field is now decomposed in the usual manner,

H(x,y) = % STH® (@) £ (1) (2.56)

The orthogonality condition for the bulk profiles is

1

L
1| e W) 15 ) = b (2.57)

45



The explicit forms of the Higgs bulk profiles are

2ky 1) ky (1) _ky

RO % [JV (%) +0K, (mer )] , (2.58)
H
2ky ( ) ky ( ) ky

) = ;(n) [Jy (mer ) 4y, (mer )] L (n=1,2,..), (2.59)
H

where v = /4 + 20, I, and K, are the hyperbolic Bessel functions and mg) is
the absolute value of the tachyonic mass. Figure 2.2 shows the bulk profile of the
tachyonic Higgs mode for a particular choice of Higgs potential parameters. The
values of the specific parameters used to generate this plot are in fact irrelevant
as it is a feature common to all tachyonic modes that they are exponentially IR
brane-localised.

For completeness we note that in order to obtain the required KK mass spectrum
the bulk profiles of the Higgs field must obey (+,+) BCs, where in the case of a
Higgs field with the potential shown in (2.54) the Neumann-like conditions on the

two branes take the form

(@+W”)m<>mﬂ=a

(a+“m)L{<MFL=0 (2.60)

After completing the KK reduction process the 4D effective action of the Higgs

field contains the terms

Sttiges O /d%; {aMH“)Ta#H(U +mD2EOTEM g | HOTFOP? 4 }

(2.61)
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Figure 2.2: The above figure shows the normalised profile of the tachyonic Higgs
mode over the last 9th of the length of the EXD. As can be seen, the main feature of
the VEV profile is its high degree of IR localisation, closely mimicking the previous
case of the IR brane confined Higgs.
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where the ellipsis represent terms containing at least one heavy Higgs mode and we

define the effective coupling

asar =222 [ ay et [0 )] . 262
kL2 J, H

As was the original aim, we see that the 4D effective action of our fundamental Higgs
field contains a single field with a non-zero VEV, v = 4/ mgﬂ /Asn, suitable for a
role in a SM like SSB process at the weak scale.
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Chapter 3

The Universal Custodial RS Model

In this chapter we will discuss the specific details of the UCRS model, within
which framework we will eventually calculate the fermionic loop contributions to the

T parameter. The full action of the model is

L
SUCRS - /d4l‘/ dy \/a ('CGauge + *CHiggs + *Cfermion + 'CYukawa + 'CGauge Fixing) ;
0
(3.1)

where the precise form of each constituent Lagrangian will be the focus of a sub-
sequent subsection of this chapter. The gauge symmetry of the EW sector of the
model is the extended (compared to the SM) group

Gew =SU (2), x SU(2), x U (1)y x Pyg, (3.2)

where Ppr is a discrete symmetry exchanging the left and right-handed SU (2)
groups. Our model also contains the usual SU(3)¢ colour gauge symmetry but
as QCD effects do not feature in our calculation of S and T we suppress all quark

colour indices during the remainder of our discussion.
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3.1 Model Details

3.1.1 Gauge Sector

The EW gauge sector of our model is described by the Lagrangian

1
RS, yRMNe — ZXMNXMN (3.3)

1

1
»CGauge - _ZL(]IWNLMNQ 4

and the field strength tensors of the Abelian and non-Abelian fields take their usual

forms

Lyn = OuWiy — ONWiy — gse® WP WE (3.4)
Ryn = OuWan — ONWE Ly — g5 WE L Wiy, (3.5)
XMN :8MXN—8NXM (36)

We note that our convention is for all Latin gauge indices to be associated with the
left-handed SU (2) gauge group while all Greek indices are associated with the right-
handed group. We also draw attention to the fact that the Prr symmetry demands
that the couplings of the two SU (2) gauge fields be equal; in general this is not the
case L.

Clearly, for phenomenological reasons this extended gauge group must ultimately
be broken down to the U (1), group in the low energy 4D effective theory. From
Goldstone’s theorem, however, we see that we may not simply use an extended version
of the SM Higgs mechanism to break all of the necessary gauge generators without

introducing three new, phenomenologically problematic, EW scale gauge bosons into

For an example of a similar discussion without this right-left symmetry see reference [26]
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the 4D effective theory. In order to circumvent this problem we split the process of

symmetry breaking into two distinct stages:

1. The extended gauge symmetry is broken down to the SM EW gauge group on
the UV brane using the BCs of the gauge fields 2,

2. The two SU(2) groups are spontaneously broken down to their diagonal sub-
group through the Higgs sector,

SU(2), x SU (2)5; = SU (2) .- (3.8)

The combined effect of these two stages is to break the original extended gauge group
down to the standard electromagnetic U (1) gauge group 3. We delay a detailed
discussion of the second stage of this procedure until section 3.1.2.

The gauge BC assignments necessary to achieve the symmetry breaking shown

in (3.7) are as follows [31],

Wg2 (= +),  Zxu(—,+), (3.9)

WL17573 (+7 +) ) BM (+7 +) ' (310)

The two ‘new’ fields arise from orthogonal combinations of the W3, and X, fields

2For a detailed discussion of symmetry breaking via BCs in extra-dimensions see references

[42,47)
3A group theoretic explanation of this can be found in reference [48]
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defined, in analogy with the SM, as

Zxm =cosoWp,, —sing Xy, (3.11)

By = sing Wp,, + cos ¢ Xy (3.12)

and the mixing angles by the expressions

95 gx
VI + 9% VIE+ 9%

where gx is the coupling constant associated with the U(1)x gauge symmetry.

cos ¢ = sin ¢ = (3.13)

During the course of this discussion it will also be useful to define the following

field combinations

we- WEFWE g Wa®Wh (3.14)
V2 V2
Zy = cosp Wi, —sine By, (3.15)
Ay = costp By +sinp Wiy, (3.16)
where we define the mixing angles
1 .
cos ) = sing) = —S0® (3.17)

V1tsin® o V1tsin’ ¢
It should be noted that due to the mixing between the different gauge KK modes in-
duced by the SSB procedure the above mixing angle is not same as the SM weak mix-
ing angle, sin fy, = sy. As the mixing between KK modes is an effect O (v?/Mz )

the difference between the two mixing angles is small and will actually be negligible
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when we come to calculate the one-loop contributions to the T parameter in chapter
5.

As could be inferred from the similarity which the BC symmetry breaking pro-
cedure bears to the SM Higgs mechanism, such a set of BCs can be obtained dy-
namically using a UV confined, Higgs-like scalar transforming as a singlet under the
left-handed SU (2) group, a doublet under the right-handed SU (2) group and with
a U(1)y charge of 1/2, or for convenience (1,2), ,. The only difference between
the SM Higgs mechanism and this BC generating process is the need for the VEV
of the UV brane localised scalar to be taken to infinity in order that the associated
particles decouple from the low energy effective theory. Taking such a limit enforces
Dirichlet BCs for the relevant fields on the UV boundary. For more details of this

process see references [41,42]

3.1.2 Higgs Sector

The Higgs field required to complete the SSB part of the symmetry breaking
procedure outlined above is a bidoublet of the two SU (2) groups and has zero U (1)
charge, i.e. transforms as (2, 2)y. For the purposes of this thesis we find it convenient
to parameterise such a field as

H(z,y) = L= @ +ieh) = (h=i") , H — U,HUY, (3.18)
(h+i¢®)  —(¢* —i¢)

where ¢’ are the Would be Goldstone Bosons (WGBs) of the theory and h is the

physical Higgs field. In the name of clarity we have shown the transformation prop-

erties of the Higgs bidoublet with the SU (2), group acting vertically (as in the

SM) and SU (2), acting horizontally. These transformation properties are shared

with the fermionic bidoublets which we will encounter in the fermionic sector of the
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model. We will also find it convenient to define, in analogy with the gauge sector,

the charged WGBs

o Fig?
=57

Adapting the Higgs Lagrangian already discussed in detail in section 2.2.4 to the

o* (3.19)

case of a bidoublet Higgs, we find that the Lagrangian of the Higgs sector of our

model is
Litiges = Tr [(DyH'Y) DM H] — V(H), (3.20)
where the covariant derivative is
(DyH) = 0y H + igsmWE  H + igsH (77W7 )7, (3.21)

7@ = 5%(®) /2 are the generators of the left-handed (right-handed) SU (2) group
and the adapted Higgs potential is

1
V(H) = - m?k+ g 6(y — L) — pi 8(y) + Asp TrHYH | TrH'H. (3.22)

We note that we have used the fact that for the Higgs appearing in our model
Tr|H'H|?* = Tr?|H"H| to simplify the most general Higgs potential.

Choosing the dimensionless Higgs potential parameters to be
£=5.2, Bir = —0.3, (3.23)

we obtain a KK mass spectrum which meets the criteria set out in section 2.2.4 and
therefore a Higgs mode which acquires a VEV O (T'eV') as required by the symmetry

breaking procedure previously discussed.
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3.1.3 Fermionic Sector

We now consider how to embed the SM fermions into representations of our
extended gauge group. Although there are clearly a number of possible formulations
(see [31] for a possible alternative) we will make use of the assignment which has
almost become the standard for analyses such as ours due to its compatibility with
the SO(5) group of gauge-Higgs unification models [26,27,32,40].

The fermionic action can obviously be split into quark and leptonic sectors

»Cfermionic - »CQuark + »CLepton' (324)

Below we present a detailed discussion of the quark sector and then use the
minimality of our model to state the representation structure of the leptonic sector.
Quark Sector

The general form of the quark sector utilised in our model is

X“(— )53 ¢“(+,+)23
5(11 = d d ) gg = U(—, _)2/37 (325)
XA(—=, )2z q“(+,+)-1/3

V' (+, —)s/3 Y (+, —)s/3
G=ToT{=| U+, —)os3 | © U'(+, —)os3 | > (3.26)
D/(—h —)-1/3 D(—,—)-13

where the bidoublet containing the fields from which the left-handed SM quarks will
originate, &7, transforms as (2, 2), /3 the custodial singlet identified with the right-
handed SM up type quarks, &, as (1,1), /3 and the right-handed triplet containing
the field to be identified with right-handed SM down type quark, 77, as (1, 3)2/3. Due
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to the presence of the discrete symmetry Ppr in the gauge group of the model in order
to correctly form an irreducible representation including 7] we must combine it with
a left-handed equivalent, T3, transforming as (3,1), PR &1 is therefore analogous
to the Dirac spinor which is a reducible representation of the Lorentz group but
irreducible when an additional parity transformation is added to the theory.

Some further notes are required to fully explain the complicated looking notation

used in the above representations:

e All fields are 5D and therefore non-chiral. The BCs accompanying each field
is the BC of the left-handed component of the 5D field. As has been discussed
in section 2.2.3, the BCs of the right-handed component can be obtained by
simply taking the opposite BC on each brane.

e We remind the reader that only fermionic fields with (+, +) BCs contain a zero-
mode in their KK spectrum. A field accompanied by (—, —) above therefore

contains a right-handed zero-mode in its KK spectrum.

e The subscript to each field indicates the EM charge of that field, Qg =
T+ T3+ Qx.
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The Lagrangian of the quark sector is therefore
£Quark D) [TT 5(11 ZPMD]lW gl] —Tr gg C(f k 5(11
+ &Y DY & — & k&S
+ T4iT™M D3, Tf — T kT

+ 344 ] (3.27)

and the EW part of the covariant derivatives are defined as

D} E1 D <0M +wpr + 1= gXXM +igs (Wi o) &€ +igs & (T”W%M) . (3.28)

)
)

D35 O (aM +wnm + i3 gXXM 3 (3.29)
2

D3 T§ > (aM +wp + ZSQXXM) T§ + gse™™ Wi /T4, (3.30)
2

D%Tf D) (8M + Wy + ZggXXM) Tf + g5€a’8’ngMTf. (331)

At this point we note that due to a change of basis the form of the triplet repre-

sentations when appearing in the covariant derivative is not the same as that given
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in (3.26), but is instead

5@+ D) 3 (v + D)
o=|Lw-p)|. T=|Lw D) (3.32)
U’ U’

Such a change of basis is necessary so as to prevent our covariant derivative containing
a mixed set of SU (2), , bases, the gauge boson triplets already appearing in the

above basis.

Leptonic Sector

The leptonic sector, in analogy with the quark sector, contains the representations

g (X ) v, (3.33)

X(=+)o U+,+)

N(+,—h X'(+, )
E=T0T,= | N(+.—)o | ® [ N'(+-)o | (3.34)
L'(+,-)= E(=, =)=

where the above multiplets have the same transformation properties as their quark
analogues under the SU (2), x SU (2) , group but, in order to obtain the correct EM
charge for the SM leptons, have zero charge under the U (1), group. The Lagrangian

of the leptonic sector can therefore be obtained from that of the quark sector (3.27)

58



by simply making the replacement ¢ — [ and using the following covariant derivatives

Dyl = (Our + wan)él +igs (TWia) € +igs & (TWhy) . (3.35)
D3, = (O + war) &, (3.36)
D3, Th = (Onr + war) T+ gse™™W§ T, (3.37)
Dy Th = (Oar + war) Tt 4 gse® W3, TL. (3.38)

3.1.4 The Yukawa Sector

Again, we simply state the form of the quark Yukawa couplings and provide the

replacements necessary to obtain the leptonic equivalents,

Lvutana D 2| i Tr ELHE — VaYih | Tr{€7°H} (TF)° + Tr{§{H (")} (T)"

Y

(3.39)

where Y;‘D’d are the 5D, flavour non-diagonal 4 Yukawa couplings for the up and down
type quarks respectively.
We make the following observations about the exact form of the Yukawa sector

of our model:

e The 5D Yukawa couplings have mass dimensions [Yi,?] = —1/2. Tt is therefore

natural for vk Y.%? to be O(1).

4As the flavour structure of the model is beyond the scope of this work we have dropped the

flavour indices from all fermionic fields and their associated couplings
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e The factors of 2 and v/2 have been chosen such that the masses of SM fermions

are of their canonical form.

e The choice of sign for the Yukawa couplings also comes from the fact that we

wish the SM particles to have masses of the “correct” sign, namely —.
e The triplets appearing are again of the form shown in (3.32).

The leptonic Yukawa couplings are obtained from (3.39) by the making the trivial

substitutions

U — v,
d—1,

q—1 (3.40)

where d (u) is the label given to the Yukawa couplings providing the down (up) type
SM quarks with their masses, [ (v) labels those couplings providing the SM charged

leptons (neutrinos) with their masses and ¢ (1) labels the quark (lepton) multiplets.

3.1.5 Gauge Fixing Sector

In this section we will extend to the case of the UCRS model the work on extra-
dimensional gauge fixing originally done in flat space in reference [49] and subse-
quently applied to the Standard RS model in papers such as [11,50,51]. Apart from
the greater number of vector bosons to consider, the main point of difference be-
tween our discussion and that of the previous works listed is the fact that our model
is compactified on an interval rather than an orbifold. The result of this is that our

gauge-fixing sector is not simply a trivial extension of that found in [11,51].
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In order to correctly define the analogue of the SM R, gauges within the frame-
work of extra-dimensional models it is necessary to remove all terms which mix 4D
vector DOFs with 4D scalar DOFs. Unlike in the SM, in the UCRS model (and more
generally in minimal extra-dimensional extensions of the SM) there are typically two

sources for such mixing terms:

e Mixing between gauge vector and gauge scalar modes originating from the

higher-dimensional field-strength tensor.

e SM like mixing between gauge vector modes and those of the WGBs.

We first wish to consider those terms originating from the gauge sector of our model
and to this end rewrite the action of our general Abelian gauge field from section 2.2.2

by separating the purely vector terms from those mixing vector and scalar DOFs,

L 1 —2ky
Sauge = / Az / dy {—ZFWFW 4 € 5 (9, As0" A5 + 5 A, A" 28MA585A“)},
0

(3.41)
where we have substituted in the explicit form of the RS metric. In order to connect
with the gauge-fixing sectors stated in the aforementioned references, we rewrite the

above mixing terms using integration by parts,

L
Seauge O /d4x/ dy{ — 05 (e_%yA5) O A" + [6_2’“3’1458#14“] dy—1L)
0

— [e2v 450, AY] 5(0)}. (3.42)

We can see from the above expression that in addition to the bulk mixing terms
which are present in an orbifold compactification we also obtain boundary confined
terms. The actions of each of the seven gauge fields present in our model will contain

a set of analogous mixing terms, all of which must be removed separately.
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The form of the terms mixing gauge vector and WGB scalar DOF's are found
by expanding the covariant derivatives of the Higgs sector (3.21) in much the same
way as in the SM. The difference between the two cases is that in the case at hand
we must remember that it is only the n = 1 mode of the Higgs field which will
obtain a VEV. As a result it is convenient to perform the expansion of the Higgs
covariant derivative after performing the KK decomposition of the Higgs field while
leaving the gauge fields in their 5D form. The terms which, after SBB, will produce

vector /scalar mixing terms are

1 oo
Lo O " Z =2 g Tr {0, H'T (rWek) HOY 4+ igy Tr {5% OO (TWWI’%u)T}
n=1

+ He | £ W £ () (3.43)

We are now in a position to be able to write down the gauge-fixing Lagrangian

which will remove all vector/scalar mixing terms from the UCRS model, thereby
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defining the R, gauges,
1
2¢,

EGauge Fixing — —

(0. A" — fva5(€72kyf45>)2

1 1
(0 A" = £0e 2 A5)? 5(0) — —— (9, A" + &, e AL) S(y — L)
2§v0 2§7L
+ analogous boundary terms for each gauge field (3.44)

where we have introduced the shorthands v (y) = v I(Jl) (y) and g = g5/vVL

3.2 Scalar Mass Matrices

Although the mass matrices of the fermionic and gauge modes present in the
UCRS model have been considered in detail in reference [40] those mass matrices
associated with the scalar DOF's of the model have not. The mass matrices of scalar

DOF's have previously been calculated for RS type models but only within the context
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of a non-universal model. In this section therefore we discuss the difference between

the scalar sector of a non-universal RS type model and that of the UCRS model.

3.2.1 The Geometric Higgs Mechanism

Before addressing the specific form of the scalar sector in the UCRS model we
first wish to outline the argument which allows us to predict that the scalar sector
of an universal extra-dimensional model will, in addition to containing the usual set
of unphysical scalar modes, contain an additional set of physical scalar modes.

The geometric Higgs mechanism is the name given to the process through which
the heavy vector modes of a 5D gauge field obtain their KK masses, and therefore
additional DOF's, by “eating” the associated gauge scalar mode. As we saw in sec-
tion 2.2.2 it is not possible for a gauge vector and gauge scalar zero mode to exist
simultaneously, explaining why gauge zero modes remain massless after dimensional
reduction. This also explains why a 5D gauge symmetry translates into a single,
low energy, gauge symmetry in 4D rather than an infinite number of separate 4D
symmetries at each KK level. In non-universal models, therefore, there are no phys-
ical scalar DOFs at all, the WGBs of the IR confined 4D Higgs are eaten by the
gauge vector zero modes as part of the SSB procedure just as occurs in the SM. The
case of universal extra-dimensional models is quite different however, as there are
now two infinite towers of scalar modes which can be “eaten” by the heavy vector
modes, those of the gauge scalars and, due to the SSB procedure, those of the 5D
WGBs. The final result is that one linear combination of the gauge and WGB scalar
DOFs are eaten by the gauge vector modes while the orthogonal combination forms a
tower of heavy (the lightest WGB modes are still absorbed by the vector boson zero

modes) physical scalar modes capable of contributing to EW precision observables
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(EWPOs).

In the remainder of this section we consider the form of the mass matrices as-
sociated with these additional scalar modes, as well as, for completeness, giving the
form of the mass matrix associated with the physical Higgs modes and the unphysical

scalar DOFs of the theory.

3.2.2 Additional Physical Scalar Modes

The mass terms of the physical scalars all originate from the Higgs sector of
our model and come in three varieties: those mixing different gauge scalar modes,
those mixing different WGB modes and finally those mixing gauge scalar modes with
WGB modes. The first of these varieties originates from the covariant derivative of
the Higgs sector and, like the masses of their equivalent vector modes, can be written

in the succinct form

00 2,2
/CHiggs D — Z & (FFT)ab Wg(n)Wé’(m) TI¢¢SS (345)

2 11nm>
n,m=1

where there is an implied sum over a,b = W}, W, ,Z, W Wy, Zx and we define

the matrix

—g 0 0
0 —g 0

110 0 —g/cos

gFf =< 9f cost (3.46)

219 o0 0
0 g 0
0 0 gcosf

The overlap integral appearing in (3.45) is defined using the conventions presented

in appendix A and the indices of which will be labelled according to the BCs of
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the particular gauge field appearing using the bar/tilde conventions defined in the
previous chapter.
The mass terms mixing the KK modes of the WGBs originate from the quartic

coupling present in the Higgs potential (3.22) and are of the form

Ltiggs O —v*Asu Z {Ifﬁd;fb [¢0(1)¢0 M 4 ¢t W= 4 g+ g™ (n)}

n,m=2

1 n m n —(m
+ i [§¢°< g0 4 gt g >] } (3.47)

Finally we have the mass terms, also originating from the covariant derivative of

the Higgs sector, which mix the two types of scalar fields
Liiggs > Y [gv (T — 200"} Feoiwe 1), (3.48)
n=1

where a sum over the WGB index, i, and the gauge scalar index, a, is assumed
and the primed field appearing in the superscript indicates that the bulk profile of
that field is differentiated with respect to y. It is also necessary to note that the
differentiated Higgs profile comes with an additional factor of the RS warp factor

relative to the normalised bulk profile i.e.

o 1 [F n a(m
2 =7 | e () ) 157 ) 15 ). (3.9

We note that due to the presence of the derivative term this integral has mass di-
mension of one. Although this is not desirable it was not possible to find a clear
alternative notation with which to express such an integral. Evaluating (3.49) nu-
merically we have found that, as we would naively expect from comparisons with the

integral in B.12, it is O (Mgk).
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In order to express the physical (not proportional to &,) scalar mass terms in

an efficient manner we group all scalar DOF's into the following infinite dimensional

vectors

+

WD

+ _
ot = (g2, g=@, Wi

+(1
) WR5()a

)

5

)

In terms of these vectors the physical masses can be written as

0 __ 1 1
P _<¢0(1)7 ¢0(2)7 Zé)a Zg(

1

['Higgs D) —(I)+TM§,;E(I)7 — 2(I)OTM§,0(I)O,

where the mass matrices are of the form

)

Y

(

(

(

3.50)

3.51)

3.52)

0 Asav?ZERS? 0 0
27¢PPP (2)2 2rppdy IV ¢’ S ¢¢'S gv ¢¢'S ¢’ S
Asmv™Lier My + Asmv Iiyg, 7(121212 — It ) 7(1125 —1,5; )
v / ’ v v
vio=| 0 ZEeeme)  Limp Lo
gu b’ S b’ S g v? bpSS 92112 GHSS
0 ——(I: —I:> IV 7998 798
9 \Tial 211 4 T1i1 4 Tl
(3.53)
0 Asav?ZERS? 0 0
v ’ ’ v ’ ’
ST e T L (B - T) S (1 - 1)
, , 2 2,2 .0
M| o 9V (go8's _ god's gV poess U pooss
& oct \F121 211 Acv2 T111 4 T11i1
g 2.0 2,2
0 L (IM’JS —IWS) LU goess G*V" 9 700Ss
2 121 211 4 1111 4 1111
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and we have introduced the shorthands

cos(g) = 9,

sin () = s, (3.55)

Although we do not explicitly diagonalise these matrices we note that, due to the
mixing between the gauge scalars of the left and right-handed sectors, diagonalisation
of each of the above matrices will give two distinct towers of mass eigenstates with

a small mass splitting between the two at each KK level °.

3.2.3 Unphysical Scalars

As discussed in section 3.2.1, in an universal extra-dimensional model the scalar
DOFs “eaten” by the heavy vector modes are no longer simply the modes of the
corresponding gauge scalar mode, but are in fact an admixture of the full tower of
gauge scalar and WGB modes. In order to find this unphysical admixture we must
diagonalise the mass matrices containing mass terms proportional to the gauge fixing
parameters &,, i.e. the unphysical scalar masses of the theory. By definition all of

these unphysical mass terms originate from the gauge fixing sector of our model,

= ga a(n n)a n)a i (n) 17 (m
EGaugeFixing D) Z —5<mv( )2W5( ) W5( ) T_|_ 92v21¢¢¢¢ (FTF)¢ ( )¢]( )t

11nm ij
n,m=1

1nm

+2 gumt TPV a gy (m)T) _ % (m(Vn)z A Aém) ’
(3.56)

where again there is an implied sum over the indices a and .

5See reference [40] for the equivalent analysis of the corresponding vector modes
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We note the apparently anomalous appearance of the gauge KK mass and vector

mode bulk profile in the term mixing the gauge scalar and WGB modes. This is due

to the rewriting of the overlap integral appearing in the original form of the term,

using the identity
05 (21 y)) = mi (0 ().
We now define the unphysical analogues of ®* and ®°

Wi = (620, =@ WED, WED,

T
3 ) 9

As= (40, AP

in terms of which the mass terms of (3.56) can be expressed succinctly as

£z

‘CGauge Fixing o= 9

and where the mass matrices are of the form
g2

N

ZTM£ZZ5 é-’Y./4T]\4§ A5 5WW+TM£WW5

02
g v? 1)gv S 1)gv S
i Clmr onSny alen;
()QU ¢¢S - (1) 9V 16¢S
, 2 911}121 2 g11)122 5 L5 1% 71125
= | W9V gees (1) IV 1S (1)2
My my Sy —my 5l my 0
(1)9U $$S ()gv $9S ~(1)2
my 2 2 Tui my 2 DRt 0 My
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(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)



2

[\

2

[\~]

gv 2 2\ roosp 9V 2 2\ ThbPP (1) 9V +o95 - 9V 9764S
1 (1/c¢ + ¢ )11111 1 (1/0‘” +c? )11121 —my, QCwIHi m17c Ilﬁ
g*v? 2 o\ rogos U7 2 2\ TP (1) Y 7995 -~ (1 IY 97¢4S
1 (1/c¥2 4 c?2) TP, 1 (1/c2 + ) IT7  —my, Qszlﬂ My’ 3¢ UARE
2 _ (1) 9V - ¢¢s (1) 9V - ¢¢S (1)2
M, —my 20¢I11i —my QCquI my 0
~ (D) IV 9rp6S ~ (1) 9V 9rppS ~(1)2
1y, ?c Ilﬁ my, ?c Ilzi 0 my,
(3.63)

Due to the unbroken nature of the U (1),, gauge symmetry, the mass matrix of

the scalar photon modes is diagonal,

MZ =diag (m{?, m@P? m®2 ). (3.64)

3.2.4 The Physical Higgs

For completeness we also give the mass matrix associated with the modes of the
physical Higgs field h(x,y). The mass terms which make up this matrix arise from
three sources: the n = 1 mode obtains the analogue of the SM Higgs mass as a result
of SSB, the KK decomposition of the Higgs provides all modes with the usual TeV
scale KK masses and quadratic couplings in which two modes are tachyonic provide
additional mass terms which mix the higher KK modes,

EHiggs 0 _)\SMT

11lnm

where the index combination n = m = 1 is not included in the above summation.

Again we are able to write these three sets of mass terms in the succinct form

1
Litiggs O —§HTM?_,H, (3.66)
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where the infinite matrix is simply

T
H= (0, h®, n, ) (3.67)
and the mass matrix is
m? SAsM v TE0Y SAsM VIO
2
e | P T () +3rsarv? Ty BN v TE
H — 2
SAsMV LI SAsMUA LIS () + 3rsne? iy

(3.68)

The analogue of the SM Higgs mass is defined as m;, = \/émg)

3.3 Feynman Rules

In appendix B we give a complete list of the vertex factors for interactions between
scalar DOFs and vector or fermionic modes within the UCRS model. Some notes on
the conventions used in deriving the vertex factors and also some general simplifi-
cations required to express the large number of couplings in an efficient manner are

necessary:

e Due to the complicated nature of the scalar mass matrices listed in the previous
section it is sensible to use a semi-mass-insertion approximation, whereby we
treat the weak scale masses originating from the SSB procedure as perturba-
tions of the KK reduced theory. Practically this means that the propagator
associated with any internal line will simply have a KK mass in the denomi-
nator. In the name of consistency we have adopted this approach for all of the

fields which appear in our model.
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e The vector nature of the higher fermionic KK modes means that for interactions
involving two heavy fermionic fields there are two possible chiral combinations
the vertex factors of which differ only in the overlap integral which appears.
To halve the number of Feynman rules we simply give one of the chiral combi-
nations plus the replacements which must be made in the overlap integrals in

order to obtain the alternative combination. Those replacements are:

— Exchange all right-handed fermionic profiles for left-handed ones and vice

versa (L <> R)

— Unbar any associated fermionic index which is initially bared and bar any

which is initially unbarred (n <> n)

e We have stated the vertex factors for the quark sector of our model only. The
equivalent couplings of the leptonic sector can be found by making the following

substitutions in the vertex factors stated

d — l. (3.69)

e In order to remove any ambiguity over the range of the indices appearing in the
stated Feynman rules, we have chosen to state the interactions of zero modes
separately from those of heavy KK modes modes. This allows us to state that

all indices appearing in appendix B start from n = 1.

e We have reduced the degree of unnecessary repetition of vertex factors by
only listing one of the two possible zero/heavy mode interactions arising from
couplings containing two fields with (+,+) BCs. The vertex factors for these

‘missing’ couplings can be found from the corresponding stated vertex factor
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by making the obvious index change in the associated overlap integral. We give

as an example of this procedure

Stated qy (”’uﬁif)d)“ ) . D I%;f%,
Unstated gr @ um g0 ®) YU x IE R (3.70)
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Chapter 4

Tree-level Contributions to S and

T

4.1 Preliminaries

Given that the original motivation for the RS model was to provide a solution
to the HP it could be argued that the most important parameter of the theory
to constrain is Mgg. As has already been mentioned, two of the most stringent
constraints on this parameter come from the EW oblique parameters S and T (U = 0
in both the standard RS and UCRS models [9] and will therefore be discussed no
further in this thesis), which in terms of SM vacuum polarisations are defined as [7]

62

ol = 2 mt [[111(0) — I53(0)] (4.1)
S = 4e? |T4(0) — Ma(0) | (4.2)
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where a = e?/4r is the electromagnetic fine structure constant, m?% is the mass of
the SM Z boson, the primes indicate differentiation with respect to ¢* and Ilxy (¢?)

is the part of the vacuum polarisation proportional to the metric tensor,
%y (¢%) = 6" Txy (¢°) + ¢"¢"Dxy (¢°) (4.3)

where XY = {11,22,33,3Q,QQ}. We also remind the reader that the mixing angle
appearing in the above expression, sin dy, (sy ), is that between the neutral SM gauge
bosons in the physical basis and is therefore not equal to the previously defined mixing
angle, sin ).

As is well known [9,26,31], within RS type models the leading order contributions

to the S and T parameters appear at tree-level and arise from two distinct sources:

e Oblique contributions: from the standard corrections to the SM gauge boson

propagators.

e Universal non-oblique contributions: from universal (independent of the fermion

flavour) corrections to SM vector boson-fermion vertices

The presence of two distinct sources of tree-level contributions to the S and T pa-
rameters is due to our analysis being performed within the KK basis of the theory
and the subsequent mixing between zero and heavy gauge modes induced by SSB.
If we were to work within the mass basis of the theory both of these contributions
would be included within the deviation of the masses of the lightest gauge boson
modes and their SM equivalents (see references [9,52] for this alternative treatment).
In order to avoid any confusion during the following calculation of S and T, a super-
script of S will be used to indicate contributions arising from the standard oblique

corrections while a superscript of U will be used to indicate contributions arising
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from the universal non-oblique corrections,
Tiree = TS + TU7 Stree = SS + SU- (44)

The calculations of the total tree-level contributions to S and T have previously

been done for the case of the standard RS model [9-11,19],

2mv? 1 T2 1
Ssanar =—|1-— 5 Tsanar =——>— | kL — — 4.5
tandard = pp2 < kL) tandard = 9¢2 M2 . < 2/<;L) (45)
and also a non-universal custodial RS model (IR confined Higgs) [10,31,52],
2mv? 1 Tv? 1
Scusoia =—|1-— y Tcusoia = T 5 a9 170 4.6
todial = 2 ( kL) todial =y 2 M2 kL (4.6)

from which the suppressive effect of the custodial symmetry on the contributions
to the T parameter are clear. In reference [11] it has been shown that associated
with such a suppression is a reduction in the predicted KK scale of the theory from
Mg > 4TeV to Mg > 2.4TeV and where now the main constraint on Mg
comes from contributions to the S parameter.

In this chapter we will repeat the analysis of these papers for the case of the
UCRS model with the aim of confirming that the custodial gauge symmetry has the
same suppressive effect on contributions to the T parameter as in the non-universal

case.
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VVZ— (0) p \ / 1/1/72— (n) 1 \ / VV; (0)

Figure 4.1: The leading order diagrams in € which contribute at tree-level to the

self-energy of the W, Or geld.
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V[/rz (0) \ 7/ By \ g m/vg (0)

W3' (0) vy Z)(?) Iz ./ I/Vz (0)

Figure 4.2: The leading order diagrams in € which contribute at tree-level to the
self-energy of the W, Ok Geld. We note that we have written W;(")“ in terms of its
admizture of fields with definite BCs.
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4.2 Standard Oblique Contributions

4.2.1 T parameter

We now work through in detail the calculation of the oblique contributions of the
T parameter. As we have chosen to work in the KK basis during our calculations
the tree-level contributions we calculate are actually the leading order terms in an
expansion in the small parameter ¢ = v/Mg, or equivalently the number of mass
insertions. These leading order contributions can themselves be written in terms
of an expansion in powers of kL. During the calculations to follow we will also
generally work to leading order in powers of kL, though in cases where cancellations
occur between different contributions it may be necessary to include higher order
terms in intermediate expressions.
The diagrams to be calculated are shown in figure 4.1 and 4.2, where we have
used the identity
o2
My (¢?) = %Hn 8) (4.7)
to work in terms of the charged vector boson’s one-particle irreducible self-energy
rather than the vacuum polarisations and have used (3.12) to write the W3 field in
terms of fields with definite BCs. This substitution allows us to properly define the
two-particle gauge boson couplings, as well as more clearly illustrating the origins of

the cancellations which occur in the contributions to the T parameter.
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Feynman rules for vector boson mass insertions

2
0 —(n)v g U
(H(1)>(H(1)> Wzr( )uWL (n) 0 Ifﬁ)‘;vguu

2.2
0 —(n)v .gv \74%
(HOWHO) W, Oy O T g,

HON (@ W+ ppy - @ ggvzfmvv
( ) ) L 4 R0 v

(HOY(HO) Wj (O)uWE (n)v 9 v? JY roevv

4 lion G

2
(HOY(HOYy W Qe Cising LUy

4 110n Ypv

2
(HOYHO)y WO 7Y —icos¢ Tzfﬁ;vgw

Table 4.1: A list of the Feynman rules associated with SSB induced vector boson

mass insertions relevant to the calculation of the S and T parameters

Using the vertex factors for the two-particle gauge boson couplings shown in table
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4.1 we are able to write down the amplitude of the diagrams shown in ﬁgure 4.1

By D )

_|_

~.
VR
Ll IS
(Y]
N——
[N}
=

/OL dydy’ e~ 2W+y) <f(1) ) ( i A‘T/n) (n) (y ))

n=1 q_m

< (1 w)) (48)
where we have written explicitly the overlap integrals from the two-particle vertices
and have substituted in the well known form of the zero mode vector bulk profile,

‘(/0) (y) = 1. We note that, despite the KK spectrum of the W, field containing a
zero mode the summation over the intermediate KK modes in the upper diagram of
figure 4.1 starts at n = 1 rather than n = 0. This is due to the fact that the all orders
sum of diagrams containing only zero mode vector bosons provide the propagators
of the zero mode vector bosons with their SM masses and are therefore not relevant
to our discussion of NP contributions to the SM gauge boson self-energies.

At first sight the above expression looks daunting, containing as it does two
infinite sums over the KK modes of the right and left-handed charged vector boson
fields. However, as can be guessed from the suggestive positioning of the summation
signs, we are actually able to convert the summations above into a more readily
evaluated form by identifying the terms in parenthesis as eigenvalue expansions of
mixed coordinate position/momentum space 5D propagators [31]. In the case of the

right-handed gauge field the summation above is equal to the full mixed space 5D
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propagator, @;* (y,v'), while for the left-handed field, due to the absence of the
n = 0 term, the summation is equal to the full 5D propagator, G¥* (y,y'), minus the
propagator of the y independent zero mode propagator, G((IO). Such a term is referred
to as the subtracted 5D propagator and the absence of a zero mode is denoted using
a bar, GI (y,y/).

Using these mixed coordinate propagators and equation (4.7) we are able to write

the (11) vacuum polarisation as

15, (¢?) = ﬁ U_z (5(++) +5(—+)) (4.9)
ul\g )= 152, 4 q q ’ :

where we have introduced the following shorthand for the convolutions over the EXD

1 [F B p 2 _ 2
o = 2 / dydy'e >0 (f10 () GO,y (17 6)) . (410)
Written in the same notation the (33) vacuum polarisation is of the form
S (2 e*v?\ (v .2 2
1155 (q ) — (@) (Z) { (1 + sin gb) 5(S+’+) + cos gbc?é"“}. (4.11)

Substituting (4.9) and (4.11) into the definition for the T parameter above we find

that the expression which we must evaluate is
TS = —C% (551’0*) - 55;’0*)) . (4.12)

w

In order to evaluate the convolution integrals appearing in (4.12) we first sim-
plify the complicated combinations of Bessel functions which make up the general
expressions for the mixed coordinate propagators (the derivation of which are shown
in appendix C) by expanding around their arguments for small external momenta,
retaining those terms independent of the small parameter ¢/k. The expanded 5D

propagators which are used in the numerical evaluation of the convolution integral
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are of the form

B 1 1_€2kL

() o) — hy< (1 — 2k k> 1 4 2k (L —

Giraln) = gy | e (A 2 L2k (L),
(4.13)

_ , 1

G;:—’E)(yvy) = _ﬁ [€2ky< - 1] ) (414)

where y.(y-) indicates the smaller (larger) of the two extra-dimensional coordinates
appearing in expression (4.8).

In order to be able to compare (4.12) with the equivalent contributions derived in
a non-universal custodial model it is necessary to derive an analytical form containing
the dependence of T on Mgx and kL. Due to the Bessel function-like nature of the
tachyonic Higgs profile this might not appear to be possible, however, if we make
the phenomenologically backed assumption that the KK scale of the UCRS model is
larger than the weak scale (and therefore xg) < 1) we find that even at its largest (at
the point y = L) the argument of the tachyonic profile is less than one. As a result
we are able to Taylor expand the tachyonic profile thereby obtaining an expression
with a simple exponential dependence on the extra-dimensional coordinate, y, and
allowing us to evaluate the convolution integrals appearing in (4.12) analytically. To
first order in its argument the hyperbolic Bessel function I, (mg)eky / k:) is

1 1) kL _ky\~
L~ (x( e e y) ) 4.15
2-vyg (1+v) \"H (4.15)

where g is the usual Euler-Mascheroni constant and v is the the Bessel function
order of the tachyonic Higgs profile defined below (2.59). Setting the bulk profile of
the tachyonic Higgs mode to be (4.15) and substituting it into the orthonormality

condition (2.57) we find that, given our initial assumption about the size of the KK
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scale, the normalised bulk profile of the tachyonic Higgs mode can be approximated

by the expression

e xr(y) ~ /2kL (1 4 v)e FLOF) ghy(4) (4.16)

Finally, substituting this expression into (4.12) and integrating over the extra-dimensional

coordinates we obtain the following approximate expression for the T parameter

2

~_ " v [(Aty) 1 1 )
T° o 22, M2, {(2+u) {H (2—0—1/)1 B gkL+O(1/(kL) )| (4.17)

where the approximate equality signifies the fact that we have dropped from the

expression those terms of the same order in kL which are exponentially suppressed

relative to those stated.

4.2.2 S Parameter

As at tree-level Il3¢ (0) = 0 the standard oblique contributions to the S parameter
take the form,

2,2 2 ) )
S% = 167 (ﬂ) <UZ) {(1 + sin® ¢) (55:’0+) + cos® qbé[(];’oﬂ } (4.18)

4312,‘,
In order to evaluate this expression we must once more expand the general solutions
of the 5D mixed coordinate propagators for the case of small external momentum
squared, this time keeping all terms up to order (g/ k)z.
Performing the aforementioned expansion, again using our approximate expres-

sion for the Higgs profile to integrate over the two extra-dimensional coordinates and

removing all exponentially suppressed terms we find that the oblique contribution to

() -5 () +85v[%]>kuou>}.

(4.19)
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The key feature of these contributions to S is that their leading term is O (g%).
As we shall see such contributions are highly subdominant to those originating from

the non-oblique sources discussed in the next section.

4.3 Universal Non-oblique Contributions

In this section we calculate the contributions to the S and T parameters originat-
ing from corrections to SM gauge-fermion vertices caused by mixing between vector
boson KK modes (for example figure 4.3). Due to the different localisations of the
fermionic zero modes in the EXD these corrections are generally dependent upon
the flavour of fermion taking part in the interaction and are therefore by definition
non-oblique in nature (and as such should not contribute to the oblique parameters).
It can be shown, however, that although the full corrections to the couplings are
dependent upon the flavour of fermion, every correction contains an universal cor-
rection which we are able to absorb into the oblique parameters [9,31,53,54]. Due
to the exponential UV localisation of the light fermion zero modes the bulk mass
parameter dependent parts of their effective couplings to heavy gauge boson modes
are exponentially suppressed relative to the universal contributions discussed above.
This justifies our so far implicit assumption that the dominant NP contributions to
the EWPOs are oblique (universal) in nature and means that in the remainder of

this chapter we are able to ignore all non-universal contributions.

4.3.1 The Effective Action

For maximum transparency we have decided to make use of an effective action

approach while discussing these non-oblique contributions to the S and T parameter.
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Figure 4.3: Corrections to the SM Z boson-fermion interactions resulting from the
mixing induced by SSB. Here 1 stands for any of the SM fermions which can take

part in such an interaction
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Figure 4.4: Corrections to the SM W™ boson-fermion interactions resulting from the
mizing induced by SSB. Here ™% stands for any of the SM fermions which can take

part in such an interaction
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This approach parameterises the oblique corrections to the EWPOs in terms of a

generic set of ‘additional’ (relative to the SM) operators [55]

14+A) -~ (1+B). . . 1+0) 5.,  (1+G) -
L =_— ( —Z )FNVF;U/ - ( _Z )WW/WMV o ( —Z )ZILLVZ/LV + ( —Z )F;U/ZMV
~ ~ 1 A o~
— (14 wymd, W= — (1+ Z)mQZZMZ“, (4.20)

where the hats above the fields indicates that they are not canonically normalised
and the tildes over the masses indicates that these are bare Lagrangian parameters.
We note that as we are using the formalism of a low energy effective theory we work
in terms of the vector bosons present in the SM after electroweak SSB and will
therefore be calculating diagrams containing the Z boson rather than W3.

In terms of the above coefficients the S and T parameters are defined as

aS = 453, (A - C - MG) (4.21)
- wW*w s .

CwSw

ol =w — z. (4.22)

The task is now to match the generic effective Lagrangian above to the low energy

effective Lagrangian of the UCRS model.

4.3.2 Coefficient Calculation

The ultimate aim of this section is to absorb the universal part of the non-
oblique corrections into a redefinition of the gauge boson fields and to calculate the
contributions to the effective Lagrangian coefficients resulting from this redefinition.

Including the tree-level corrections to gauge-fermion vertices from zero-KK gauge
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boson mixing, the neutral and charged current sector of our model looks like

2 2

{m (T3 - s3,Q) ¢} _— g“”]

JEE

Lyc =
o,

wL V(TS + 53T — 52,Q) p© 00)L} +L >R,

43%,
(4.23)
- 621}
Leo = fsw Wiy {w‘L%NTN(LO) {1 t — -G } } +He, (4.24)
i

where the summations are over all relevant fermionic zero modes present in our model
and the left-right exchange in the neutral current indicates the right-handed equiv-
alents to the left-handed terms stated (only the fermionic profile in the convolution
integral will distinguish the couplings of the two chiralities). The new convolution

shorthand ! is defined as

- Lt n 2k i
6" = 1 | dvay PG ), ) G ) (1)) (@2

and we have used the now familiar tilde notation to indicate the BC obeyed by
the 5D mixed propagator appearing in the integral. We also note that the above
integral is not symmetric in the two extra-dimensional coordinates. After numerical
investigations we found that the difference between the two choices is small and so

have, based upon the relative localisations of the fermionic and Higgs fields, chosen

'We note the differences between the definition of the convolution shorthands used above and
those used in reference [26]. As earlier in our discussions the differences arise due to the different
KK decompositions used, particularly in this case the absorption of a factor of e*¥ into the fermion

zero-mode. See the appendix in the aforementioned paper for details
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to take the coordinate associated with the fermionic field to be the smaller of the
two appearing in (4.25).

We now use the explicit forms of the fermionic zero modes, (2.47), and the mixed
propagators, (C.18,C.20), as well as the orthonormality condition of the Higgs field,

(2.57), to separate the universal part of the convolution integrals from the ¢ depen-

dent parts
2kL b P
(00) () 1 e (1F2¢%) (5F 2¢¥)
= = Yuniversa 719 —2kL o —a a8 | 4.26
Gomo " = Guniversal ¥ 3 4 v w IRy (3 2090) T Bram) | )
~ 1 17 2c%)kL
géiogum _ (1 F2¢) (4.27)

©2K2 (1 — e@PFDRLY) (3 F 2¢0)

where the left-handed (right-handed) integral is associated with the upper (lower)

sign choices and the universal contribution is of the form

1 L 1 —2ky’ 1)/ s 2 1_62’“: 2ky’ /
gum'versablzm/ov dy@ y(H(y)) {k—L+€ y(1+(L_y))}

(4.28)

The field redefinitions necessary to restore the canonical form of the SM gauge-
fermion interactions (assuming, for the reasons previously stated, that the non-

universal contributions are negligible) are therefore

e2v?
Zy— 7 l——— universa ) 4.29
a a ( 43%[,012,Vg Z) (4.29)
€2U2
+ +
Wu - Wu <1 - @gum’vemal) . (430)

Substituting these field redefinitions into our low energy effective action the mass
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terms of the electroweak gauge bosons now take the form

I3 (0 e?v?
*Cgauge ) mIQ/V (1 + %()> (]- - ﬁgunwersal) W/;’_W_M
w

My
15, (0 e?v?
—|—m2Z <1 + fnZQ( )) (1 - Wgum‘vemal) Z,LLZu’ (431)
7 w>w

where of course the first set of parentheses contain the standard oblique corrections
to the SM W and Z propagators previously calculated. Again making use of the
fact that all NP corrections to EWPO must be small, we are able to read off the

coeflicients

_ II5,(0) et

w= mI2/V 2512/{/ guniversalu (432)
15,(0 22
<= ZZ2< ) - eQU ) gum’versal (433)
ms, 28y Ciy

and therefore the T parameter

2 .
TV = 2w% (4.34)
Cw

Using the same approach as was taken for the oblique contributions we derive the
approximate analytical expression,

VN TV {(H”) [1+ ! }—ijt@(l/(k:L)Q)} (4.35)

C2eh, MEL (24 w) 2+v) kL

To leading order this expression is equal and opposite to the equivalent expression
for the standard oblique contributions. Combining (4.35) with (4.17) we obtain the
following expression for the total tree-level contribution to the T parameter

T2

Three ™ TR {% +0(1/ (kL)2)} : (4.36)
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We note that to leading order this expression is identical to that derived within the
framework of the non-universal custodial RS model, (4.6).
We finally plot the Mgk dependence of Tj... on the same axes as the current

experimental limit on T at the 95% confidence level,
—0.09 < Teyp < 0.23, (4.37)

which we have obtained from the values of T calculated from the experimentally

measured electroweak observables assuming a Higgs mass of m;, = 117 GeV [56]
Terp = 0.07 £ 0.08. (4.38)

We find the resulting plot, figure 4.5, in agreement with the literature, showing as it
does the weakness of the constraint placed on Mg by the tree-level contributions
to the T parameter.

We now finally look at the contributions to the S parameter from this non-oblique
source. Making the field redefinitions shown in (4.30) in the kinetic terms of our
effective Lagrangian we find that that the operator coefficient required to calculate

the S parameter is

e*v?
P gum'versal' (439)

c—-2Y_
2¢2, 8%,

Meaning that the S parameter is given by the expression
SU - 87Tv2guni'uersala (440)

or approximately

2

N v (1+v) 1 1 2
SU_27TMI2(K {(2+V) l1+ (2+V)} —ﬁ+(9(1/(kL) )}. (4.41)
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Figure 4.5: The My dependence of the tree-level contributions to T in the UCRS
model. The yellow band is the current experimental limit on T at 95% confidence

level obtained using a Higgs mass of my, = 117 GeV [56].
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As noted below (4.19), this term is only O (£?) and is therefore extremely dominant

over the oblique contributions. As a result we simply state that to leading order in &
Spree ~ SY. (4.42)

Although this expression is not identical to the non-universal case we observe that
the contributions to S in the UCRS model and non-universal models occur at the
same order in the kL expansion. Using the values for the Higgs potential parameters
stated in (3.23), we find that the tree-level contributions to S are predicted to differ
between the universal and non-universal cases by a factor of ~ 0.9.

We finally wish to compare these tree-level contributions with the current exper-

imental limit on S at the 95% confidence level
—0.06 < Seqp < 0.12 (4.43)

which we have again calculated from the current value of S calculated from experi-

mentally measured electroweak observables [56]
S =0.03£0.09, (4.44)

where of course the assumed value of the Higgs mass was the same as that used in
the calculation of the T parameter, m; = 117 GeV. The resulting plot is shown in
figure 4.6.

From figures 4.5 and 4.6 we can conclude that at tree-level the S parameter
places a constraint on the Mgg of the UCRS model many times stronger than that
resulting from the tree-level contributions to T. This is in line with the well known
results from considerations of the non-universal custodial RS model, (4.6), and is
evidence of the effectiveness of the gauged custodial symmetry in suppressing the

tree-level contributions to T.
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Figure 4.6: The Mgy dependence of the tree-level contributions to S in the UCRS
model. The yellow band is the current experimental limit on S at 95% confidence

level obtained using a Higgs mass of my = 117 GeV [56]
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Chapter 5

Fermionic Loop Contributions to T

We now consider the contributions to T from loops containing fermionic modes.
Given that the T parameter is effectively a measure of custodial symmetry breaking,
we recognise that of all the fermionic one-loop contributions to the SM vacuum
polarisations possible within the UCRS framework contributions to T will arise only

from diagrams containing at least one of two sources of custodial symmetry breaking:

1. Yukawa mass insertions on the fermionic propagators present in the loop.

2. Mixing between the SM gauge bosons and the heavy modes of their SU(2)g

analogues, accompanied by right-handed (as in SU(2)g) fermionic currents.

To lowest order in € the diagrams contributing to T contain only one of the two
aforementioned sources of custodial symmetry breaking allowing us to unambigu-
ously refer to Yukawa and gauge boson-mixing (GBM) contributions to T. Examples
of these two distinct contributions are shown in figure 5.3 and figures 5.1 and 5.2
respectively.

In references [31] and [26] the leading order contributions to T from both of these

sources were considered. In these papers it was argued that as the unbroken bulk cus-
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Figure 5.1: The contributions to Ilyw (¢*) from diagrams containing mixing between

right and left-handed gauge bosons and a loop containing two quark KK modes with

no Yukawa insertions. In addition to these diagrams the equivalent set of diagrams

containing leptons also make contributions to the T parameter. Note that for loops

containing fermionic zero modes only one of the two stated chiralities is possible.

97



u(p)
qL.Rr

<HY > <HO>

<HY ><HY >
\ !
\ /

\

I‘V',f,“”] \ 7/ IV}%(O‘

u(q)
qrL.r

u(p)

| XL.R

<HD > <Hgb > <HY ><HWY >
\ /

\ !

AN

Wle("” \ H,z(m

/ uﬁ(u)

_ulg)

XL.R

(p)
DL R
<HY ><HY >
\ /
v

\r

”,g(m WAt

Di'

1(p)
< HD >« g 5 anh < HD > g <
\ / \ !
\ / \ !

3 ) £3(0)
H'L‘[“) \ 1,[',-}{)(n) ”,lg(m \ ”,L(l
—
ani

. d(p)

<HY >« gO > XL,R < HWD >« g) -
\ / \
\ ! \ !

73 3 (m) 73(0)
I,‘,;m,\ \ ”..r;zn) ”r;((rr, Wi Wi
(g
Xl_ll?)

U"” (p)
<HW>< gl > VLR <HW >< g0 >
\ / \ !

\ / \ !

U"L‘U') \} ”,1.;(,.', ”Vl‘{ew') \ ! Wl(n‘»
Iy )

ULt

Figure 5.2: The contributions to 1l33 (¢%) from diagrams containing mizing between

right and left-handed gauge bosons and a loop containing two quark KK modes with

no Yukawa insertions. In addition to these diagrams, the equivalent set of diagrams

containing leptons also make contributions to the T parameter. Note that for loops

containing a fermionic zero mode only one of the two stated chiralities is possible.
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Figure 5.3: The contributions to yw (¢°) from loop diagrams containing the third
generation of quarks and four Yukawa mass insertions. We note that for diagrams
containing fermionic zero modes there is only a single combination of quark chiralities
possible (rather than the two possible for a diagram containing only heavy fermionic

modes).

todial symmetry of the UCRS model forbids any non-Planck scale suppressed counter
terms with which to remove unwanted infinities, all individual KK loop contributions
(contributions from 4D diagrams containing KK modes) to the T parameter must be
UV finite and the sum over these contributions convergent. Following a simple esti-
mation of the relative sizes of the two contributions, the Yukawa contributions were
assumed to be dominant and were calculated in full, while the GBM contributions
were considered no further. In this section, therefore, we will complete the detailed
discussion of the contributions to T arising from fermionic loop diagrams by first
attempting to directly verify the finiteness (or not) of the GBM contributions before
subsequently providing a numerical analysis of the contributions arising from both

fermionic bidoublets, €2, and the right-handed triplets, T (cf. (3.25) and (3.26)).
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In order to simplify the following discussion it is useful to define shorthands for

the two distinct GBM contributions,

=Y Ty, =Y T, (5.1)

n,m=0 n,m=0
where the sum is over the KK modes of the two fermions which take part in the
GBM diagrams and the subscript B(T) refers to bidoublet (triplet).

Before starting the detailed discussion of the calculation of these contributions
we note that although GBM diagrams containing all generations of quark and lepton
can contribute to T we have found it convenient to explicitly calculate the GBM
contributions to T from diagrams involving the third generation of quark only. All
expressions appearing in the remainder of this chapter therefore refer to the contri-
butions from these fields while all remaining contributions can be found from those
expressions explicitly stated through simple substitution for the quantum numbers

(QNs), masses and bulk fermionic mass parameters of the relevant fermionic field.

5.1 Bidoublet Contributions

In order to calculate the contribution to Tg from the third generation of quark
we will need, in addition to the gauge boson two-particle interaction vertex factors
given in table 4.1, the Feynman rules associated with vector-fermion interactions.
Although we have not derived these rules as part of this thesis we can obtain the

relevant vertex factors from the corresponding gauge scalar-fermion Feynman rules,
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given in section B.2, by making the following replacements:

_2'75 N e
O = (),
My - ). (5.2)

Using these rules we are now able to write down the total contribution to the one-
particle irreducible self-energy of the charged SM vector boson from diagrams of the

type shown in the upper half of figure 5.1,

w (oo} o
. v 2 gv g bPVV opdpVV G
Z<H€VW>B (q ) D 2 Z (_2_ ) (7) Liion Liimo (q2 _ N(n)2>

my,

L'LYW A LIL'V Bl ’W RRYV 7R'R'V e \"
<Iﬁln Ifﬂm ) (LL1L1> Ipqn Ipqm LRlRl

L'L'V 7RIR'V m R'R'V 7LL'V m
<Ipqn Ipqm ) (Liqlm) (Iﬁqﬁ Ipqm ) (L%U) ] ) (5'3)
where we have adopted the same notation to label the contributions to the self-energy
as we have used for contributions to the T parameter, (5.1), and we have defined the
loop-momentum integral shorthand

v d*k i i
Lp‘iaaa) :—/ Tr < iv"Prr —wP — 1t (54
<L<R)L<R) (2m)"* {7 L(R k+g 7 L) <q>}< )

K Mya

with Py, r being the 4D fermionic projection operators,

Prp= (H;%). (5.5)




We also draw the reader’s attention to the fact that the mass spectrum of the ¢
and ¢® fields contain left-handed zero modes. We have therefore used different KK
indices (I and ¢) for the right-handed and left-handed chiral modes of these fields to
account for this difference in spectrum. We also note that due to the identical KK
mass spectra of the up and down components of the two left-handed SU(2) doublets,
their separate contributions to the above expression can be combined into a single
term.

It is also important to clarify the difference between the use of our tilde/bar
notation in the loop integral shorthand defined in (5.4) and the previously defined
overlap integrals. In the case of the loop momentum integral shorthand the tilde/bar
above a given index indicates the BCs obeyed by the left-handed modes of the related
fermionic field even if the mode appearing in the diagram associated with the integral
is in fact right-handed. The reason for this slightly counterintuitive notation is to
indicate clearly the fermionic masses appearing in a given loop integral, these being
independent of the chirality of the mode appearing but instead determined (in our
convention) by BCs of the left-handed modes.

The above form of the self-energy can immediately be simplified greatly by again
making use of the 5D mixed coordinate propagator technique to evaluate the two
sums over the vector boson KK modes. Applying this to both of the sums over gauge

KK modes appearing in (5.3) enables us to obtain the following expression for the
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(11) vacuum polarisation amplitude

(v 2y )Y AN GG i \" | (GGorGGD)r pg \M
(), > (57) 50 (@) (s.,) + (@06) (i)
p,q=1

~ ~ = ~ v ~ = o~ . n%
+ (gépq)Lgépq)R) (Liqlm) + (gépq)Rgépq)L> <LII)%(11L1> ] (5.6)

In order to write down the contributions to IT%; (¢%) from the class of diagram
shown in figure 5.2 it is convenient to again exchange the modes of the W3 field for
those of the By and Zx fields. Decomposing the total vacuum polarisation into the
contributions involving different combinations of heavy By (the diagram containing
zero mode By fields is a SM diagram and therefore can not contribute to T) and Zx

modes,

(516),, = 1| (W), + (W, ), + (T )

B
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where the individual expressions are of the form

o v > 22\ 2 1 [ 7. ’
Z<Héxzx(q2)>3 o2 p; (cosgb%) {(cosgb {5 - 681112 ¢]>

=1
1,k=0

~ ~ — uv e = e = o uv
«[(emam) () @) ()

2(0g67) (171,)|

2
1 1 1. ~ ~ nv ~ v
+ <COS¢ {_5 - : sin2 ¢:| ) [(gélk)Lgélk)L) (LT1L1> + (gépq)RgéPQ)R) (nglRl)

I 2(§épq)L§éﬁq)R) (LJZQIRI)W] }’ (5.8)
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+(é Sin¢>2 [(%”“%”“ﬂ (Lgcm)‘“' i <géﬁé)Rgéﬁq)R> (nglRl)W
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(g [s o] )| (o em) ()" + (@) (110)

e _ v o~ o\ MY
+ (gmeGnn) (17, )" + (9PmGome) (L) ]

(o) (ot =3 o] (o) (s )

o~ v ~ n%
+ (gépq)Rgépq)R> (L%m)H + <gépq)Lg;pq)R> (L]ﬁm)

+ (géﬁq)R(:jéPQ)L> (L%U)W] }7 (5.10)

) v v y 0
i, () = (T () (5.11)
where we have used the identities
(LQTLa)W = (L%Tm)“”,
(LYdRa)™ = (Lpapa)™ . (5.12)
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Considering the above expressions it should be noted that as the BC breaking of
the SU(2)g symmetry occurs simultaneously in the gauge and fermionic sectors the
contributions to Tg are not simply proportional to the mixing angle sin ¢ (as would

be the case if the breaking were confined to the gauge sector), but also to (T}i)2 and

(TR)".

5.1.1 UV Behaviour

Before we are able to numerically evaluate the contributions to T }5 we must first
consider the assumption made in the literature that each individual 4D KK contribu-
tion is UV finite. This task first requires us to evaluate the loop momentum integrals
which appear in the above expressions using the standard dimensional regularisation
approach. Performing the necessary integrals we find that the relevant terms (those

proportional to the metric tensor) are

{ 2 2 2 2 2
Li%Lb(RaRb) (q2) = — T [2322((]2, mgfa) ,mz(qu) ) — QZBl(q2, mffa) ,mffb) ) — Ao(mffb) )

{ 2 2
L ooy (6°) = = g3 milmid) Bola®,myf),myf)”), (5.13)

where the Veltman-Passarino functions [57] appearing above are defined in appendix
D. In the context of the current discussion we are particularly interested in the parts

of the loop integrals proportional to the divergent quantity Ayv,

2
AUV = - —7E + 11147'(', (514)
€
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which are of the form,

UV i [ 1 2
2 _ (p)2 (q)2 q
(L%Lb RaRY) (q )) ~ sz |2 (mwa + My, ) + g] Auv,

Pe ( 2) v _ _L _m(P)m(Q) A (5 15)
LaRb(ReLY) q - i Ya 'y Uv. .

At zero external momentum, the UV divergent parts of the relevant vacuum

polarisations are therefore

¥ 2,2\ 2 ; o0 1~ e
UV gv ¢ @) AL [~ (p)2 )2
Z(HH (0))3 D <—4 ) <__87T2> 2. { — §gq:0qu:0L (m¢1 +my, )

1 5 om 5Govm { a5
_ —gPDRGPDR (mEZ)Q + mff1)2> + QQéfngéfo)R <mfﬁ)mffl)) }AUV, (5.16)

1 (=G 5 SGir 5 G ~ (p) ~
y [_ . (QS@LQS@L +ggg}zgggla> (mfﬁ)2+ (0)2 >+Qg 7 G (PD)r (ml(pgml(m))]

1 1 2 _
- [————Sin2 } [ g(lk Lgél:k()f< (02 -I—ml(fl))

2 6

1 ~(59)r 5(50) (p)2 (q)2 v 50D ()
LG G (") - G ()

}AUV, (5.17)
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1 1

}AUV, (5.18)

109



T ¥ 9 292\ ? 1 = 7
Z<HZXBY(O)>B D 2sin qb T —% Z 6
pyq=1
l,k=0
1 . = N _
y [_ L (GG + GG (07 + )
+ (053G + G x (mg;gmggg)]
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)

}AU\/.

(5.19)

Substituting expressions (5.16)-(5.19) into the definition of the T parameter we

see that, contrary to the assumptions made in the literature, there is no cancellation

of the 2/e terms for any of the individual KK contributions. This non-cancellation is

a direct result of the dependence of the effective gauge-fermion couplings on the BCs

of the gauge and fermionic fields and our use of BCs to break the gauged custodial

symmetry of the model in both the gauge and fermionic sectors. This is most clearly

highlighted by noting that the sought-after cancellation of UV divergent terms does

indeed occur if simultaneously the SU(2) g gauge bosons have identical BCs and each

fermionic multiplet is made up of fields with the same BCs.
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It is also important to note that due to the presence of the fermionic bulk profiles
in the effective gauge-fermion couplings the form of the divergent terms is different
for each contribution rather than there being a common form across all modes. This

appears to make the task of removing these terms more complicated still.

5.1.2 Renormalisation and Numerical Evaluation

In order for the UCRS model to be a useful phenomenological model, and conse-
quently for us to be able to perform a numerical analysis of the fermionic one-loop
contributions to T', we must now absorb the UV divergent terms proportional to Ayy
identified in the previous section into its bare Lagrangian parameters. Although in
the course of our investigation we have not been able to identify the form of the
counterterm which would allow for the relevant divergent contributions to T to be
removed we have decided, rather than stop our investigations at this stage, to assume
that such a counterterm does indeed exit. Having made this assumption we are then
able to use the MS renormalisation scheme to remove the UV divergent parts from

the relevant vacuum polarisations,
Iy (¢°) = vy (¢°) — TRV (¢°) (5.20)

and subsequently proceed with our numerical analysis. It must be noted that if
ultimately it is determined that no such counterterm exists the following analysis is
no longer valid and indeed the validity of the UCRS model as a phenomenological
model would be in question.

An important consequence of using the MS scheme in the renormalisation of T is
that all finite one-loop contributions now depend upon the arbitrary renormalisation

scale y. For the remainder of this work when discussing the GBM contributions to
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T it is assumed that they have been evaluated at the scale of the Z boson mass, i.e.

n=mgz,
Thry = Thipy (mz) .- (5.21)

In related analytical expressions and plots we have explicitly stated the u dependence
of such contributions.

From the presence of the generally complicated overlap integrals in gg’;’{;) and
5;713) it can be assumed that it is necessary to use numerical methods to evaluate
the individual contributions to 7T’ g. In order to better understand the dependence of
the contributions on the fundamental parameters of the theory, to more easily identify
dominant contributions and also to be better able to make comparisons with other
contributions, it would be useful to derive approximate analytical expressions for the
individual KK contributions in much the same way as was done for the tree-level
contributions. It is clear from our discussion of the form of fermionic bulk profiles
that the relatively simple form of the fermionic zero mode profile, (2.47), will allow
us to derive an approximate (again using the approximate form of the Higgs profile)
analytical expression for the contribution arising from loops containing two zero
mode fermions. In addition to these expressions, there is also a region of fermionic
bulk mass parameter, c¢¥, space in which similar expressions can be obtained for the
contributions from two n = 1 fermionic modes (or of course one n = 1 mode and one
zero mode). We are able to obtain such expressions for contributions containing n = 1
modes because of the fact that in the region of parameter space —0.5 < ¢, S —0.3
the mass of the n = 1 mode for fermionic fields with (+,+) or (—,+) BCs is less
than the KK scale of the theory, i.e. Mgg > mfj). This property then allows for the
Bessel functions which form the exact n = 1 profile, (2.48), to be Taylor expanded

in the same manner as the Higgs profile in the previous section. This process leaves
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us with the approximate expression

P P
2 fi0 (4) ~ \J2RL(L + o e ) ), (5.22)

which is now of a form which allows for the relevant overlap integrals to be performed
analytically.

Utilising the above expression in conjunction with the approximate form of the
Higgs profile, (4.16), and the fermionic zero mode profile, we are able to derive the

following expressions for the relevant effective couplings

GOome KL | (1F2) L (2e)ie
= O 2MEy | [(1F2)RL _ | 3 2ch ’
GO 1 1 . o(1F2¢)kL 1F2¢¥ (1—2kL) + (1+v)
=0 T AMZ kL e(F2e)kL — 1 \ 3 5 2cY (2+v)
1 AF2e)kL 9 (1 £ ¥
4 ( +1/)2 wi = ( + a)2 7 (5.23)
A CE2 T
G L \/ 21+ alm) (1 F26) /2w IhL
q=0 - QMIQ(K e(1F2ct kL _ (7/2 + Oéle(R) = CZ))’
P ¥
g Oeeme 1 \/2(1 + oy ) (1 F 2cf) e(1/2F e JkL (1— 2kL)
O T AME e(F26)KL _ (7/2+ oy F )
9 (1/2:Fc}f)kL
. =0 (5.24)
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(1) pa(gya 1 1 (1 T Ofé(R)) (14+v) (1+v)
G = — — L (1 —2kL) + + >
AM ik kL <2 + o/,f(R)> 2+v) 2+

+

(1 + CY%(R)) } (5.25)

2
P
<2 + ozL(R)>

From these expressions we are then able to derive approximate expressions for the
three contributions to Tg containing n = 1 fermionic modes or lighter.

As each individual diagram is quadratic in effective couplings, we see from the
above that the coefficient of the loop momentum integrals in the leading terms of the
vacuum polarisations above must be of the order (kL)?/M4 . The question is now:
to what degree does cancellation occur between the different vacuum polarisations?
In order to more easily identify the origin of any cancellation which does occur, it
is convenient to group together contributions to Tfé’ which are proportional to the

same QNs,

T80 = | ((10F0)) - (05,0)) ) —sin'o (10).

~ 2sin? ¢<H¥§Y(O)>Z] , (5.26)
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where we define the new expressions

<H§§S(q2))i > (%)2 i { [(ggmggm) (L’Z]ly(cf)) ;

n (ggﬁmggﬁm) (Lfgqlm(qz)) > +2<§§5qugé;m) (L’;%Rl( ))MS” (5.27)

(88,2 3 (7F) | am) ()"

o (0038) () 2G5 1 )]

_|_

(géZk)LgNém)L) (LL (g )>MS+ <§(§}7¢7)R§[§I75)R) (L;;%qul( ))MS

2 (QN(E”‘”LQN?‘”R) (L’;‘%Rl (qQ))MS] } (5.28)
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- (é@w;m - 55’7&)’%55%) (Lf;ELl(qQ))MS +LeR

1\ /1 - o~ NS
(3) () @ -aee) ()

} (5.30)

and have used the superscript MS as a shorthand for “all terms proportional to Ayy

~ ~ o~ MS
+ (gépq)RgéM)L _ g(gth)Rgép!I)L) <L%L1(q2)> L LoR

removed”.

Before discussing the approximate analytical form of the n < 1 contributions to
Tg it is beneficial to first determine the leading order dependence on kL and Mg
of the vacuum polarisations appearing in (5.26). Assuming that following the trend
of the expressions in (5.23)-(5.25) the leading order terms of all effective couplings

have a common dependence on Mgg and kL, we are able to derive the following
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relationships !

—_— nm JE— (]
<H11V{S (O))B ~ (HQM;T}% (0))3 ~ O ((kL)* /M) x Loop integrals,
(H@(O)) ~ O (1/Myg) x Loop integrals,
B

<H§y(o)>:n ~ O (kL/M[A}K) x Loop integrals. (5.31)

As regards how the n < 1 contributions depend upon the fundamental param-
eters of the theory, the expressions immediately above tell only part of the story.
Specifically, although the vacuum polarisations dependending exclusively upon the
QNs of the SU(2)g appear to be dominant, their importance to the contribution
to T g from a given KK level depends strongly upon the degree to which the custo-
dial symmetry is broken at that fermionic level. For heavy KK modes, due to the
aforementioned (section 2.2.3), numerically verified, approximate equality between
the mass spectra for fermionic fields with (+,+) and (—,+) BCs, the custodial
symmetry in the fermionic sector remains approximately unbroken, resulting in the

approximate cancellation of the two SU(2)g vacuum polarisations,
nm

(HW(O)):” - (H%FT;T%(O))B ~ 0, nym=1,2,3. .. (5.32)

The dominant terms in the contributions from heavy modes therefore arise from
JE— nm
(H%SY(O)) . At the n = 0 KK level however, there is no such residual custodial
R B
symmetry to protect Tg’ , broken as it is by the BC dependent existence of a fermionic

zero mode. As a result, for diagrams containing at least one fermionic zero mode,

T will be of the same order as the vacuum polarisations of the SU(2)z QNs, (5.31).

I Testing these relationships numerically we have found that it is fair to make this assumption

regarding the kL and Mgk dependence of the effective couplings
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The explicit forms, to leading order in the kL expansion, of the n < 1 contribu-

tions to Tg’ are as follows

2 ot
TO(u) ~ ( — ™ g*v?\ (kL)? (1— 2071#) p2(1—2¢] kL Lo 1
B S\ 28, 4 ) M, p(1-2¢)kL _ | (3 - 26”)2 %7
1

x (L% ()™ (5.33)

T (1) =~ —T% (u) ~ (1) (g%?) (;@2{ (1 + aﬁ) (1 - 2&1”> 26 L

SIQ/V 4 M;%K 6(172c1f)kL 1 (7/2 N a% - qup>2

e (é) } x (229, ()™, (5.34)
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i (2 - oz%) (2+ l/)2 i (2 + alf)g vo (k_L) <LL1L1(O)>
(1+of£) <1+aﬁ) (1+ofﬁ> (1+v) <1+off) (1+v)
" <2+ofﬁ> (2+aﬁ) +(2+af)(2+u)+(2+af)(2+y)2

a¥ Y -
(2<1++oz%)2>((214+r o/)f> i (i> ] <L3Rl(0)> Lo R}v (5.35)

where we have made the numerically backed assumption that mgl) = fﬁq(f). As can be
seen from the above, the leading order terms of T3° and TR are equal and opposite
(a relationship which holds for all non-diagonal couplings involving a fermionic zero
mode), with the result that these will cancel when summing all the individual con-

tributions to Tfé’. It makes more sense, therefore, to think of these two non-diagonal

contributions as a single contribution, the leading order term of which is given by
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Figure 5.4: Definition of the zero mode top quark propagator used in the loop mo-

mentum integrals appearing in the contributions to Tg

the expression

T8 () + 75 ) = -

7?012,1/) (gzv2> kL { (1 + a%) (1 - 20%) [ e(1-2c})kL
(

M;l(K 6(17251”)1@ 1 7/2 R a% - C%)z

26(1720"1[))]6[/
3
<7/2 +ay — sz)

where we have simplified the expression using the fact that the loop momentum

+

+0O <i> } < (L9, )", (5.36)

integrals are symmetric in the two fermion masses.

A final, technical, detail which requires discussion is the evaluation of the loop
momentum integrals containing fermionic zero modes. As in the KK basis these
zero modes are by definition massless the loop momentum integrals in which they
appear suffer from IR divergences in addition to the UV divergences common to all
two fermion loop integrals. In order to regulate these IR divergences we replace the
massless KK propagator with that obtained by summing all possible corrections from
Yukawa mass insertions between two zero mode particles, figure 5.4. We note that on
the left-hand side we have replaced the inserted Yukawa mass, thIOL()11R4¢, with the
physical mass of the top quark, m;. We are able to do this safely as again, the two
quantities differ due to the mixing between zero and heavy KK modes caused by the

SSB procedure and is therefore O (¢). As a similar replacement must be made for
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bottom quark zero mode, we see that it is necessary when performing the numerical
analysis for us to split up the loop integrals containing zero mode fermions into a
top and bottom part, e.g.
Ms 1 MS MS

(L8 (0)™ = 5 [(L%%Lt )" + (299, (0))7 . (5.37)
We conclude from this discussion that the loop momentum integrals containing only
zero mode fermions are suppressed by a factor of at least € (more in the case of the
contributions from the zero mode bottom quarks) relative to the integrals containing
at least one heavy KK mode. This suppression can be seen by making a rough

estimation of the three loop integrals of interest,

(L%(R)L(R) (0)> ~ (LL(R)L(R) (O)) ~ Mlz(K log M12<K/M27

(L (00)™ ~ v?log v?/42%. (5.38)
Taking all of this information into account, we see that although the coefficient of
the loop integral is largest for T the enhancement of kL (relative to the other con-
tributions considered) does not sufficiently compensate for the suppression caused by
the smallness of the top quark mass relative to the KK scale of the theory (obviously
for other fermions this effect is even larger). This means that in fact such con-
tributions are subdominant to the contributions from those loops containing heavy
fermionic modes. We would expect contributions containing at least one heavy mode
(again treating the sum of the two non-diagonal contributions as a single contribu-
tion) to be of the same order of magnitude.
In order to put the magnitude of these contributions into some sort of overall con-
text, it is useful to compare these individual GBM contributions with those tree-level

contributions calculated in the previous chapter, as well as to a similarly estimated
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individual KK Yukawa contribution containing four n = 1 fermionic modes. Com-
paring expressions (5.35) and (4.36) and using the estimate for the loop momentum
integral stated in (5.38) we see that the individual bidoublet contributions containing
heavy fermionic modes occur at the same order in the € expansion, but two orders
higher in the kL expansion. Although such an enhancement is O (10%) the one-loop
contributions have additional factors such as the small gauge coupling constant, as
well as terms dependent upon the bidoublet bulk mass such as the loop momentum
integrals, which must be considered when assessing the relative sizes of one-loop and
tree-level contributions. A full assesment of the ¢¥ dependence of the individual
one-loop contributions is performed below but as a rough estimate we would predict
that, dependening on the value of the bidoublet bulk mass parameter, clf, the indi-
vidual one-loop contributions to Tg are at least of the same order of magnitude as
the tree-level contributions and possibly an order of magnitude larger.

In order to obtain an estimate for the contributions to T from a diagram con-
taining no gauge boson mixing and four Yukawa mass insetions we must first evalute
the overlap integrals associated with a single such mass insertion,

(kL)" /2
(3+aﬁ’+a}é+u>'

THY =\ [8(1 +al) (1 + ) (1 +v) (5.39)

Raising this expression to the fourth power, multiplying by v* and including an
estimate of the size of the six fermion loop integral we find that the leading order

term for such a contribution to T will be of the form
T (1) ~ & (kL) log M /11, (5.40)

where we have made a logical extension of the notation used for the GBM con-
tributions to 7. From this rough estimate we conclude that we would expect the

bidoublet contributions to T' from the GBM diagrams to be subdominant to those
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from the Yukawa insertion diagrams featuring the third generation of quark due to

those contributions being of a higher order in kL.

5.1.3 Numerical Analysis

In order to investigate the contributions to Tg from diagrams containing modes
with n > 1, or indeed for values of the bulk mass parameter outside of the range
for which our expansion of the n = 1 fermionic profile is valid, it is necessary to use
numerical methods. The main initial concern is whether the infinite sum of individual
contributions converges: a question which essentially boils down to whether the
decrease in effective couplings caused by the increasingly oscillatory fermionic profiles
dominates over the simultaneous increase in loop momentum integrals. As we were
unable to find an analytical solution for the summation of all KK levels we must
instead investigate the convergence of these contributions numerically, i.e. sum up
contributions to Tg from an increasingly large number of KK modes. In order to
represent this sum (and the equivalent sum involving the contributions from the

triplet modes) we define the functions

TH (Naz) = > > Tt (mz) . (5.41)

Performing such a study we obtain figure 5.6, from which we observe that the con-
tributions to T from the fermionic bidoublets do not converge.

Faced with this lack of convergence we are restricted for the remainder of this
thesis to investigating numerically the functional dependence of individual contri-
butions on a selection of the fundamental parameters of the theory. In order to
perform such an investigation it is first necessary to decide upon a “benchmark” set

of parameters which can be used to fix the parameters not under investigation in
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Figure 5.5: The dependence on the KK scale of the theory, Mgk = ke ™*L, of the
contributions to Tg arising from diagrams containing n = 2 fermionic modes or lower
calculated within the framework of the standard UCRS model. In calculating these

) (n)

contributions we have assumed mgpn =my,~ and have used the benchmark choice for

the bidoublet bulk mass parameter, clf = 0.45. Due to the high level of suppression
relative to the other contributions we omit T](BO’O) from the above. The yellow band
gives the current experimental limit on the T parameter at the 95% confidence level

obtained using a Higgs mass of my, = 117 GeV [56].

any particular study. For all plots, unless explicitly stated otherwise, the following

set of parameters are assumed to be correct,

& =045, b = —0.58, kL = 36.8, Mgk ~15TeV. (5.42)
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Nz, T3™ (Nppae) = Zflv;”gz Z’;‘Ef T](Bnm) (mz), calculated within the framework
of the standard UCRS model. For this calculation it was assumed that Mgx =~
1.5TeV (kL = 36.8) and clf = 0.45. The dashed red line indicates the current lower
experimental limit on the T parameter at the 95% confidence level obtained using a

Higgs mass of my, = 117 GeV [50].
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The value of the bidoublet and triplet bulk mass parameters, clf and cﬁf respec-

tively, were chosen such that with a dimensionless Yukawa coupling O (1) it was
possible to reproduce the observed bottom mass, m;, = 4.4 GeV, without having a
phenomenologically troublesome (due to the anomalous Zb.b;, coupling) IR localised
right-handed SM bottom quark. Clearly there are other choices of these parameters
which meet this simple criterion, however, as this choice exhibits the two salient
features of all such choices (an IR localised left-handed SM top and bottom with a
UV localised right-handed bottom) we decided that this choice is as good as any for
the current analysis.

Our chief concern in performing this analysis is again to determine the strength of
the phenomenological constraints from the T parameter on M. As well as showing
the non-convergence of the infinite sum over all individual KK contributions to Tg our
numerical analysis has shown the first few individual contributions to be at least the
same order of magnitude as the contributions coming from the higher KK levels; in
the majority of cases they are larger. In figure 5.5 we have therefore investigated the
My dependence of all contributions from diagrams containing fermionic modes of
KK level n = 2 and lower. As can be seen from this figure, the dominant contribution
of those considered is that associated with diagrams containing n = 1 and n = 2 (and
no zero) modes. Comparing figures 4.6 and 5.5 we see that the constraint applied
to M from these individual contributions is of a similar level to that coming from
the tree-level contributions to the S parameter and is considerably more stringent
than that arising from the tree-level contributions to T.

Due to the large hierarchy amongst SM fermionic masses, the bidoublet bulk
mass parameter values required to reproduce the SM fermionic mass spectrum could
be anywhere in the range —1 < ¢! < 1 [6]. As a result of this broad range it is useful

to investigate the constraints on Mg from the bidoublet contributions to T across
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the whole range of the plausible clf range and not just for the “benchmark” top
quark value used in figure 5.5. Such an investigation also allows for us to determine
the relative importance of the contributions to Tg’ from the different generations of
quarks and leptons. To this end we have considered in figure 5.7 the cif dependence
of the same five contributions as in figure 5.5 for a KK scale of Mg ~ 1.5TeV
(kL = 36.8).

From this plot we see that across the whole of the c}p parameter range the (1, 1)
contribution is the dominant contribution of those considered and, more generally,
that all contributions have a relatively complicated dependence on the bulk mass
parameter. This complicated dependence is a direct result of the Bessel function-
like nature of the mass equations from which the mass spectra of the fermionic
fields are derived. This connection is shown particularly clearly at clf = —0.5 where
a discontinuity in the clf dependence of those contributions containing the n = 1
mode is the result of a similar feature in the ¢! dependence of the n = 1 mass
spectrum. In addition to this complicated czf dependence we also see the increase
of those contributions containing at least one zero mode for regions of clf relating
to IR localisation simply associated with the well known exponential nature of the
fermionic zero mode profiles.

The main conclusion which can be drawn from figure 5.7 with regards to the
constraints on M is that for the majority of the parameter space the constraint
coming from the (1,1) contributions are of a similar strength to those arising from
Siree, but in a region of parameter space around clf ~ —0.5 the (1,1) contributions
to T g could possibly become more important. This fact, in addition to the non-
convergence of the KK sum, clearly indicates the failure of the gauged custodial
symmetry to protect the T parameter from large quantum corrections. Given the

complicated nature of the cql/’ dependence exhibited in 5.7 there are not too many
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conclusions which can be drawn with regards to the relevant importance of contribu-
tions to Tg from the remaining fermionic flavours. We can, however, see the expected
increase in the contributions from diagrams containing zero modes for values of clf

associated with the IR localisation of left-handed zero modes (clf < —0.5).
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0.2r

T(my
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Figure 5.7: The dependence on the bidoublet bulk mass parameter, c’f, of the contribu-
tions to Tg arising from diagrams containing n = 2 fermionic modes or lower calcu-
lated within the framework of the standard UCRS model. It has been assumed during
this calculation that mf;) = fﬁfpn) and that Mgk ~ 1.5TeV (kL = 36.8). Due to the
high level of suppression relative to the other contributions we omit Tg)’o) from the
above. The from The yellow band is the current experimental limit on the T param-
eter at the 95% confidence level obtained using a Higgs mass of my, = 117 GeV' [56],

while the dotted purple line indicates a discontinuity.
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5.1.4 The LRS Model

We now wish to investigate whether the potentially severe constraints on M g
from bidoublet contributions to T discussed above can be ameliorated somewhat us-
ing an LRS variant of the UCRS model. As discussed briefly in the Introduction, the
difference between the “Little RS model” [23] and the standard RS model is the fact
that the goal of solving the full gauge hierarchy probelm, so important to the moti-
vation of the RS model, is dropped in the LRS model in favour of solving the smaller
hierarchy between the weak scale and that required to adequently suppress higher-
dimensional flavour violation operators, O (10 TeV). In order to implement such a
change of focus we must make the following change in the fundamental parameters

of the theory,

(M,)Lrs ~ krrs = 10° TeV. (5.43)

In order to maintain the same value for our benchmark KK scale (Mg ~ 1.5TeV)
we must simultaneously make the following change to the benchmark parameters

shown in (5.42),
kL =6.1. (5.44)

Considering the dependence on kL of the approximate analytical expressions for
the contributions to T}, derived so far, it is clear to see how such a change in the
benchmark parameters may bring about a loosening of the constraints on Mg g from
the fermionic loop contributions to Tg. All other benchmark parameters will remain
the same for the numerical analysis to follow.

Repeating the convergence test for the sum over all individual KK contributions

to Tg we obtain figure 5.8 from which we again observe the lack of convergence of
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the sum over all KK contributions to T%. It is important to note however that in
the case of the LRS variant of the UCRS model after 6 KK levels have been included
in the summation, the lower experimental bound on T shown in figure 5.6 is yet to
be reached. Extrapolating from the points shown in figure 5.8 we estimate that 11
KK levels would have to be included in our sum for the experimental limit to be
surpassed. This is a considerable weakening of the constraint on Mg compared to
the standard UCRS model.

In figure 5.9 is shown the KK scale dependence of the contributions to Tg from
diagrams containing n = 2 modes or lower using the LRS benchmark value for kL
(kL = 6.1). Comparing this figure with figure 5.5 we see that although the rela-
tionship between the different contributions is the same for both parameter choices
the expected reduction in the absolute values of the contributions in the LRS model
relative to the standard UCRS model is clearly observed. The same pattern is ob-
served in the c7f dependence of the contributions. Comparing figures 5.7 and 5.10
we see that the dependence of all contributions is the same in both the standard
and LRS varieties of the UCRS model but the absolute values of the LRS case are
approximately two orders of magnitude lower than in the standard case.

We can conclude therefore that the constraints on Mgk from the individual
bidoublet contributions to T can be weakened greatly through the use of a LRS style
framework. As the tree-level contributions to the S parameter are to leading order in-
dependent of the parameter combination kL the constraint on My g from this source
remains the same and will therefore dominate over all individual contributions to T.
Of course as the sum of all individual contributions to T is still divergent, the con-
straint on Mg arising from the total bidoublet contribution to T, although weaker
than in the standard UCRS case, will still be the dominant constraint. Without a

proper regularisation we are unable to evaluate this numerically.

131



0.000F
:.
~0.005/ .
~
é ~0.010] .
Z [
~ _0.015!
E — V. I [ ]
m —o.ozoi
I_ I °
~0.025/
R ®
1 2 3 4 5 6

Nmax

Figure 5.8: The sum of indiwvidual contributions to Tw from modes up to and in-
cluding Npaw, T5™ (mz, Npaz) = ZN’"” ZN’"“ T nm) (myz), calculated within the
framework of an LRS variant of the UCRS model. For this calculation it was as-

sumed that kpps = 103TeV, Mgk ~1.5TeV (kL =6.1) and ¢] = 0.45.
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Figure 5.9: The dependence on the KK scale of the theory, Mgk = ke ", of the
contributions to Tg arising from diagrams containing n = 2 fermionic modes or lower
calculated within the framework of an LRS variant of the UCRS model. In calculating
these contributions we have assumed mgbn) = T?prn), krrs = 103 TeV and have used
the benchmark choice for the bidoublet bulk mass parameter, clf = 0.45. Due to the
high level of suppression relative to the other contributions we omit Téo,o) from the
above. The yellow band gives the current experimental limit on the T parameter at

the 95% confidence level obtained using a Higgs mass of my = 117 GeV [56].

5.2 'Triplet Contributions

In addition to the contributions arising from the fermionic bidoublets discussed

in detail in the previous section, the UCRS model also contains similar contributions
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Figure 5.10: The dependence on the bidoublet bulk mass parameter, clf, of the contri-
butions to T}é’ arising from diagrams containing n = 2 fermionic modes or lower
calculated within the framework of an LRS wvariant of the UCRS model. It has
been assumed during this calculation that m™” = 7%1(;), krrs = 103 TeV and that
Mgy ~ 1.5TeV (kL = 6.1). Due to the high level of suppression relative to the
other contributions we omit T](BO’O) from the above. The yellow band s the current
experimental limit on the T parameter at the 95% confidence level obtained using a
Higgs mass of my, = 117 GeV [56], while the dotted purple line indicates a disconti-

nuity.
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from the right-handed fermionic triplets in which the right-handed, down-type SM
fermions are embedded, (3.26). Although these contributions (see the lower halves of
figures 5.1 and 5.2) have broadly the same structure as those involving the bidoublet
fields the triplet nature of the multiplet does result in some important differences
and it is therefore necessary to state separately the form of the relevant vacuum
polarisation contributions

(), > () S ) (et

p,g=1

~ ~ = MS ~ ~ = =_ MS
+ (géM)zagépUza) <L13R74R4 (q2)> ) (géPQ)Rgépr)L) <LI£€1R4 (q2)>

|

i (gﬁuggﬁm) <L§L4(q2)>m N (géﬁﬁgéﬁé)ﬁ> (L’ﬁnm(q%)s

+2(GPn G ) (L] (q2))MSI } (5.45)
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From these expressions we see that the contributions from the bidoublet fields
and those from the triplet fields share a common structure, the difference between
the two sets of contributions arising from the different sets of QNs and BCs of the

constituent fermionic fields. In general, and again assuming the equality of the

two distinct mass spectra which are present (m, = m.,), the dependence on the
fundamental parameters of the theory of an individual triplet contribution will be
the same as that for the equivalent bidoublet contribution. The exceptions to this
rule of thumb are the non-diagonal contributions containing a zero mode field, the
two combinations of which are no longer equal and opposite to first order in the kL

expansion,

T~ O ((kL)2 /My ) x Loop integrals,

TR ~ O(kL/Mj ) x Loop integrals. (5.49)
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Unlike the case of the contributions from loops containing two bidoublet zero modes,
the leading order non-diagonal contribution is not suppressed relative to the higher
contributions by the size of the loop integral by which it is multiplied, however, due to
the necessarily UV localised (in order to correctly reproduce the SM fermionic mass
spectrum) nature of the triplet zero modes it will in fact be exponentially suppressed
and will again be subdominant. We must again conclude that the leading order GBM
contributions are those from diagrams containing two heavy modes and that as such
they are subdominant to Yukawa insertion contributions from diagrams containing
similar KK modes. For completeness we again utilise the expressions (5.23)-(5.25) to

state the approximate analytical expressions for the contributions to T}p fromn <1

modes
2
202\ (kL) 14 9% 2(142¢))kL 1
TO (1) ~ <_%) (9 v ) ( 4) ( 4; ) e ! i +(’)(—)
Sty 4 ) My, e(14+2¢))kL _ (3 + 20@ kL
X (L3 (0))™, (5.50)

()~ (-27) (£0) B { (1+ap) (142)  cosatn

Fo={m) () W\ 0 faragra)

+0O (%) } X (L}gm (0))Ms, (5.51)
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To make the difference between the two separate sources of contributions man-
ifest, we repeat the numerical analysis performed in the previous section for the
case of contributions from the triplet modes. We have first tested numerically the
convergence of the contributions and found that, just as was the case for bidoublet
contributions, they appear to diverge, figure 5.11.

In figure 5.12 is shown the KK scale dependence of the contributions arising from
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Figure 5.11: The sum of individual contributions to T}ﬁ from modes up to and in-
cluding Nopaz, T (Nppay) = S ohmaz $Nmas T ") (my). For this calculation it was
assumed that Mgk ~ 1.5TeV (kL = 36.8) and ¢} = —0.58. The dashed red line in-
dicates the current lower experimental limit on the T parameter at the 95% confidence

level obtained using a Higgs mass of my, = 117 GeV [56].
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diagrams containing only n = 2 fermionic modes or lighter for cﬁf = —0.58. It can be
seen from this figure that the general form of the KK scale dependence for the triplet
contributions is very similar to that for the bidoublet contributions, with the largest
contributions providing constraints on Mk of a similar order to that arising from
Siree. The one noticeable difference between the two cases is the smallness of the
triplet contributions containing zero modes. This is simply due to their UV brane
localisation for the value of ¢ taken as our benchmark.

Figure 5.13 shows the dependence of the same individual contributions to Tﬁ on
the bulk mass parameter cﬁf. This has a very different form to the equivalent plot for
the individual bidoublet contributions (figure 5.7). The most noteworthy difference
between the two cases is the large range of cﬁf values for which the constraint placed on
M i is clearly more stringent than that from S;,..; this feature follows directly from
the aforementioned lack of custodial protection for such contributions. Although it
might be suspected that such a feature would be problematic for model builders, the
exponential UV brane localisation required in order to reproduce the mass spectrum
of the SM down-type fermions means that in practice cﬁf # —0.5 therefore neatly
avoiding any potential problems for all generations of down-type fermion.

We can conclude that for a value of cﬁf which correctly reproduces the SM
fermionic mass spectrum, the individual contributions to T from the fermionic triplet
modes impose constraints on Mg at a similar level to those arising from the
fermionic bidoublet modes and also that arising from Si.... It is noted, however,
that for a larger region of cif parameter space the constraints arising from the in-
dividual triplet contributions are in fact more stringent than that associated with
Siree- Again, a more severe constraint on Mg arises from the non-convergence of

the sum over all individual contributions.
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Figure 5.12: The dependence on the KK scale of the theory, Mgk = ke ™", of the
contributions to T;f’ arising from diagrams containing n = 2 fermionic modes or lower

calculated within the framework of the standard UCRS model. In calculating these

) (n)

contributions we have assumed m;," =m,  and have used the benchmark choice for

the triplet bulk mass parameter, cff = —0.58. Due to the high level of suppression
relative to the other contributions we omit T}O’O) from the above. The yellow band
gives the current experimental limit on the T parameter at the 95% confidence level

obtained using a Higgs mass of my, = 117 GeV [56].
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Figure 5.13: The dependence on the triplet bulk mass parameter, cf, of the contri-
butions to T}p arising from diagrams containing n = 2 fermionic modes or lower
calculated within the framework of the standard UCRS model. It has been assumed

during this calculation that mfﬁ”) s

" and that Mycx ~ 1.5TeV (kL = 36.8). Due
to the high level of suppression relative to the other contributions we omit T:(FO’O) from
the above. The yellow band is the current experimental limit on the T parameter at

the 95% confidence level obtained using a Higgs mass of my = 117 GeV [56].
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5.2.1 The LRS Model

Repeating the LRS analysis for the triplet contributions we again obtain plots
for their dependence on Mk, figure 5.15, and cf, figure 5.16. In the case of the cff
dependence plot we observe the same relationship between the LRS plot and the stan-
dard plot as was seen for the bidoublet contributions, namely that the dependence
of all contributions on ¢} remains the same but the magnitude of the contributions
is approximately an order of magnitude smaller in the LRS case.

In the case of the Mk dependence plot there is a new feature which requires ex-
plaining. Due to the fact that for our benchmark value of cﬁf the right-handed triplet
zero mode is UV localised, contributions from diagrams containing both heavy and
zero mode fermions are exponentially suppressed (see (5.34)). For such contributions
a reduction in kL results in a reduction in the degree of exponential suppression and
therefore an increase relative to the standard case. The behaviour of the remaining
contributions in the face of the kL reduction is the same as for the bidoublet case.

In summary, we again see the potential of the LRS framework to weaken the
constraints on Mg from the individual contributions to T. We also find again that
the constraint arising from the sum of individual contributions is weakened slightly
relative to the standard case with 7 KK levels needing to be included in the sum
for the lower experimental limit at 95% level to be surpassed, figure 5.14; the non-

convergent sum remains the dominant constraint on Mgy .
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Figure 5.14: The sum of individual contributions to Tg from modes up to and includ-
g Naz, T3"™ (Nppaz) = ZN’“‘” ZN’”‘” T nm) (mz), calculated within the framework
of an LRS wvariant of the UCRS model. For this calculation it was assumed that
kprs = 103TeV, Mgk ~ 1.5TeV (kL = 6.1) and ¢! = —0.58. The dashed red
line indicates the current lower experimental limit on the T parameter at the 95%

confidence level obtained using a Higgs mass of my = 117 GeV [56].
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Figure 5.15: The dependence on the KK scale of the theory, Mxx = ke ™ L, of the
contributions to T}Z’ arising from diagrams containing n = 2 fermionic modes or
lower calculated within the framework of an LRS variant of the UCRS model. In
calculating these contributions we have assumed mg‘) = f_fzq(l,n), krps = 102TeV and
have used the benchmark choice for the triplet bulk mass parameter, cﬁf = —0.58. Due
to the high level of suppression relative to the other contributions we omit T}O’O) from
the above. The yellow band gives the current experimental limit on the T parameter

at the 95% confidence level obtained using a Higgs mass of my, = 117 GeV [56].
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Figure 5.16: The dependence on the triplet bulk mass parameter, cf, of the contri-

butions to Tr}f’ arising from diagrams containing n = 2 fermionic modes or lower
calculated within the framework of an LRS wvariant of the UCRS model. It has
been assumed during this calculation that m = 7%1(;), krrs = 10°TeV and that
Mgy ~ 1.5TeV (kL = 6.1). Due to the high level of suppression relative to the
other contributions we omit T}O’O) from the above. The yellow band is the current

experimental limit on the T parameter at the 95% confidence level obtained using a

Higgs mass of my, = 117 GeV [50].
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Chapter 6

Summary and Outlook

In this thesis we have have considered the tree-level and fermionic one-loop con-
tributions to the S and T oblique parameters within the framework of the Universal
Custodial Randall-Sundrum (UCRS) model. In chapter 2 we have introduced the
basic principles of the standard RS model: namely that it is a 5D model containing
an additional compact spatial dimension with exponential warping along its length
and two three-branes at its boundaries. This warped geometry leads to the property
that the 4D effective mass scale depends exponentially on the position along the
extra dimension. If the model is to solve the Hierarchy Problem, as was its original
motivation, one end of the compact dimension must have an effective scale the same
as the 5D mass scale (set to be of the same order as the 4D Planck scale) while the
other has an effective scale O (TeV).

In chapter 3 the UCRS model is introduced in detail with particular attention
paid to the description of the breaking of the extended, custodial, gauge symmetry of
the model. Also discussed in detail is the multiplet structure of the fermionic sector

and the changes in the gauge fixing Lagrangian needed if the analogue of the SM
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R¢ gauges are to be implemented in a model with the additional scalar degrees of
freedom associated with a bulk Higgs field. We have additionally derived the form
of the Feynman rules and mass matrices for all of the scalar degrees of freedom in
the model.

In chapter 4 we have considered the contributions to the S and T parameters
at tree-level in the UCRS. The particular focus of our investigation has been to
determine whether the T parameter receives the same protection from the custodial
gauge symmetry at tree-level as in the non-universal custodial RS models previously
considered in the literature. To this end, approximate analytical expressions for
the contributions to the S and T parameter were derived and their dependence on
Mk plotted. From these plots we were able to determine that at tree-level the
T parameter does indeed receive the same protection from the gauged custodial
symmetry as in the non-universal case and therefore the S parameter is responsible
for the most stringent constraint on the KK scale of the theory.

In chapter 5 we have extended our consideration of the contributions to the T
parameter to those arising from fermionic one-loop sources, and specifically those con-
tributions arising from diagrams which contain mixing between right and left-handed
gauge boson modes but no Yukawa mass insertions. Contrary to the assumptions
made in the literature we have found that the individual KK contributions from
fermionic bidoublet and triplet modes are in fact UV divergent and that the sum
over all such KK contributions is also divergent. Although these divergent sums
clearly place very stringent constraints on Mgy, without an adequate approach to
their regularisation we were unable to evaluate these numerically. For the remainder
of the chapter we were therefore limited to investigating the constraints on Mg
found from consideration of the individual KK contributions to T and were able to

compare their relative importance to the constraint arising from S;,... These investi-
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gations showed that for both the bidoublet and triplet cases individual contributions
from diagrams containing modes of n = 2 or lighter could impose constraints on
Mgk or a similar strength to Sy.e.. In certain regions of the bulk fermionic mass
parameter space the constraints from the individual loop contributions were in fact
much stronger. These results lead us to the conclusion that the gauged custodial
symmetry does not protect the T parameter from large quantum corrections.

With regards to the possible direction of future work following on from this thesis,
the key question regarding the UCRS model which we have left unanswered is: does
a counterterm (or set of counterterms) exist which is able to absorb the UV divergent
terms we have shown to be present within the KK fermionic loop contributions to
T? If the answer is no then it would raise serious questions as to the validity of the
UCRS model, as stated in this thesis, as a quantum field theory and would suggest
the investigation of alternative methods of breaking the extended gauge symmetry
of the UCRS model down to that of the SM as an interesting area of future study.

On the other hand, if the answer is yes then (after determing the form of such a
counterterm) it would be interesting to further investigate the degree to which the
protection of the T parameter provided by the gauged custodial symmetry at tree-
level is broken at the one-loop level. The first step in such an investigation would be to
find a suitable regularisation for the divergent KK sum over the individual fermionic
loop contributions to T, thereby allowing the associated constraint on Mg to be
calculated. It would also be of interest to calculate the contributions to T arising from
loop diagrams containing the additional physical scalar DOFs discussed in chapter
3 as well as to complete a detailed investigation of those contributions from loops

containing gauge boson modes briefly discussed in reference [31].
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Appendix A

Overlap Integrals

A.1 Definition

In order to efficiently and clearly express both the mass matrices and Feynman
rules of the scalar sector of the UCRS model it is necessary to define a general overlap
integral involving the bulk profiles of all fields. The general approach used is that
the type of field appearing in the integral is listed in the superscript of the shorthand
while the index associated with that field is listed directly below it as a subscript.
The tilde notation already introduced in chapter 2 can then be used to show the
specific BCs of the fields appearing. The labels used for each of the five varieties

of field in our model are all fairly transparent, however we find it convenient to list
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them here as way of a reference:

O

fu’ () — ®,

3 () — R°,

1 () — L,

R0 IS 4

'y - s (A1)

As an example of this notation at work we give as an example the overlap integral
featuring in the Feynman rule for the interaction between two right-handed top quark
modes and a heavy mode of the gauge scalar Zxs5,

rps_ 1" ky/2 7 (1) ky/2 F(m) ky F(n)
TS =1 | v (PRI w) (PR W) (TET) ()

There are three features of this integral, and these overlap integrals in general,

which should be stated explicitly:

e [t is the normalised bulk profile of the field labeled, found from its orthonor-
mality condition, which appears in the integrand not simply the form found by

solving the relevant equation of motion.

e The range of integral is always over the whole of the extra dimension and is

always accompanied by a factor of 1/L.

e The superscript of the fermionic field label indicates the multiplet from which
it originates (see (3.25) and (3.26)) and therefore the bulk mass parameter, ¢*,
on which the bulk profile depends.
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Appendix B

Feynman Rules

B.1 Propagators

As we have decided to treat the weak scale masses arising from the SSB procedure
as perturbations to the KK reduced theory, the propagators associated with each

variety of internal line are defined as follows

w(n) . q‘ . — #()
q—M,

(B.1)

where Mi}n) is the KK mass associated with the n'® mode of the fermionic field,
U (z,y). Note that M = 0.

The propagators of the vector boson modes, in the R; gauges, are defined as

‘//1(,”) : uw v i
(-

qudv -
q2 — ]\/[‘(/77)2 g (1 gV))

=& My?

(B.2)
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where M‘(,n) is the mass of the n'" KK mode of the 4D vector field V, (z,y). In the
case of the vector propagatorsn =0,1,2... and M‘(/O)2 = 0. We note that as the S, T
and U parameters are defined only in terms of the transverse parts of the gauge boson
propagators the obvious gauge choice in which to work is the Feynman-t’Hooft gauge,
&y = 1. Another consequence of the transverse nature of the oblique parameters is
that it is not necessary to include Faddeev-Popov ghosts in their calculation and
hence the omission of their Feynman rules from this section.
The propagators of the gauge scalar modes are defined as
VE)(”) : q i

¢ — &y M (B.3)

where M are the same masses as defined above but where now the index is n =
1,2,...

The propagators of the WGB modes are defined as

& (n) . q )
ing(n)2
q° — &' My (B.4)

M2 =2 (n=2,3,..) (B.5)

and we note that using these mass conventions the n = 1 mode is massless. £ is the

gauge fixing parameter appropriate for the WGB ¢'.
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The propagators of the physical Higgs modes are defined as

q i
n)2
¢2 — My} (B.6)

B.2 Gauge Scalar Couplings to Fermions

In tables B.2-B.8 we list the vertex factors for the interactions between gauge

scalar and quark modes. We find it convenient to define the effective couplings [40]

= —95 3 — SiIl2 EM
92(¥) = = o (TE(¥) = sin ¥ Qear (V)
G2, () = @g—fosd) (T3(W) — (TH() + Qx(V)) sin? ) (B.7)
o oSy (B.8)

VL

We have not explicitly stated the vertex factors associated with the interactions

of the scalar gluon modes as they can easily be obtained from those of the scalar

photon modes by introducing a factor of the SU (3) group generators t* and replacing
the factors of eQgys (¢) with the 4D strong coupling constant g
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Couplings of 2 zero mode quarks to neutral gauge scalar modes

Aék) couplings

chl(O) qi(O)Aék) _756 QEM(qd) Z(%%LIS
a; Va0 AP —7°e Quar(q*) T
DYDY AP e Quur(D) TS
ﬂg)ugg)/lék) —756 QEM(U> I(%QI;;RQS

Zék) couplings

_d(0) d(0 Zk: Lt
—u(0) u(0 7 k ” Ll
QZ( )QZ( ) 5( ) 759Zx(q )IOQE s

DY PO 7#

3 3
—7°92: (D) To5

NPT

2 P2
—7Pgzy (u) TS

Z)((’% couplings

q—z(o)qZ(O)ng)5 5 gzs (qd) I(i)%ls
3 Og O 7). gz (gY) Iépolzps
DYDY gz (D) TR
9 u20) e () TR

Table B.1: A list of the vertex factors for interactions between neutral gauge scalar

KK modes and two quark zero modes. 6
1



Couplings of 1 zero

modes

Aék) couplings

_d(n) d(0) 4(k

QL( )QL( )Aé : —756 QEM( )I,fé,fls
k

AR e Qenle") THES

~(n 0 k

DY DY A e Quu(D) TERS

a0y 4%

e Quu(u) TS

Zék) couplings

_d(n) d k
QL( )QL(O)ZEE )

171
—v° gz (¢*) THES

—u(n) u k
QL( )QL(O)ZE())

9z, (q") THE'S

DYDY 7

3p3
_’759ZX (D) Iﬁ)kR 5

)y ® 7

2 p2
—7°gz, (u) 5
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mode and 1 heavy quark to neutral gauge scalar




Zg?% couplings

AR A =7 gzx (¢) L
"z} 92 (@) T
Dy DO 2% " gz (D) TIS
ag ) 73 = gz () TS

Table B.2: A list of the vertex factors for interactions between a neutral gauge scalar

mode, a heavy quark mode and a single zero mode quark.
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Couplings of 2 heavy left-handed quarks to Aék)

Qrm = 5/3 quark couplings

—u(n) u(m k u

XL( )XL( )Ag) —7°e QEn(X )I;fr%%ls
-/ (n "(m k ’ :
¢L( )¢L )Ag ) _75 eQEM(¢ ) I,%;ﬁ;ds
—(n " (m k p 37
GOGTAY | Qe TS

Qrm = 2/3 quark couplings

ar (")QZ (m)Aék) —7’eQrum(q") Iﬁgs
XdL(n)XCLl(m)Aék) —’e QEM(Xd) IEL%%IS
ayu ALY % e Quar(u) THES
U/L(”)U;(m) Aék) P e Qe (U") I#;%SS
Ug (")Ug (m)Aé’“) e QEM(UN> Iﬁ@;%ss

Qrm = —1/3 quark couplings

_d(n) d(m k
ghm g m) 48

—75 € QEM(CId) Iﬁ;%ls

Dén)Dém)Aék) _75 e QEM(D) Ié’;%gs
BDap | equn)zp

Table B.3: A list of the vertex factors for interactions between the Aék) modes and

two left-handed heavy quarks.
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Couplings of 2 heavy left-handed quarks to Zék)

Qrm = 5/3 quark couplings

—u(n)_ u(m k " Z:[l[l
X[( )Xl( )Zé ) ’VSQZX(X ) nmk o
' (n) ;" (m k ' 313
1/1[( )¢[( )Zé ) —75 gZX (¢ ) Zﬁ~E o
(n m k ” 3
1/) )77/} ( Z( ) 75 QZX(@/J )IanLkﬁS

Qem = 2/3 quark couplings

—u(n) u(m k
gL Mg m 7 ®

7 92, (@) I ¢

d(n). d(m) (k)

XL Xr 5 —° 9z, (x )IﬁL}le
A ) 7 5 g (u) TV
i (n)U’L(m) 7(k) — gZX(U') IL%;J:S
o, ", "™z g2, (U") TEE'S

Qrem = —1/3 quark couplings

—d(n) d(m k
qL( )QL( )ZEE ) —7° 9z (qd) Iﬁ;%ls
DL(H)DL(m)Zék) —75 9z (D/) TLoLs
~(n m k
D D 249 g (D) TEES

Table B.4: A list of the vertex factors for interactions between the Zé

two left-handed heavy quarks.
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Couplings of 2 heavy left-handed quarks to Z)((I%

Qrm = 5/3 quark couplings

—u(n)_ wu(m k ” 171
XL( )XL( )Z§<)5 —7° gz, (X )Igm%s
~(n) ;" (m k ’ 373
L( )1/}L( )ng?a _75 QZx(@/’ ) Igﬁf; §
-1 n 1" m k, 7 E 3
by M 23 792, (V) TLES

Qrm = 2/3 quark couplings

A
e I
a7 —° gz (u) IV LS
o, v, 74 ~7° 9z, (U) TLES
o, ™y, ™ 7% 7 gz, (U") TLL'S
Qryv = —1/3 quark couplings

pogy | ez
D pim 7). —7° gz (D) T"2*S
D™, 7] " gz, (D) IS

Table B.5: A list of the vertex factors for interactions between the Zﬁf% modes and

two left-handed heavy quarks.
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Couplings of 2 zero mode quarks to Wzr 5(k)

—u(0) _d(0 k g
( )qL( )W]_jr5( ) _75_ TL'L'S

qr, \/§ 00k

Table B.6: The vertex factor for the single interaction involving two zero mode quarks

and a positively charged gauge boson. The vertex factors for the equivalent WL_5(k)

teractions are identical.

Couplings of 1 zero mode and 1 heavy quark to positive gauge scalar

modes

W; 5(k) couplings

a; " ay Wi s Tl
W;{S(k) couplings

B W T
WO - S Tl

Table B.7: A list of the vertex factors for the interactions between positively charged
gauge scalar modes and a single zero mode quark. The vertex factors for the equiva-

lent negative gauge scalar interactions are identical.
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Couplings of 2 heavy quarks to positive charged gauge scalar modes

W, 5(k) Couplings

—u(n) d(m + (k
gLy 9

5 9 +riris

—u(n) d(m)yy,+ (k) 5 9 LIS
Xr X Wrs -7 E L5k
U/L(n)D/L(m) WZFS(’C) _,}/5 g 152%35
' (n)rr" (m k

wL( )UL( )WEFS( ) 75 g I#;%SS

W;{ék) Couplings

—u(n) u(m + (k
L) eyt @

—d(n) d(m + (k
L g+ 0

~'" (n m k
UL( )Dé )”f;‘é ) —759 ﬁL;%3S
—1 n 17 m k
wL( )UL( )IVIJ%FS( ) 759 f;%SS

Table B.8: A list of vertex factors for the interactions between positively charged

gauge scalar modes and two heavy quarks.

The wvertex factors for the equivalent

negative gauge scalar interactions are identical.
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B.3 Higgs Sector Scalar Couplings to Fermions

In tables B.9-B.18 we list the vertex factors for the interactions between the
scalar DOF's originating from the Higgs bidoublet (WGB and physical Higgs field)
and quark modes. We refer to these scalar DOFs as a group as the Higgs sector
scalars (HSS).

It is also necessary to define the dimensionless 4D effective Yukawa couplings
vip'

Yu,d —
VL

(B.9)

Couplings of 2 zero mode quarks to WGB modes

#°*) couplings

—u (0 0 ” 1p2
qL( )t )¢0(k) _y I(J]:OkR ¢
_d (0 0 Ll RS

C]L( )D(R)¢O(k) ) dZOOk ’

»~* coupling

1p2
qf(o)ug)qb’ (k) _\/éyu IOLOkR ¢

»T*) coupling

w 1p3
q (O)Dg)) ¢+ (k) _ﬁyd IOLOkR ¢

Table B.9: A list of vertex factors for interactions between WGB modes and two zero

mode quarks.
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Couplings of ¢°*) to 1 zero mode and 1 heavy quark

& — & transitions

—Z(O) (m) ¢0 _Yu IOL;LIIE%S
—d(n) (0 ” 1p2
XL( )u%)gbo(k) _y I%:mf ¢

& — T3 transitions

J(O)D (m)¢0 (k) yd IL}R‘Q’(#
0mk
/ 1
42 (0) UR(m) ¢0 (k) yd IL}R3¢

E omk

& — Ty transitions

_d (0 m 1p3

L( DE% )¢O(k) Y dI(j);mlllc2 ¢
" 1

fz(O)UR(m)éo (k) yd IL1R3¢

E omk

Table B.10: A list of vertex factors for interactions involving ¢° ), a zero mode and

a heavy quark.
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Couplings of ¢**) to 1 zero mode and 1 heavy quark

& — & transitions

u(n w 2
g0 oo T

& — Ty transitions

_u (0 m L1R3
a1 "D T

Table B.11: A list of vertex factors for interactions between ¢**) | a zero mode and

a heavy quark.
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Couplings of ¢~ *) to 1 zero mode and 1 heavy quark

& — & transitions

m — ” 1p2
g g om ® —VaY I i

& — T3 transitions

_d(0) 7 (m) — - LR3
qL( )UR( )¢ (k) —\/§Y Ig;%]]j ¢
_u(0) " (m) 1IR3

a; g ® Vayd hRe

& — Ty transitions

" (m _ w 1p3
AR AT

Table B.12: A list of vertex factors for interactions between negatively charged WGB

modes and a single zero mode quark.
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Table B.13: A list of vertex factors for the interactions between ¢°*) and two heavy

quarks.

Couplings of ¢°*) to 2 heavy quarks

& — & transitions

g4 g0 ) —yu gt e
7 My ) g0 () S
& — T3 transitions

Jz(n ¢0 v I;%Z%
GOV | T
L™ g0 \/%Yd If:ﬁ%
P (m) 40 4 ya e

& — Ty transitions

quj,(n) D%m)qsﬂ (k) yd Iﬁ;fz%’
_u(n)yr” (m 1 1p3
qL( )UR( )¢O (k) _Eyd Ijﬁ}]z ¢
L0y 0 (k L va e
¢ \/§ nmk
_u(n) ;" (m 1IR3
XL( )wR( )¢0(k) yd I?fr?b]: ¢
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Couplings of ¢* ) to 2 heavy quarks

&1 — & transitions

X;(n)ugn) o (k) V2yu L'R?¢

nmk

&1 — T5 transitions

—d(n) ~ (m 1R3
XL( )DR( )ngk) —/2y¢ ﬁL;k ¢
_u(n)r (m 1p3
XL( )U ( )¢+(k) yd rf;Rk ¢

&1 — T, transitions

g, " DY gt ® —V2Y Iy
XU Mt ® —YITLe

Table B.14: A list of vertex factors for the interactions between ¢+ *) and two heavy

quarks.
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Couplings of ¢~ to 2 heavy quarks

&1 — & transitions

q‘[{(”)ugn)qs— (k) _\/§YU IL1R2¢

nmk

&1 — T5 transitions

qﬁ(n) U]’{(m)¢f (k) _ywu If:;nllz?’(ﬁ
w(n) ' (m) ,_ 1R3
qL( )wR( )¢ (k) \/iyd Iilﬁ:]? ¢

&1 — T, transitions

O - 09 Ly g
) 7 (m) 1p3
X%( )wR( )¢ (k) \/ﬁyd I?fﬁj]z ]

Table B.15: A list of vertex factors for the interactions between ¢~ * and two heavy

quarks.

Couplings of h¥) to 2 zero mode quarks

u . u 1p2
g Ouly h® —iY T O

d . 1p2
qL(O)Dg)h(k) —iyd Iéka ¢

Table B.16: A list of vertex factors for the interactions between h'®) and two zero

mode quarks.
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Couplings of h*) to 1 zero mode and 1 heavy quark

& — & transitions

OuPA e
O iy T

& — T3 transitions

0D v T
qz (0) U}’%(m)h(k) ¢ yd L R

E omk

& — Ty transitions

QAZ(O) D%m)h(k) iy I[]):nleljg(b
GO e L ya I B

L R \/5 omk

Table B.17: A list of vertex factors for the interactions between h™*), one zero mode

and one heavy quark.
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Table B.18: A list of vertex factors for interactions between h*) and two heavy

quarks.

Couplings of 1*) to

2 heavy quarks

&1 — & transitions

AR RIND iy Tp
g ) —iye T i
&1 — T35 transitions

g1 D vz
g 7m0 % A
I AN %Yd T
2 (0 —iyd T

&1 — T, transitions

a; " U™ h®) —%Yd A

V2

>—<1Lt (”)wR(m)h(k)

. 13
jyd g 1o
nmk

172




B.4 Couplings of 2 Gauge Scalars to 1 Vector Bo-

son

In tables B.19-B.23 we list the vertex factors for interactions between two gauge

scalar and one gauge vector modes.

Couplings of the zero mode photon to 2 gauge scalar modes

W£5(n)WL+5(n)A(O)# el —q%),

Wi Wiy AO e(a~—a"),

Table B.19: A list of vertex factors for interactions involving the zero mode photon

and two gauge scalar modes.

Couplings of the zero mode Z boson to 2 gauge scalar modes

W, MW z0n geosv (¢~ —q*),
.9
(W) et (1 sin“vy , _
Wi Wi im z 0w T

Table B.20: A list of vertex factors for interactions involving the zero mode Z vector

boson and two gauge scalar modes.
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Couplings of the zero mode I/VLi boson to 2 gauge scalar modes

W[:,t5 A W:F(O)H Fe (q:l: _ q’y)u

+(n n
WL5( )ZS( )WE:(O)# :FQCOSID (qi . qZ)

m

Table B.21: A list of vertex factors for interactions involving the zero mode ch

bosons and two gauge scalar modes.

Couplings of a heavy neutral vector boson mode and 2 gauge scalar

modes

A®r couplings

Wy W AR s e (¢ —q"), I55Y
Wi Wi A e (g —q"), T

Z® 1 couplings

W, W z e geost (= —q*), oy
<2
_(n m sin“¢y ,
Wia W™ z® Y eonw (¢ —q"), 55V

ng) * couplings

—(n m k —
Wemwrm z(Fw geos¢ (¢~ —q*), T2

nm

Table B.22: A list of vertex factors for interactions involving a heavy neutral vector

boson mode and two charged gauge scalar modes.

174



Couplings of a heavy, positive vector boson mode and 2 gauge scalar

modes

w; ®# couplings

—(n m k _
WM AW e (g —q"), Tk

—(n) (m k -
WLE)( )Zé )WZr( ) gcosy (q —QZ)M ook

W, ®# couplings

—(n m k _
Wy Agm Wy ©F elqd —q"), I2%
r a2
[y () )y () g LY - g7y sy
R5 5 R COS"Lﬂ " nmk
—(n m k _
W™z r geoso (¢~ —q7x) TSV

Table B.23: A list of the vertex factors for interactions involving a heavy, positively
charged vector boson mode and two gauge scalar modes. The vertex factors for the
equivalent interactions involving negatively charged vector bosons are the same up to

a relative minus sign.
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B.5 Couplings of 2 Higgs Sector Scalars to 1 Vec-
tor Boson

In tables B.24-B.26 we list the vertex factors associated with the interactions

between scalar DOFs from the Higgs bidoublet and vector boson modes.

Couplings of zero mode vector bosons to HSS modes

A coupling

¢+ (n)¢_ (n)A(O) I —e (q_ — q+)u

ZOr couplings

_ — 94in?
o () = () 7 O) 2 (1 Ci:i @D) @ —a),
W, @# couplings
@O (M () 7O : Ci)gs ()
ot (n) 0 (n)WL_ ©) _79 (¢ — QO)H
¢~ (Mo (n)WgL (0) p _79 (¢° — qf)u
ot R, O _Tig (a" —d"),
o RO _Tig (= —d"),

Table B.24: A list of vertex factors for interactions involving zero mode vector bosons

and two HSS modes.
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Couplings of a heavy, neutral vector boson mode to 2 HSS modes

AOr couplings

o (g (m) 4G —e (¢ —q"), Tim

Z® 1 couplings

o+ Mg (m) (k) p _79 (%) (¢~ —q*), Iooy
PO () (m) 7 (k) p 5 Cigs " (¢" = d"), VASAS

Zg?)“ couplings

gt (M= (m) ZPK _79 cos¢ (¢~ —q7), IZ’Z%

L (”)h(m)Z)(f)“ —ng cos ¢ (¢ — qo)u I:i%

Table B.25: A list of vertex factors for interactions involving a heavy, neutral vector

boson mode and two HSS modes.
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Couplings of a heavy, positive vector boson mode to 2 HSS modes

—(n m k —g —
o ( )(bO( )Wz‘( ) 5 ( 0_ g4 )# qujr%
—(n m k —9g _
gm0 myy - (@ =a), %

Table B.26: A list of vertex factors for interactions involving a heavy, positively
charged vector boson mode and two HSS modes. The vertex factors for the equivalent

interactions involving negative vector boson modes are the same up to a relative minus

SLgn.
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B.6 Couplings of 1 Gauge Scalar to 2 Vector Bosons

In tables B.28- B.31 we list the vertex factors for interactions between two gauge
vector modes and a single gauge scalar mode. Simply decomposing the gauge fields
and dimensionally reducing our theory as normal, the couplings of interest contain

the following, dimensionful, overlap integral factor

: I DN e(m) ek
T =7 [ v 0ut) 1. (B.10)

It is preferable however to write couplings in terms of dimensionless overlap in-
tegrals and so we use the gauge field profile identity (derived using the usual Bessel

function identity 2.40),
o517 (y) = my 5", (B.11)

to rewrite our overlap integral in the form
(n)

L

’ n m — n m

Lo =my I = = / dy e 15 (9) 1 () 157 (9) (B.12)
0

An important feature to note about the couplings between two gauge vector
modes and a gauge scalar mode is that, with the exception of those couplings given
in table B.31, there are no couplings between vector fields of the same KK mode
(diagonal couplings). Due to the small difference in the masses and bulk profiles
associated with the different BCs the size of these diagonal couplings are much smaller
than that of the non-diagonal coupling proportional as they to the mass difference

between different KK modes.
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Couplings of a negative gauge scalar mode to 1 zero mode and 1 heavy

vector boson

Wy S(k) couplings

W]%L (n)MA(O)VWEESk) —em%f) I:\;S
Wt R 7O vy 09 S;(f)l: z i T3S
W, 5(k) couplings

WO gm0 em{™) T5VS
W;f (n) p A0 VWL—5(k) e mv Ik_sg;ﬁs
W, Ok zmvyy -8 gcosmi T5VS
W, e zOvyy ® —gcostmi) T5VS

Table B.27: A list of vertex factors for interactions involving a negatively charged
gauge scalar mode, one zero mode and one heavy vector boson. The vertex factors
associated with the equivalent interactions tnvolving positive gauge scalar modes are

the same up to a relative minus sign.
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Couplings of neutral gauge scalar modes to 1 zero mode and 1 heavy
vector boson

O gy~ m) v 46 —em{™ T5VS

Wzr (n)uWL— (U)VAék) em%}n) Iﬁsn\%s

W;r (O)MWL_ (m)VZék) —g coswmgn) I;‘U/,f

W, e Ov z® gcosy mi" I5VS

Table B.28: A list of vertex factors for interactions involving a neutral gauge scalar

mode, one zero mode and one heavy vector boson.
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Non-diagonal couplings of a negative gauge scalar mode to 2 heavy

vector bosons

Wy S(k) couplings

Wi A W —e (A 15 - miP T3E)

T PP — SI* () —svs L m) 7svs
Wa 27 Was T cos ( Lisi — ™M Imﬁ)
W+ HZ m)uWRE)( ) —gcosd ( ISVS T’ﬁgﬂ) IEY:]‘;)

W, 5(k) couplings

WAt e 0 —e (m{ Z5VE - m{" 750%)
W;‘ (n) H 7 (m) VWE5(k) —gcos <mV n) I§Vl§ (m) I:;\;]f’)

Table B.29: A list of vertex factors for the interactions between a negative gauge
scalar mode and two heavy vector bosons. The wvertex factors associated with the
equivalent interactions involving positive gauge scalar modes are the same up to a

relative minus sign.

182



Non-diagonal couplings of a neutral gauge scalar mode to 2 heavy
vector bosons

w; (™1 couplings

w0 Al e (my 23} - mi" )

ARRIA I QEAC g oSy (mv) T5VS _ m{™ I;?;f)

Wy ™1 couplings

W O A e (V) T3t - i 37
Wg(”)“Wg(m)”Zék) _ SCISSZ’ ( (n) Isvs mgn) Ig;;s)

Wy ey e zE) geos (" TEVS — (" TVS)

Table B.30: A list of vertex factors for the interactions between a neutral gauge scalar

mode and two heavy vector bosons.
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Diagonal couplings of a gauge scalar mode and 2 heavy vector bosons

+ () i g () vy~ () _ <~(n) svs _ SVS)
Wy AV L elm I; = I z
W+ () 1 () = (F) sin” ¢ ( Isvs m™ Isv;s>

R5 T o8 MV Sk

Table B.31: A list of vertex factors for interactions involving one gauge scalar and

two heavy vector bosons of the same KK level.

The vertex factors associated with

the equivalent interactions involving positive gauge scalar modes are the same up to

a relative minus sign.
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B.7 Couplings of 1 Higgs Sector Scalar to 2 Vector
Bosons

In tables B.32-B.35 we list the vertex factors associated with the interactions

involving two vector boson modes and a single HSS mode.

Couplings of 1 HSS to 2 zero mode vector bosons
WL+ (0)#WZ Ovp ) # v
92
20 pz0)vp(1) % G
ZOmpyEOr gF ) vy’ 28 i(f;fb Guv
A(O)“Wf (O)Vgﬁ(l) —veg v

Table B.32: A list of vertex factors for the zero mode interactions between two zero

mode vector bosons and a single zero mode HSS.
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Couplings of neutral HSS to 1 heavy and 1 zero mode vector boson

h*) couplings

2
+(0) —(m)v 09 o
WL MWL h(k’) T Guv IOml(Z(z>
2
e 0w .vg VvV
Wi ( )MWLJF( ) g, (k) Ty Y Iﬁ011f¢
2
; — g VVs
70)pz(m)vp, (k) mguu Lo,
_vg®cos ¢ VVoo

7(0) uzgfm) v, (k)

I Log
9 COSTﬁ e 0m1k

#°*) couplings

Ug2

n —(0)v
Wi O L g T
+(0) pygr— (m)v 10 (k) vg? VVoo
Wy Whg ¢ bR Juv Loy

Table B.33: A list of vertex factors for interactions between a neutral HSS mode, a

zero mode and a heavy vector boson and a neutral HSS.
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Couplings of ¢~ * to 1 heavy and 1 zero mode vector boson

W, ™" couplings

A(O)MW; (m)v b ) _Ueg G Iovmvlﬁ
2
Z(O)“WJr(m)”gb* (k) vg? sin” 1) g TV 9%
L 2COS77D mY =0mlk

2
n O)v ,— /Ug
2w O -5 cos6 g Tl

W;{ (m)v couplings

2Oy 7 gm0 vg” 08 g Loy’
N m)v g
A(O)le{( ) ) veq G Ié/ﬁmd)

Table B.34: A list of vertex factors for interactions between a negatively charged HSS
mode, a heavy and a zero mode vector boson. The vertex factors associated with the
equivalent interactions involving positive HSS modes are the same up to a relative

minus sign.
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Couplings of a neutral HSS to 2 heavy vector bosons

h*) couplings

Wi ey e k) % G Lok
W gy e —z‘% G Tk
200w gy e T
7(n) uz)({m) Y (k) —Z'UTQQ S(O)S;Z w Lok
W gy e z’%gQ v Lot
Z)(?) uZ)((m) v 1, (k) i(2) cos gzﬁ—z Juv ngﬁf

#°*) couplings

+ (n) pyr— (0)v 40 /(k) 092 V'V

Wr Wy ¢ D) InOlk
0 —(m)v Ug

W;'( )NWR (m) ¢0 (k) 2 I(‘)/W‘L/lid)

Table B.35: A list of vertex factors for interactions between a single HSS mode and

two heavy vector bosons.
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Couplings of ¢~ *) to 2 heavy vector bosons

W, ™" couplings

A(n) “WZ (m) Yo (k) —veg Guv IX%?
.9
] )y sin® ) a%s
Zm e o= ) vg” 2 cos g i
2
Zg?) “W; (m) Yo (k) —% COS @ G Iﬁvn‘;ﬁ

W;{ (m)v couplings

7(n) NI/V;%r (m) V¢_ (F) U92 cos Guv Ia‘m/rlrfld;j)
A pyy MY - (k) 9 g, TVV90
R gb ve 92 g,UV nmlk

Table B.36: A list of vertex factors for interactions between a negatively charged HSS
mode and two heavy vector bosons. The vertex factors associated with the equivalent

interactions tnvolving positive HSS modes are the same up to a relative minus sign.

B.8 Couplings of 2 Higgs Sector Scalars to 2 Vec-
tor Bosons

In tables B.37-B.45 we list the vertex factors the interactions involving two vector

boson modes and two HSS modes
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Couplings of 2 charged WGB modes to 2 zero mode vector Bosons

Charged vector bosons

ig

0 —(0)v _
WL+( )#WL (0) ¢+(k)¢ (k) 2 g

Neutral vector bosons

ig? (1 — 2sin’ 1/1)2

70 17O vy (k) gyt (k) 9 .
b9 2 cos? v I
A 4O = (8) ot () %icg,,
1 — 25sin?
ZO 8 AO v g (8 ot () Z-ge( V) o
Cos

Table B.37: A list of vertex factors for interactions involving two charged HSS modes

and two zero mode vector bosons.
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Couplings of 2 neutral HSS modes and 2 zero mode vector bosons
Charged vector bosons
—(0)v ig
W; (U)MWL O (k) (k) ng
— ) ig
WEL (O)MWL (0) ¢o(k)¢o (k) ?gw
Neutral vector bosons
ZO) 1 Z(0)v 40 (k) 0 (k) ig’
2 cos? Jnw
701 7(0) v (k) (k) ig®
2 cos? 1 Jnw

Table B.38: A list of vertex factors for interactions involving two neutral HSS modes

and two zero mode vector bosons.

Couplings of 1 charged and 1 neutral HSS mode to 2 zero mode vector
bosons
(0) 7 E OV o (k) y () ge
A ot Wh + 5 tan g,
0 £(0)v = (k) 40 (k ge
Z( )#WL ¢:F( )¢ ( ) Z? tanwglu/
+(0)v ge
A ryy »F ®Ipk) ;E Guw
+(0)v .ge
A(O) .U'WL ¢:F (k) ¢0 (k) _27 gMV

Table B.39: A list of vertex factors for interactions involving a charged HSS, a neutral

HSS and two zero mode vector bosons.

191



Couplings of 2 charged WGB modes to 1 zero mode and 1 heavy vector
boson
Charged vector bosons
)
n —O0)v — g

WEL( )WL (0) o+ ) = () = G IXJ};@

—(n —0)v Zg
WR( )NW (0) ¢+ (k)¢+ 0] _7 » IXO‘I;EW
W@ eyt v b~ (k) ¢~ 0) _ 2'92 IVV¢¢

R L 9 70kl
Neutral vector bosons
A 1 A0 v g= (k) g+ (1) i€® g I;’()‘gl‘f"f’

2 (1—2sin? )’
7 )7 (0)v h— (k) p+ (1) A IVV¢>¢>
¢ ¢ 4 cos2 w n0kl
1 — 2sin?
200 A = (8) ot 0 I kel L) L
cos Y
Zgl)“A(O) v~ Ryt 0 ige cos ¢ g Toon’?
g° 1 — 2sin® w)
208700 o ig*cos 6 ( o VY0
¢ ¢ 9 COS ¢ n0kl

Table B.40: A list of vertex factors for interactions involving two charged HSS modes,

one zero mode and one heavy vector boson.
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Couplings of 2 neutral HSS modes to 1 zero mode and 1 heavy vector

boson

Charged vector bosons

Wy ey O R0 ) g0 Th*
Wy, O g0 2) g0 Th*
Wi T O R0 - g 2
Wi CIF O g0 @ gz
Wﬁ (")“Wj 0)v @0 (B ) ]F%z G I%‘gﬁ

Neutral vector bosons

2

. , g VVéo
21 Z(0)v g0 (k) g0 () (%m G Lorl
202100 o) ) L, e

g ~
4 COS@D mY =nokl

< 2
Y (k L9 VVoo
AREYACLIAOIAU) (Q)WQIWITLOM

- 2
i ) 1g° cos ¢ 8%
Zg{)ﬂz(o) hF) B0 —(Q)Tm G Imnf(Zﬁ

Table B.41: A list of vertex factors for interactions involving two neutral HSS modes,

one zero mode and one heavy vector boson.
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Couplings of 1 charged and 1 neutral HSS mode to 1 zero mode and 1

heavy vector boson

h® couplings

2

W§ (n) 1 7 (0) v F R0 ﬂ:% COS Y Gy Iﬁvo‘l;?(b
+(n v i

Wi (n) 1 4(0) pT B O ﬂ:7 L I?‘L/o‘lglmﬁ
() a7+ (0 i okt

Z{ dF B W :FE oS ¢ Guv Lyow

#°® couplings

. ) —ieg
Wi ( )HA(O) T (k)¢0 ) 5 Guv Iﬁvo‘l;ld)d)
2
+ (n v 9
Wi (n) 1 7(0) oF (k)QgO 0] 5 coS8 Y G I%/O‘;fd)
2
n + v g
Z)(()HWL (0) T (k)¢0 @) 5 cos ¢9;w I%/O‘ﬁqb

Table B./2: A list of vertex factors for interactions involving one charged and one

neutral HSS mode and one zero mode and one heavy vector boson.
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Couplings of 2 charged WGB modes to 2 heavy vector bosons

Charged vector bosons

-9
n —\m)v - X9
W;( )WL( ) ot B = (D) 5 I IXJI#
e L T
n —\m)v  — Zg
W}-{ﬁ-( )MWR( ) p~ Rt O o VIXn‘{Ij?ﬁ

Neutral vector bosons

ADRAT G Ot ® @i g T
. . 2
Zm) gz (m)v = (k) gt (k) (2)ig* (1 — 2sin w) L TVVe0

4 cos2 ¢ nmkl

o ige (1 — 2sin® ¢

201 A(m) v o= () gt () —gg AR A
2 cos

Zggl) * A (m) Yy~ (k)¢+ 0] % oS @ Gy IXnYI:iQS

. L2

20 Zom) v = () s+ ) 92056 (1= 2sWW) v

9 COS@ZJ nmkl
2)iga
Z§ ez g ) gt 1) % co8” ¢ g Ty’

Table B.43: A list of vertex factors for interactions involving two charged HSS modes

and two heavy vector bosons.
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Couplings of 2 neutral HSS modes to 2 heavy vector bosons

Charged vector bosons

Wz— (n) HW; (m) Y 0 (k)¢0 (k) (2)% Guv IT‘L/’TXI£¢
n)u —\m)v Zg
W]jr( )IWL( ) g, (k) () (Q)Z % IXTXI$¢
Gy 02 ) 0 -0 g T
i f 1 I Limkl
- o
+(n m)v i
WR( )NWzF( ) PO ®) 0O —(2)7 Juv I?Yn‘l/lj;(b
2
W}:{t (n) quF (m) V¢0 (k) b, :F% Guv Ih"/rr‘jlfl(b
sy M o ) 4o () 2 i9° ARER
+ - @0 () ()4 v Lzl
+ @) pyr— (M)vy (k) (1) ﬁ g
W gy e, (2) 1w VR

Neutral vector bosons

;2

. ig VvV
7)1 77 m) v 0 (k) 0 (1) (2)(2) Scos? g I L mi
Zm)ugm)vp k) R0 (2)(2)i Lokt
8(3082?,0 Guv Lyl
;2
RO 19~ cos ¢
200 7m0 0940 @) ~) " cog g I Tamit
- 2
) . 1g° oS ¢ vV
Zg()“Z( AAGINO] _(2>ICOS¢ v am13¢
- 2
n m) v /Lg
21 Zm) v 40 (1) g (1) (2)(2)7g cos” o g Tyt
s 2
AL AR NONU (2)(2)% c08” & G T’

Table B.44: A list of vertex factors for interactions involving two neutral HSS modes

two h tor b .
wo heavy vector bosons 196



Couplings of 1 charged and 1 neutral HSS mode to 2 heavy vector

bosons

h(®) couplings

Wf%t ()i 7 (m)v g (k) (1) ig; COS Y Gy Iﬁvrr‘flz¢
WLi (M) 1 7 (m) v (k) ) :f:“%2 coS Y Guu IXX/#
Wik (DB AGm) v g () ) i% o T’
W= ) 4m) w090 T G Lo’
20 HpE )Y g () ) qtg; c08 ¢ Gus T’
¢ couplings

P gm) v g () g0 1) _Z;g G Lo’
WE ) A gF 0) 500 _Z;g G Lot
W 8 Zm) g () g0 () — 2 : cos ) g Ty
W8 Zm) v g (R) g0 () % 008V G Lot
20y Y g7 @) 40 ) —% c08 ¢ G Ty

Table B.45: A list of vertex factors for interactions involving one charged and one

neutral HSS mode and two heavy vector bosons.
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B.9 Couplings of 2 Gauge Scalars to 2 Vector Bosons

In tables B.46-B.54 we list the vertex factors for the interactions between two

gauge scalar modes and two vector boson modes.

Couplings of 2 charged zero mode vector bosons to 2 gauge scalar

modes

Charged gauge scalars

0 —(0)v k —(k .
WZ‘( )#WL (0) WZ_S( )WLS( ) 2@92 G

Neutral gauge scalars

Wi O by =0y 70 70 2ig*4 cos® ¥ g,
Wy O O AL A 2icgu
Wi (0) S (0) ”Aék)Zék) 2ieg cos g,

Table B.46: A list of vertex factors for all interactions involving two charged zero

mode vector bosons and two gauge scalar modes.
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Couplings of 2 neutral zero mode vector bosons to 2 gauge scalar modes

W 5(k) couplings

2O zO vy By ® 2ig? cos 1) g,
A 1 A(0) VW2_5(k)WL_5(k) 2je2 Guw
ZO) 1 A0) ”W;(k)WL_;k) 2ieg cos Y g

W; ék) couplings

7O nzO vyt Fyy o F) 2ie? sin’ ¢ g,.,
AO O vyt By ) 2ie? g,
ZOu AO vyt By F) —2ie2sin ¢ g,.,

Table B.47: A list of vertex factors for all interactions involving two neutral zero

mode vector bosons and 2 gauge scalar modes.
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Couplings of 1 neutral and 1 positive zero mode vector boson to 2

gauge scalar modes

Zék) couplings

W;' (0) K 7(0) VWL_B(k) Zék) —ig2 cos2 ¥ G

W 0) 1 4(0) ”WL_5(k)Z§k) —1ge cos Y G

Aék) couplings

W[J/r (O)MA(O)VW;E)(IC)Aék) —je2 G

Wzr (0) 1 7 (0) VWE5(k)Aék) —1ige cos Y G

Table B.48: A list of vertex factors for interactions involving one positive and one
neutral zero mode vector boson and two gauge scalar modes. The equivalent interac-

tions involving negative vector boson modes have identical vertex factors.
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Couplings of 1 zero mode and 1 heavy charged vector boson to 2 gauge

scalar modes

Charged gauge scalars

n —0)v k —( .
W;'( )MWL 0) W2‘5( )WLS() 2@92 G I%‘gqu

Neutral gauge scalars

Wzr (n)uW; (0) VZék)Zél) (2)2’g2 cos? v G I%%Z-SS
n — v k l .

Wzr( )MWL (0) Aé )Ag) (2>262 G I%‘igiss

W; (n)“WE © VAék)Zél) 2ig? cos 1 sin 1) G IXO%ligS

Table B.49: A list of vertex factors for interactions involving one charged zero mode

vector boson, one charged heavy vector boson and two gauge scalar fields.
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Couplings of 1 zero mode and 1 heavy neutral vector boson to two

gauge scalar modes

W, 5(1) couplings

n v +(k -
Zm g vyt By

ig? cos zbg,w o ORT

VVSS

AMM“Awwﬂqgmwﬁé”

- VVS
€ guv L ori

S

2w A0 vy Py 0

: VVSS
2iegcos g L i

Wy 5(1) couplings

AQEYAC) ”ng’“)wg;” ie?sin® ¢ g,,, VO‘ZISS
A A i oo TG

ARLY Q) ”I/VJr WR 5(1) —2iegsin ¢ sin g, IVO‘I;SS
Z)(?) kA0 ;ék)Wgél) 2ig? cos ¢ cos Y g IVO‘;ISS
Z{H z vyt Py 0 —~2ige cos ¢ g, TV LSS

Table B.50: A list of vertex factors for interactions involving one neutral zero mode

vector boson, one neutral heavy vector boson and 2 gauge scalar modes.
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Couplings of 1 heavy positive and 1 zero mode neutral vector boson to

2 gauge scalar modes

Zél) couplings

W+ A Wi (k Z Y —ig” cos ZUQW no‘lglss
WZF ™40 VWL_5(k)ZEEZ) —ige cos Y g, IXOZISS
W A ngék)zél) iesin ¢ g, IVO‘SS

W0 2 i g TV

Ag) couplings

W e A vy 9 4O ie? gy TS

w7 20 igecos iy TG

Wy “A(O)”W A(l —ie? g, TVVSS
n0kl

Wy 7O WP AT iesin ¢ g, VS5

Z)(?5 couplings

W;%L ()1 4(0) ”Wgék)Z%)5 —ig* cos ¢ cos ¥ g, IVO‘;ZSS
W; ()1 7(0) ”Wgék)Zg)E) ig? cos ¢ cos ¢ G IVO‘;ZSS

Table B.51: A list of vertex factors for interactions involving one positive heavy vector
boson, one neutral zero mode vector bosons and two gauge scalar modes. The vertex

factors of the equivalent interactions involving negative vector bosons are identical.
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Couplings of 2 heavy charged vector bosons to 2 gauge scalar modes

W, ™ couplings

W, (n)MWL_ (m)VWIJ,st(k)WL_;l) 2ig” g Ly it

WZF (n) W, (m) ”Zék)Zél) (2)ig? cos® 1 g, Iyxlfn\%s
Wy AR A (2)ie? g Zy5°

I/VLJr () ”WL_ (m) VAék)Zél) 2ig? cos ) sin ) v IXW‘L/]%S

Wy (™1 couplings

Wy = v gk) 40 2)ie® g, TV 5°
i - 5 5 % nmkl
Wi ey mv ) 70 (2)ie? sin® ¢ g, TV V5"
W gy v 48 0 ie*sin ¢ g, Ty s
Wy e 0z 8 Z 0 ieg cos psin ¢ g, T2 V55
Wy ey MY ZELAY ieg cos ¢ gu T 2°
n —(m)v »(k l )
Wiy ey MY 28 29, (2)ig* cos® ¢ g TVVES

Table B.52: A list of vertex factors for interactions involving 2 charged heavy vector

bosons and two gauge scalar fields.
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Couplings 2 heavy neutral vector bosons to two gauge scalar modes

W, 5(l) couplings

7/ (n) 7 (m) VW2_5(]€) WL_s(l) ig® cos® G I;/le/]%s

A p A(m) VW;5('I€)WE5(Z) ie? G IXTZ]}%S

() A(m) Z/W+ (k)W— ) 2 TVVSS
Ls "Virs iegcosY g L, 0

Wy 5(1) couplings

o st g, TS5
Ao A O @ g T
Z(”)“A(m)”W;{ék)WgS(l) —2iegsin ¢sin g, I:n‘;%s
Zﬁ?)  Am) ”Wgék)ngé” 2ig* cos ¢ cos Y gy, I:TZ%S
Zﬁ?) #z(m) ”Wgék) W]gg)(l) —2ige cos ¢ gy IT‘;”‘;%S
22w it ot 6 TS5

Table B.53: A list of vertex factors for interactions involving two neutral neutral

heavy vector bosons and 2 gauge scalar modes.
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Couplings of 1 positive and 1 neutral heavy vector boson to 2 gauge

scalar modes

Zél) couplings

W; (n) p 7(m) VWL—B(kr) Zél) i gz cos2 " G IXJ}%S
W, ()1 4(m) ”WL_S(k) Z{0 —ige cos 1) g, TV VS0
W;{ ()1 g (m) ”Wgék) Zél) iesin ¢ g, I;n‘;.gs
W;zr (")“Z(m)”Wgék)Zél) —ie?sin? ¢ g, Iﬁvn\%s
Wt e zmeyy s B 70 ig* coS ¢ COS Y Gy I%/ﬁ‘;%s

Aél) couplings

W 0 A 00 it g TS
W ez AD —ige cos ) g, TVYVSS
g 0 A 11 .40 ity TV
W;{ ()1t 77(m) ”W};ék)Ag) iesin ¢ g, I;:ZSZ:S

W;{ () "Zﬁ(m) VWgék)Ag) —ig* cos ¢ cos Y g, I;Z%S
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Z)(?5 couplings

Wt kg myeyy = 8 70 —ig? cos ¢ oS Y Gy Igy:%s
Wt Mk g meyy = B 70 ig* COS ¢ COS ¢ G, Iﬁvn‘;%s
W; (n)uZ;m) VW};E)(k)Zg)E) —ig? cos® ¢ g Iﬁvﬁx;%s

Table B.54: A list of vertex factors for interactions involving one positive heavy
vector boson, one neutral heavy vector bosons and two gauge scalar modes. The vertex

factors of the equivalent interactions involving negative vector bosons are identical.

207



Appendix C

Mixed Propagator Derivation

C.1 (+,+) Propagator

In order to calculate the analytical form of the mixed coordinate propagator we
must return to the bilinear part of the 5D gauge field Lagrangian which, after gauge

fixing, is of the form
1
Lgauge O Ay {8277“” — 05 (e*z’%%) " — (1 — E) 8“8”} A,. (C.1)

Moving to 4D momentum space, we see that the operator for which we are interested

in finding the Green’s function is

§

Our task is therefore to find the function A, (y,y’) which obeys the following

oOm — |:q277HV o 85 (6_2kya5) nl“/ _ (]_ _ l) quV:| . (C2)

relation

O;WA;L)\(:% yl) = 5K6(y - y/) <C3)
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As usual we are now able to express the 5D propagator as a sum of four-
dimensionally transverse and parallel components,
a"q”

/ : , Y q . n [ a9
Do (sdf) = —iG,(y,y) (n“ -2 )—zaqm@,y)( . ) (C.4)

where the 4D Lorentz scalar function G,(y,y’) obeys the condition
(05 (e7205) — ¢*] Goly,y') = 3y — o). (C.5)

We are now able to use the standard continuity method to solve this equation.

First we solve the homogeneous equation for the situations y < 3" and y > v/

Gy<(y,y') = N'e® [AJ, (™) — BY;(ee™)], (C.6)

Gy (y,y) = N?e™ [C Ty (ee™) — DY (ee")] (C.7)

where Ji(z) and Y;j(x) are the usual Bessel functions of order 1, ¢ = ¢/k and all
other previously undefined terms are constants to be determined from boundary
conditions. The first of these conditions are from the BCs obeyed by the gauge field
which is under investigation. Due to the regions of validity of the expressions above
Gy<(G,~) must obey the BC at the Planck (TeV) brane. Considering the (+,+)

case this enables us to determine that

A =Yy(e), C:Yb(eekL),

B = Jy(e), D = Jy(ee*t). (C.8)

In order to determine the remaining two constants we need to apply the conditions

of continuity and derivative discontinuity at the point y = ¢’. Integrating (C.5) a

'We can see that this is the case by substituting the above general form into C.3
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small distance either side of y = ' we find that the two conditions are

N'(y) |[Adi(ee) = BYi(ee")| = N*(y)) [Ci(e™) = DYi(ee™)],  (C9)

N*(y) [(CIi(x) — DYi(2)) + 2 (COzJi(x)) — DOYi(x)]

/

— N'(y) [(AJi(2) — BYi(z)) + 2 (A0, J1(2) — BOYi(x))] = % (C.10)

! .
where z = ee®¥'. We are able to solve for one of the two unknown constants using

the Wronskian identity,

dYy(z)
dx

v 2 (C.11)

dx T

Jl(l')

We finally find that

reku+y’)

2k (AD — BO)

Gp(y,y) = [AJl(eeky<) — BY;(eev< )} [C’Jl(eeky>) — DYl(eek%)} ,

(C.12)

where y_(y~) is the smaller (larger) of the two coordinates y and ¥’

The final step to enable us to obtain an relatively simple explicit expression for
the KK mixing contributions to the tree-level T parameter is to expand (C.12) in
terms of the small parameter e. We can then take the limit that ¢ — 0 and, in the

case of gauge fields with the (+,+) BC, remove the zero mode contribution. Using
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the series expansions (for z < 1):

2 T 2?1 T

Volo) = = e+ (3)] = 5 = 55 e+ (3)] 2+ 06, (C.13)

x2
Jo(z) =1— T+ O(x%), (C.14)
o2 L O I (5) 2 1 o

Yi(z) = oo + = In <2> T+ 39" + 3 In (2) z”+ O(x”), (C.15)
r o ad 5

J1(93):§—1—6+O(93 ) (C.16)

we find that, up to O(e), (C.12) takes the form

1 1 1 — 2kl
() o) — Zky< (1 — 2 2ky> 11 4+ 2k (L — .

(C.17)

We immediately see that the first, divergent, term is exactly of the form of the
zero-mode propagator and so will be subtracted from the propagator used in our

expression for the T parameter,

B 1 1— e2kL
Gatolw:y) = o1 0D { T < (1 — 2ky<) + > [1 + 2k (L — y>)]}

(C.18)
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C.2 (-,4) Propagator

The exact expression for the (—+) mixed propagator can be found from (C.12)

with the replacements

A =Yi(e), C' = Yy(ee*t)

B = Jy(e), D = Jy(ec*") (C.19)

Expanding this expression in exactly the same way as was done for the (++)

propagator we obtain the ¢ = 0 limit

_ , 1
Gq:—i_()(yay ) = T 5.

o [e*Fv< —1] (C.20)
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Appendix D

Veltman-Passarino Functions

D.1 Definitions

For the Veltman-Passarino functions we have used the following conventions

d"k 1
2 € 2
167 /i(Qﬂ)nkz—mz :Ao(m),

dk 1
1674 / Ak — By (% mml) .
i(27)" [k2 — m3] [(k — q)2 — m%] 0 ( ! 2)

dk k
1672 / _ 2 = q,B1 (¢*, m?,m?),
e Rl [k — g —m3] " (', ma)

d"k k, k
167T2[1/€/ . _ Ry
i(2m) (k2 — m?] [(k — q)2 — m%}

= ¢uqvBar (%, m, m3)

+ guVBZQ (q27 m%v m2) . (Dl)
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where n = 4 — 2¢ is the number of dimensions in which the loop momentum integral
is to be performed. As the explicit forms of these functions are only required for
numerical analysis we decide not to present them in full here, instead we direct the

reader towards the appendices of reference [58] for details.

D.2 UV Behaviour

We now separate the UV divergent parts of those VP functions defined above from

their finite parts, represented using lower case letters (a notation used in reference

[59])

A (m2) = m?A + qq (m2)
BO (q27m%7m§) =A + bO (q27m%7 m272)

By (¢ md) = S8+ by (¢, )

1
BQI (q27m%7m%) - gA + b21 (q27m%7m2a2)

2) o m% + m% ¢
N 4 12

Boy (qQ,mf,m2 - —> Abg,y (qQ,m%,mg) (D-Z)

where again we define A as the terms which are removed in a MS renormalisation

procedure,
2
A= - — e +In4r (D.3)

where vg is the Euler-Mascheroni constant.
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