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In this thesis we study several topics within the subject of extra dimensions and com-
posite Higgs models. We first look at a scenario with a warped extra dimension known
as the Randall-Sundrum (RS) model, and put all Standard Model fields in the bulk. We
investigate various aspects of the model and argue that the presence of higher dimensional
operators in the 5D bulk has a non-negligible effect on the electroweak precision observ-
ables, meaning that current electroweak constraints on non-custodial warped models could
be weaker than previously thought.

Then, using holographic techniques, we study correlations between the top partner
masses and the Higgs potential in composite Higgs models. It is known that a light Higgs
(~ 125 GeV) generally requires light top partners at around 700-800 GeV. However in
these calculations the 5D volume is always fixed such that the 5D cutoff is around ~ Mp;.
The effect of lowering this 5D cutoff has been studied previously in bulk RS models as
a way of reducing constraints from some flavour and electroweak precision observables,
these models were dubbed “Little Randall-Sundrum models”. Here we consider a similar
setup in the context of holographic composite Higgs models and show that reducing the
5D cutoff leads to a lighter Higgs without a lowering of the top partner masses or an
increase in fine-tuning. We find that the model is perfectly consistent with a 125 GeV
Higgs and top partners above 1 TeV. This reduced 5D cutoff implies an intermediate scale
between the electroweak scale and the Planck scale.

Lastly we consider a similar warped model with a low 5D cutoff, except this time our
goal is to study diphoton signals from Kaluza-Klein gravitons in a warped extra dimension.
With a KK graviton of mass 750 GeV and spin-1 states at ~ 2.5 TeV, we show that having
a low 5D cutoff increases the diphoton signal and the decay to gluons. With this model we
show that we can explain the recently observed diphoton excess in terms of a Kaluza-Klein
graviton from a holographic composite Higgs model, while keeping other decay channels

within the relevant experimental bounds.
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Chapter 1

Introduction

1.1 Overview

In 2015 the Large Hadron Collider (LHC) began its second run, colliding protons with
centre of mass energies of 13 TeV, the highest energy collisions performed in a particle
collider to date. On it’s first run in 2010 the LHC was colliding protons with centre of
mass energies of 7 TeV, and after a short shut down, began again in 2012 reaching centre
of mass energies of 8 TeV. The first run culminated in 2012 with the discovery of the long
sought after Higgs boson [1,/2] at a mass of 125 GeV, the smoking gun signature for a
mechanism of electroweak symmetry breaking (EWSB) called the Higgs mechanism. For
the theoretical work done in developing the Higgs mechanism the 2013 Nobel prize was
awarded to Francois Englert and Peter Higgs.

This discovery opens up many questions as to the origin of the Higgs mechanism.
In the Standard Model (SM) of particle physics, the Higgs mechanism is responsible for
electroweak gauge bosons acquiring mass without violating gauge invariance. However it
is possible that there is other new physics present which also plays a role in EWSB. If
this is true, then it would lead to deviations in some of the measured properties of the
Higgs and other particles of the SM. The discovery of other new physics may shed light
on the origin of the Higgs mechanism and a more fundamental theory of nature. Thus far
no significant deviations in these properties have been measured, however the presence of
new physics is far from excluded. In fact, new physics at the energy scales probed by the
LHC is very well motivated.

The SM is an immensely successful model, explaining the plethora of data collected at
particle colliders over the last century. However the validity of the SM only extends over

three of the four known fundamental forces, as it fails to provide a quantum description



of gravity. Effects of this quantum description of gravity could lay at scales far above
the Higgs mass at ~ 10'® GeV. This fact implies that the SM, our most advanced un-
derstanding of nature, is incomplete. Another issue is the so-called hierarchy problem.
According to our current understanding, the natural mass scale of the discovered Higgs
boson should be orders of magnitude larger than what was measured. This is due to the
sensitivity of its mass to higher scales in the model, which must exist to explain how
gravity is incorporated into our understanding of nature. Other issues include the origin
of neutrino masses, the baryon asymmetry in the universe, the fact that the SM contains
no dark matter candidates, and many more.

Many extensions to the SM have been proposed, and most only solve a few of the
outstanding issues. However some Beyond the Standard Model (BSM) extensions provide
a framework from which one can address many of the issues in the SM. Two of these BSM
scenarios that we will focus on in this thesis are warped extra dimensional models and
composite Higgs models. Neither of these models by themselves provide an explanation as
to how gravity is incorporated into the SM, however they both provide explanations for
why the Higgs mass is not be sensitive to higher scales. Thus they both provide solutions
to the hierarchy problem, however this is only part of the story. Once we have a model
which solves this problem, we must then check if it agrees with the stringent experimental
tests that have been performed at particle colliders in the past, most notably at the Large
Electron-Positron (LEP) collider and at the LHC. In general any model which adequately
solves the hierarchy problem requires new physics laying at the TeV scale, and this new
physics generally induces corrections to observables measured at LEP and at the LHC,
causing tension with experimental results.

There are two ways in which this new physics may show up. One is by direct detection,
by which the collisions at the LHC produce a new physics particle on-shell and its decay
products are detected. And another is indirectly, in this way the new physics particle may
either mix with the SM particles causing deviations in their couplings, or corrections to
observables may arise from higher order radiative effects involving the new physics particle.
Thus far the LHC has made no observations which are consistent with new physics beyond
the SM. These experimental bounds narrow down the spectrum of BSM scenarios that are
likely to exist beyond the electroweak scale.

This thesis is divided into five chapters, the first being the introduction, the last being

the conclusions, and the others each corresponding to a self-contained sub-project:

2. Non-custodial warped extra dimensions at the LHC [3]



3. Exploring holographic composite Higgs models [4]
4. A Little KK graviton at 750 GeV [5].

In the first few sections of chapter 2 we present the background material required for that
chapter. Chapters 3 and 4 also make use of this however these chapters will also require
additional background material which is presented later. We then move on to discuss the
idea of warped extra dimensions as a solution to the hierarchy problem. New physics in
these models comes in the form of towers of resonances called Kaluza-Klein (KK) modes
which are expected to have masses of the order ~ TeV. We study indirect effects of these
KK modes on the Electroweak Precision Observables (EWPOs). These observables were
accurately measured at LEP and are still some of the most stringent constraints we have
on BSM models. We end the chapter by studying corrections to the top quark Yukawa
coupling of the SM induced indirectly via mixings between the Higgs boson, top quark,
and KK top quarks.

We start chapter 3 by giving an overview of strongly coupled models in particle physics,
starting with QCD and technicolor and moving on to composite Higgs models. In com-
posite Higgs models the Higgs boson is not a fundamental particle, but is rather a bound
state of some strongly coupled new physics. This new physics is expected to become visi-
ble in our particle colliders at energies around the TeV scale. The smoking gun signature
for these composite Higgs models would be the detection of a so-called top-partner. In
order to adequately solve the hierarchy problem these new particles are required to be
somewhat lighter than other new physics particles in the model, expected to lay < TeV.
The 5D techniques introduced in the previous chapter can also be used to study compos-
ite Higgs models, where the methods used go under the name of holographic techniques.
After developing some of these techniques further we move on to the main part of the
chapter, which is a study of the Higgs potential and the top-partner masses when we have
intermediate scales in the model. Thus far we have mentioned three scales, the Higgs mass
(125 GeV), the scale of new physics required to adequately solve the hierarchy problem (~
TeV), and the scale of gravity (~ 10'® GeV). In chapter 3 we introduce an intermediate
scale by lowering the UV scale of the holographic composite Higgs model to lay somewhere
between the TeV scale and 10'® GeV. After presenting the results of this analysis we then
study corrections to the top quark Yukawa coupling in the holographic composite Higgs
model.

In the last sub-project we study the possibility that a spin-2 KK mode of a warped

extra dimension with an intermediate scale can describe a once significant deviation at a



mass of 750 GeV in experimental data analysed by the ATLAS and CMS collaborations
in December 2015 [6,/7]. With the collection of more data this deviation has revealed itself
to only be a statistical fluctuation [8], however the results of this chapter demonstrate
how intermediate scales in warped extra dimensions open up interesting possibilities for
new physics at low masses. We begin by reviewing the background material for spin-2
KK modes (KK gravitons) and relevant phenomenological quantities in terms of the 5D
parameters. We then present a study of the phenomenology of these KK gravitons and
show that with intermediate scales of the order 10 TeV we can adequately describe the
deviation in the experimental data.

In the second part of this introduction we will provide an overview of the SM, focusing
on parts relevant to this thesis such as the Higgs mechanism and the hierarchy problem.
We will then move on the three sub-projects mentioned above, and will conclude the thesis

in chapter 5.

1.2 The Standard Model of particle physics

All data collected from high energy particle physics experiments thus far can be de-
scribed very well by a Lorentz invariant, renormalizable quantum field theory known
as the Standard Model (SM). This field theory has a local gauge symmetry, Gsy =
SU(3). x SU(2)r, x U(1)y, under which the matter content of the model is charged. The
physics of the SU(3). gauge symmetry is known as Quantum Chromodynamics (QCD)
and the eight spin-1 generators of this non-abelian group are responsible for the media-
tion of the strong force between fermion fields that we call quarks. Fermions not charged
under this strong force are called leptons, and we call the generators of the local gauge
symmetries gauge fields. A peculiar property of the SU(2); symmetry in the SM is that
the gauge fields of this symmetry, of which there are three, only interact with left-handed
quarks and leptons. The force mediated by these gauge bosons is called the weak force.
Lastly, the U(1)y local symmetry, which has only one gauge boson, interacts with all
quarks and leptons in the SM. This symmetry is known as hypercharge, and together we
call the product SU(2)r, x U(1)y (and the fields charged under it) the electroweak (EW)
sector.

The gauge symmetry of the EW sector is spontaneously broken by the vacuum to the
subgroup U(1)g. This gauge group is responsible for electromagnetism (EM), the force
whose gauge boson is the photon. What we mean by spontaneously broken is that although

the action is invariant under the full EW group, the vacuum is not.



Field SU(3). | SU(2)r, | U(1)y | U(1l)q | Generation notation
v 0 17 v v
LzL - ' 1 2 _% ‘ ) g ) ’
l; -1 er 135 TL
€iR 1 1 -1 -1 €R, 'R, ;TR
U +2/3 u c t
QiL = ' 3 2 % ) )
d; ~1/3 d s b
iR 3 1 2 +2 UR, CR, ;IR
diR 3 1 _% _% dR7 SR, 7bR

Table 1.1: In this table we present the charge assignments of the SM quarks and leptons

and the notation used to denote the three generations.

1.2.1 The quarks and leptons

Quarks and leptons are fermion fields, i.e. they transform in the spin-1/2 representation of
the Lorentz group. An interesting and yet unexplained feature of the SM is that it consists
of three generations each of quarks and leptons. The charges of these fields under the SM
gauge symmetries are given in table The EM charge is related to those of the weak and
hypercharge via Q =T g +Y, where Y is the hypercharge generator and Tg is the diagonal
generator of SU(2)r. The 2 tells us that the left-handed quarks transform as doublets of
SU(2)r, which is the fundamental representation. The upper and lower fields have either
Tg = +1/2, respectively, hence the difference in EM charges. The quarks transform as
colour triplets of the strong force, which again is the fundamental representation. This is
in contrast to the gauge bosons of the SM which transform in the adjoint representations
of the local symmetries. Note that the adjoint representation of an SU(N) group has
N? — 1 degrees of freedom.

The Lagrangian of the SM quarks, leptons and gauge fields can be compactly written
in the form

1 1 o 1 _
L=— [ Te(GMOGL,) = [ Te(WHIW,) = 4 B" B, + > (LLw“DLLLL

generations

erin"D'Fer + Qrin* DI QL + agin* D" Fug + JRm#DﬁRdR) (1.2.1)



where the covariant derivatives are

i , 1
DIt =g, + 5ngwj + igy <—2> B,

D =0, +igy (-1) By,

1 1 . 1
DgL =0, + 595/\“(?2 + 59T£W3 +igy <+6> B,

i , 2
D}jR =0, + igs)\aGZ + igy <+3) B,
1 ) 1
DZR =0, + §gs)\“GZ +igy <—3) B, (1.2.2)

where @ = 1,..,8 and b = 1,2,3. These expressions can be derived from the charge

associations laid out in table [[L1l

1.2.2 Masses for the SM fields?

Adding mass terms for the SM fields cannot be done without explicitly breaking some
of the gauge symmetries. First of all, any mass term for a gauge field violates the local
symmetry generated by that field. And the charges associated with the fermion fields
mean that one cannot write down Lorentz invariant mass terms without violating a gauge
symmetry. For example if we add a Lorentz invariant mass term ~ uyupg, this will break
the EW symmetries because the fields have different hypercharge and only wy interacts
with the weak force. We know very well that most of the SM fields do in fact have mass,
therefore there must be a mechanism to describe these masses. This is the famous Higgs
mechanism mentioned in the overview, and it is responsible for the spontaneous breaking
of the EW gauge group to U(1)q, as well as giving the SM particles masses. Therefore the
vacuum only respects the SU(3)c x U(1)g symmetry. From table [1.1| we can see that we
can indeed build fermion masses which respect these gauge symmetries. When the vacuum
spontaneously breaks local gauge symmetries one also finds that masses for certain gauge

fields of the gauge symmetry are introduced in a gauge invariant way.

1.2.3 The Higgs mechanism

To spontaneously break the EW symmetry in the SM one introduces an additional set of
complex scalar fields transforming in the fundamental representation of the SU(2), group
with hypercharge +1/2. This set of scalars is known as the Higgs doublet field. The
Lagrangian (up to dimension 4) for such a field can be written

1 o 1o Ay
L5 D0 -5 0 To (1.2.3)



where

: 1
Dy =8, + %Tfoj +igy <+2> B,. (1.2.4)

When we minimise the potential for the Higgs field we find two cases,
e 42 >0 and A > 0: The minimum of the potential is at (®)? = 0.
e 4? <0 and A > 0: The minimum of the potential is at (@)% = —pu?/\.

The second case implies that when p? < 0 the Higgs field acquires a vacuum expectation

value (vev). In this case we can write the Higgs field as

i b 0
d(z) = exp <2v§(x) TL> obh(z) (1.2.5)

2

where v2 = —p2/\. From this we can rotate via a gauge transformation to

0
@) = o |- (1.2.6)
V2

Expanding the kinetic term of this Higgs field, including its vev, we find mass terms for
certain linear combinations of the W? and U(1)y fields, where one linear combination is
left massless. The massive linear combinations are the W-bosons W+ = (W}} F zWﬁ) with
mass m?, = g?v?/4 and the Z-boson Z,, = (ng’—gyBu)/ g% + g% with mass m% = (¢>+
g%)v?/4. The massless linear combination is the photon A, = (gyWS + 9Bu)/\/9* + g%
which generates the residual EM gauge symmetry in the vacuum. This mixing can be
compactly described in terms of the Weinberg mixing angle sin? 0y, = ¢2/(¢> + g%).

Re-writing the potential in the presence of the vev results in a Higgs mass of m,QL = —2u2.

Yukawa couplings and fermion masses

With the Higgs field in the spectrum we can write down some additional dimension 4, gauge
invariant interaction terms. For one generation of leptons we can write Y;L;®er + h.c.,
since both ® and Lj carry weak charge and the total hypercharge of the fields in the
interaction is zero this term is invariant under the local symmetries of the SM. When the
Higgs has a vev this term is expanded to

YooY
YooY
N RN

The first term in this expression is a mass term for the leptons (Y;v/v/2) and the second

hler + h.c.. (1.2.7)

is a coupling to the Higgs. Note that the neutrino fields (v) do not get a mass here. This



can be understood by noting that without another fermion with zero EM charge, a mass
term invariant under U(1)g cannot be written.

Following the same logic we have the quark-Higgs interaction for one generation of
quarks

YaQr®dg + YueasQra®lug + h.c.. (1.2.8)

In the same manner as before, when the Higgs has a vev mass terms for the up and down
quarks are generated where m,, q = Y, qv/ V2.

However, the SM has three generations and there is no reason why we cannot write
down Yukawa interactions which mix different generations. Thus we promote Yj, 4 —
Ylli 4+ 1f the Higgs has a vev one would then diagonalise these interactions and express
them in the mass basis. The physics associated with the mixings between these different
generations is a rich subject and goes by the name flavour physics. Note that due to
the SM not containing a right-handed partner for the neutrino, the mixings between the

lepton generations vanish.

1.2.4 The naturalness problem

In standard quantum field theories the one-loop corrections to the masses of scalar fields
are quadratically sensitive to the cut-off scale of the model. One exception to this is
supersymmetry in which the quadratic one-loop corrections are cancelled by contributions
from loops of super-partners. However in the SM there is no supersymmetry and one would
naively expect the Higgs mass to be close to the cut-off scale in the model. The problem
is that estimates of this cut-off scale place it at Ap; ~ 10'® GeV (the Planck scale), and
the Higgs mass is measured to be 125 GeV implying p ~ 88 GeV. These estimates rely on
the assumption that above the electroweak scale there is no new physics until the Planck
scale, at which point one would expect a UV completion to unify the forces of the SM
with gravity. This naturalness (or fine-tuning, or hierarchy) problem has been a strong
motivation to search for new physics at scales ~ TeV', and has led to a conclusion accepted
by most physicists that the SM is merely an effective theory of nature valid at scales well
below that of the Planck scale. Current collider experiments are now probing scales at
and above the TeV scale and have yet to make any concrete discoveries of new physics.
Thus even if there is new physics at several TeV, we would have no natural explanation
for why the Higgs mass is < 10% of the new physics scale. This additional problem is
known as the little-hierarchy problem. Exploring and testing solutions to these hierarchy

problems will be one of the main goals of this thesis.



Chapter 2

Non-custodial warped extra

dimensions at the LHC

Due to their attractive model building features and rich phenomenology, warped extra
dimensional models have been studied extensively for over fifteen years. The first pro-
posal of such a model was by Randall and Sundrum (RS) in 1999 [9], and consisted of an
AdS space mapped onto an S;/Z, orbifold bounded by two 3-branes. The AdS geometry
imposes an exponential hierarchy in energy scales between the two branes, thus, with all
SM fields residing on the low energy (IR) brane and with a suitable choice of parameters,
this model offers a simple and natural solution to the hierarchy problem. Studying per-
turbations to this metric reveals that the graviton zero mode is localised towards the high
energy (UV) brane and hence the interaction of gravity with SM fields is naturally weak.
In addition to this, it was shown that the size of the extra dimension can be stabilised
without fine-tuning using a bulk scalar field [10].

Extending this model to have the SM fields propagating in the bulk provides a more
interesting phenomenology, but also more stringent constraints on model parameters. The
most striking feature of these models is the presence of KK modes in the 4D effective
theory, of which the zero modes are identified with the SM particles. These arise due
to the compactification of the bulk fields. The masses of scalar, gauge and fermion KK
modes represent a scale of new physics in the effective model which is expected to be in
the TeV range.

In addition to solving the hierarchy problem, these models are motivated by explaining
the fermion mass hierarchy [11,12], new mechanisms for supersymmetry breaking [13-15],
and by composite Higgs models where the AdS background is dual to a strongly coupled
4D theory through the AdS/CFT correspondence [16,(17] (see ref. [18] for a recent review).



In this chapter we begin by providing an overview of field theory in 5D warped spaces in
which the fifth dimension is compactified, we cover spin-0, 1 and 1/2 fields. We also discuss
the Kaluza-Klein decomposition method which allows us to decompose compactified 5D
fields into towers of 4D mass eigenstates. We then revisit the case of a bulk Higgs field.
We first look at how the presence of the Higgs KK modes induces corrections to the masses
of SM particles. For other analyses on bulk fields see [13[[19}20], and specifically for a bulk
Higgs see [21122]. It was first thought that models with a bulk Higgs field required a large
fine-tuning (of the order of that required in the SM) to obtain an EW scale zero mode
with TeV scale KK modes [23]. However, it was realised that if the bulk Higgs is localised
towards the IR then one can naturally accommodate a light Higgs in the spectrum.

In sections and 2.4.2] we look at the Higgs potential in 5D and study the effects of
bulk and brane quartic terms. We find that with a bulk quartic term the KK Higgs modes
are more decoupled from the zero mode than with a brane quartic term. The higher modes
in the Higgs potential acquire vev’s and give additional mass to the SM fields, we find the
effect this has on the Higgs couplings and particle masses to be too small for detection until
we have a sub percent experimental accuracy on the Higgs quartic coupling or couplings
to gauge bosons and fermions. An interesting observation which we discuss is that these
effective theories may be viewed as multiple Higgs doublet models.

Constraints on the EW sector of these models are studied via the Peskin-Takeuchi
parameters S, T, and U [24]. In section we calculate these parameters for our model.
The largest experimental bound comes from the T' parameter. We confirm that with a
Higgs localised to the IR brane the lower bound on KK gauge boson masses is about 15
TeV, and with a Higgs localised in the 5D bulk this is reduced to around 8 TeV. We refer to
these cases as brane and bulk Higgs cases, respectively. One way of reducing these stringent
constraints is to extend the bulk gauge symmetry such that the KK gauge bosons in the
effective theory preserve the SM custodial symmetry after EWSB [25-27]. Another way is
to introduce a scalar field which back-reacts on the metric causing a departure from AdS in
the IR [28-32]. These mechanisms typically result in a lower bound of about 3 TeV. Similar
results can be obtained by introducing large brane kinetic terms for the gauge bosons [33]
or by extending the space-time to include more than 5 dimensions [34}35]. Having more
than 5 dimensions may allow for a reduction in constraints via volume suppression in the
IR of the extra dimension. We do not consider these extensions here, but do include the
extended bulk gauge symmetry in later chapters. In the SM there is a set of dimension-6

operators contributing to the EW parameters. In section |[2.4.4] we promote these to 5D

10



operators and study their effects. The only one with a sizeable contribution is the 5D
dimension-8 operator contributing to the 7" parameter. Assuming a mild cancellation, we
find that this effect could provide considerable reductions in the Mgk bound, allowing
KK resonances around 5 TeV, i.e. within the range of LHC.

An exciting aspect of future collider experiments is the increased precision on top
quark measurements. Being the heaviest particle in the standard model, corrections to
its properties from KK modes will generally be large. The top quark mass is already well
measured with the error being sub-percent. However, measurements of the top Yukawa
coupling still leave a lot of room for new physics, and the proposed future colliders could
dramatically close this gap. The precision forecasts from ILC [36-38], CLIC [39}40] and
TLEP [41] state that they could achieve a precision < 5% on the bottom and tau Yukawa
couplings, and precision forecasts for the high luminosity LHC [42}43] indicate that they
could achieve the same precision for the top quark. In light of this, section focuses on
the misalignment of the fermion Yukawa couplings due to mixing with KK fermions. The
largest of these effects is by far with the top quark, for which we find deviations from the
SM could be as large as ~ 10% for a bulk Higgs. Similar calculations were done in [44]
for a brane Higgs. We find some differences between the bulk and brane Higgs cases here.
One important difference is the reduced bound on the KK fermion scale, and another is
the introduction of a new coupling not present in brane Higgs scenarios. Together, we
find that these result in a larger Yukawa corrections for a bulk Higgs. While these are
sizeable deviations from the SM, they currently do not lead to additional bounds beyond
that from electroweak observables. KK resonances may therefore be observable at LHC

in the bulk Higgs setup.

2.1 Physics in a warped extra dimension

Throughout this thesis we focus on models with one extra dimension compactified on an

S1/Zy orbifold, which we describe as an interval with the line element,

ds® = e_QA(y)an:r“d:n” — dy?, (2.1.1)
where A(y) describes the curvature of the extra dimension. Thus the metric is written as
<6—2A(y)’ _e2A)

aun = diag e 2AW) _o—2AW), —1) . (2.1.2)

The end points of the element are denoted by 0 and L, i.e. y lies in [0, L], and at these

points we have 3-branes onto which we can add localised interactions for the 5D fields.
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The S1/Zs geometry implies that any action must be invariant under transformations of
the form y — —y and y — y + L. This is the most general line element we can write
down assuming that we have 4D Lorentz invariance. Flat extra dimensions are described
by A(y) = 0, whereas the Randall-Sundrum model is given by A(y) = ky. The curvature
scale k£ in the RS model has mass dimension 1 and is naturally assumed to be of the
order of the fundamental 5D mass scale. This is typically taken to be of the order 10'®
GeV, in order to reproduce 4D Einstein gravity from the 5D picture. However later in our
work, in chapters 3 and 4, we will consider smaller values of this scale (i.e. intermediate
scales) and discuss how one can still obtain Einstein gravity in the 4D picture. This
specific background geometry can be derived from 5D Einstein equations with a suitable
5D action.

In some cases we will use the so-called ‘conformal frame’ where we make a co-ordinate
transformation such that r = %eky. This results in a more compact expression for the line

element,
R\ 2
ds® = () nundz day (2.1.3)
T
where M, N =0,1,2,3,4 and dz* = dr. The UV and IR branes are located at r = R = 1/k

and r = R/, respectively.

2.1.1 Scalar fields in 5D

Let us consider the following 5D action for a real scalar field,

S = /d% /OL Vgl <;gMN0M<I>8N<I> — V(cp)) : (2.1.4)

—4A(Y) | Note that in 5D the scalar field has mass dimension

where g = det (gun) = €
3/2. Varying with respect to the scalar field we find that the volume and surface terms,
respectively, are,
59 /d4 /L\/|| — o (Vigla" Vo) + 2% ) 5o
V== € gl| —F=9%Mm 9|9 N am
0 V19l 0P

355 = [ day/Iglg™onwoaly=h + [ ay/Iglo oyt

T=—00"

- / d*z+/|glg°>0,B60 /=5 + / dy+/|glg" 8, D6B|7=+° (2.1.5)

The variational principle, 65 = 0, allows us to derive equations of motion for ®, for

example the volume term gives rise to the following bulk equation of motion,

LGM ( |g|gMN8N<I>) + o

Vgl 0o

= 21919, @ — *19, (e 710, 0) + g—g =0. (2.1.6)
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But we need to specify boundary conditions; for the 4D co-ordinates we simply assume
® — 0 as z* — Fo00, however for the 5D boundary conditions there are two options which

ensure 6,5 = 0 on either brane,

0y® = 0 — Neumann, (+)

® = 0 — Dirichlet, (—). (2.1.7)
Throughout this thesis we will make use of the following notation for boundary conditions,
(£,£) or (£,¥),

where the ordering is assumed to be (UV,IR). However, these are not the only type of
boundary conditions we can obtain. Adding mass terms or interaction terms on the branes

can alter the outcome. Take, for example,

L 1 m2
SD —/d4x/ dy o(y — L)\/\g\iﬁiﬂ, (2.1.8)
0 5

where M5 is a mass term put in place due to the scalar field having mass dimension 3/2,
while the mass dimension of the integral on the boundary is —4. In order for the surface
term to vanish in this case, we require that,

m2
8y(b|y:L = E(PMZL. (219)

This is what we will refer to as a ‘mixed’ boundary condition.

2.1.2 Gauge fields in 5D

In 5D we can write a general action for an abelian gauge field, which will have mass

dimension 3/2, as

L
1
S = /d4x/ dy+/ ]g] <—4gMNgKLFMKFNL> + Sar (2.1.10)
0

where Sgp contains some gauge fixing terms. Expanding this action in the background,

neglecting gauge fixing for now, we find

S = / diz /0 ' dy (—iF“”FW + %e_2A6“A58uA5 — 729,450, A" + ;e_QAayAﬂﬁyA“) :
(2.1.11)

We will use the gauge-fixing term to get rid of the derivative coupling between the A5 and

A, mode. First, we will perform a partial integration on the term with respect to both u

and vy,
e 240, As0, A" = —0, (e 21 A5) 9, A + e 24 450, A"V (2.1.12)
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Then it is clear that the gauge-fixing term needed is

L
/ d'z /0 dygz (0, A" — €0, (e 24 45))? (2.1.13)

where ¢ is the gauge-fixing parameter. As in the 4D R, gauges, this term alone does not
completely fix the gauge. A residual gauge freedom allows for unphysical forward and
backward polarisations of massless gauge fields to contribute to amplitudes, however these
can be removed by applying Ward identities. In studying non-abelian gauge symmetries
one must include the interactions of the Faddeev-Popov ghosts in the action. We study
non-abelian gauge symmetries in section where we follow a gauge-fixing procedure
laid out in [45] in which the ghosts do not contribute to the one-loop Higgs potential. In
abelian gauge theories which are spontaneously broken, the Faddeev-Popov ghosts still
do not couple to the gauge fields, however they will couple to the Higgs-like degrees of
freedom that triggered the spontaneous breaking.

Choosing different values of £ here corresponds to different gauge choices, the most
popular being the Landau gauge (¢ — 0) and the Feynman-'t Hooft gauge ({ = 1). With
this term, the action is now

1 1
S = / d'z / d,y — EF‘“’FW + 56—21“3/&456 As + 5 e~249, 4,0, A"

1
+ —5 (0" A4,) + 5€ (9, (74 45))") (2.1.14)
+ / d'z e A 450, A5 .

Varying this action with respect to the A, field gives rise to the following volume and

surface terms,
L 1
5Sy = / d*z /0 dy 64, ((nwnaﬁaaag - <1 - §> aﬂay) - nﬂ'/aye—zf‘ay> A,
585 = / dla A5 A, (0,41 — 0 As) =L, (2.1.15)
and varying with respect to As results in,
L
§Sy = / dz / dy e 245 A5 (=" 9,0, + £05e M) As
0
555 = / diz e PG A5 (€0, (¢ 24 45) + 9P A,) | (2.1.16)

implying the following bulk equations of motion,

<<nwnaﬁaaaﬁ -~ <1 - ;) aﬂa”> - nﬂ”aye—%ay> A, =0

(0" 0,0, — £0pe ) A5 = 0. (2.1.17)
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When studying spontaneous symmetry breaking in 4D models with an R¢ gauge-fixing
procedure, one finds that Goldstone bosons of the spontaneous symmetry breaking have
&-dependent masses. This means that the fields mass is gauge dependent and implies that
the field is unphysical. In these 5D models, the 4D masses of the KK modes are related to
5D momentum, and from the above equation we see that these terms are £-dependent for
the As field. This leads to the A5 KK modes having £-dependent masses, also implying
that they are unphysical. In analogy with the 4D spontaneous symmetry breaking models,
we can say that the A5 modes are eaten to form the longitudinal components of the massive
A, KK modes. We will return to this discussion briefly in section when we discuss
the KK decomposition for the 5D gauge fields.

For the boundary conditions there are two clear options;

A5 =0 = 8yAH:O

Ay=0 = 9, (e?45) =0, (2.1.18)
where we will use the following short hand notation,

A5 =0 — ,—|-,

A,=0 — - (2.1.19)

Just as in the scalar field case we will present the boundary conditions in the form (+, £)
or (£, 7F), where the ordering is assumed to be (UV,IR).

A mixed boundary condition is defined as the boundary condition which arises when
we have a mass term for a field on a brane. If one adds a mass term to the UV brane
in the 5D gauge field action, the UV mixed boundary condition for A, is modified to
OyA, = mA,. One can think of a Dirichlet boundary condition as a mixed boundary
condition, with the brane mass taken to infinity. Note that if we have some bulk gauge
symmetry, we cannot have mixed boundary conditions without breaking (explicitly or
spontaneously) the gauge symmetry on the brane. However one can add kinetic terms to

the branes without breaking the bulk gauge symmetry.

2.1.3 Fermion fields in 5D

The spinorial representation of the Lorentz algebra in 5D consists of five anti-commuting

Dirac matrices. We can take these to be

I = (4, —in%), (2.1.20)
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which can be written in the Weyl representation as

0 ot
Y=
g 0
~1 0
P= TP . (2.1.21)
0 Toxo

The o* tensors above are defined by

ot = (]]-2><27 Ui)

7" = (Lax2, —0'), (2.1.22)

where the o matrices here are simply the Pauli matrices. From these definitions it is clear
that {T'4, T8} = 2948 as is required.

One important consequence of having fermions in 5D, is that the 4D chirality operator
is now part of the spinorial representation of the Lorentz group. Thus Dirac spinors in 5D
are not reducible, and since 5D Lorentz transformations will mix left and right handed
Weyl spinors, we do not have a chiral theory. This issue can be resolved by suitable choices
of boundary conditions, which we will see soon.

Since the 5D background is, in general, not flat, we need a few additional tools to

describe fermions. The first is the fiinfbein eﬁ, which is defined by

A B
gMN = €pENTIAB

eMeB =68, (2.1.23)

In the background of eq. (2.1.2)), we have

B SASK
ebl = e ok

el =1. (2.1.24)

And secondly we need to define the covariant derivative so that it accounts for both general

co-ordinate invariance and local Lorentz invariance. The spin connection, wﬁB, is defined

such that
Dy = O + winap [[4,T5]. (2.1.25)
This requires that
wif = ex (One™B +e5P18)) (2.1.26)

where Fg s are the Christoffel symbols. The only non-zero components are,

Wi = —w =0, (e ) oy, (2.1.27)
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meaning that we can write the covariant derivative as
i oA
D,=0,— 56 A’fy,/y5
D5 = 0,. (2.1.28)
Now that we have made these definitions we can proceed to look at the 5D fermion action,

in which the fermion has mass dimension 2, and derive the bulk equations of motion. We

can write the 5D action for a fermion field as

L . .
5= /d%/ dy+/19] <;\116%FADM\II - % (Dp0) T0MTAY — mq,\lnlf>
0

L B 1 B B B
= / d*z / dy e 34 (mwm + 56_‘4 (U750, ¥ — (9,0) 5 V) — e_Am\p\II\IJ>
0
(2.1.29)

where we assumed that the field vanishes at z# — +o0. Varying with respect to ¥ we find

the following volume and surface terms,
L —
0Sy = /d4x/ dy e 3460 (iy“@u‘lf + e_A’y58y\IJ —2A'e Ay 0 — e_Amq,\Il)
0
5S¢ = — / d*z e*4A5\I/fy5qJ|g§§. (2.1.30)

Assuming that the boundary terms vanish, we arrive at the following bulk equation of

motion,

(iey" 0y, + (9y — 24") v5 — mg) ¥ = 0. (2.1.31)

Decomposing into left and right components, the requirement that the surface term van-
ishes can be written as

SULUp — SURTL)I—g =0, (2.1.32)
hence if we have a Dirichlet (—) boundary condition for either field on each brane, the
surface term vanishes. Note that fixing the boundary condition for one chirality automati-

cally fixes the boundary condition for the other. To see this, we re-write the bulk equation

of motion, eq. (2.1.31)), in terms of left and right-handed fields,

ieAWaM\IJL + ((ay — 2A/) - m\p) Ur=0

ie* 19, U g + (— (9, — 24") —my) ¥y, = 0. (2.1.33)
Now it is clear that there are two possibilities for boundary conditions at each brane,

Up=0 = 0§Vp=(24"+my) Vg

Up=0 = 0,¥;=24"—my)V,. (2.1.34)
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We will use the following short hand notation for the boundary conditions,

v,=0 — '~ (2.1.35)

where again we write them in the form (£, £) or (&, F) in the order (UV,IR). One could
also add localised mass terms on the branes to obtain mixed boundary conditions, just as

in the scalar case.

2.2 Kaluza-Klein expansions

When considering fields in a compact extra dimension it can be useful to perform a Fourier
decomposition on the 5D field in order to express the action in terms of 4D mass eigenstates
with 5D ‘wave functions’. This similar to what is done when studying the ‘particle in a box’
solution in 1D quantum mechanics. The procedure is very similar regardless of the field.
The masses of these KK particles are related to the 5D momentum along the direction of
the extra dimension, thus in relation to the previous section we will see that they are a

direct consequence of the 9, terms.

2.2.1 Scalar KK decomposition

The first step is to re-write the field as
1 n=oo
Ozt y) = — zH 2.2.1
(@)= = n;) Fr(y) (") (22.1)

such that we isolate the y-dependence of the field in the ‘wave-function’ f,,(y) which we
are free to choose. As a matter of convenience, we will choose these functions such that
the effective theory describes, at the quadratic level, towers of non-interacting states. The

factor of ﬁ is inserted to make the wave-function dimensionless, since [®] = 3/2 and

[Pn] = 1.
Inserting this expansion into the bulk equation of motion eq. (2.1.6), with V(®) =
%M 292, we find

24 £, 01 0ppn — (€240 (7440 fr) — M2 f,) b = 0. (2.2.2)
We want this equation of motion to have the following form,

M Oppn +mi ¢, = 0, (2.2.3)
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where m,, is referred to as the Kaluza-Klein mass of the n'* mode. Thus, the wave-

functions must be chosen to satisfy,
QA — M2, + e*m? = 0. (2.2.4)

We can see that the 4D KK masses arise from momentum along the direction of the extra
dimension, and even when the 5D mass M is zero, the 4D KK modes still have masses.
This feature is obviously independent of the spin of the particle under consideration, but
we will see it explicitly for spin-1 and spin-1/2 particles later in this section, and for spin-2
particles later in the thesis. The equation of motion for the scalar field is self-adjoint and
thus it is guaranteed that the wave-functions will form a complete set of solutions and

that they will be orthogonal to each other, i.e.,

(m2—m2)/Ld e A fmn =0 (2.2.5)
n m 0 y nJm — . oL

With the bulk equation of motion and the boundary conditions, one can solve to find the
KK masses (m2) and the wave-functions (f,(y)). Once this is done we insert them back
into the action, integrate over the y co-ordinate and treat the resulting 4D action as we
usually would. Without specifying what A(y) is we cannot write down analytic expressions
for the KK masses and wave-functions, however in the coming sections this will be done
for the case when the bulk geometry is AdS. The normalisation constant is usually chosen

such that upon substituting this expansion into the action the kinetic term for the field is

canonical,

1 L
/ dy € 22 fo frn = Orom. (2.2.6)
L 0

Note that the KK procedure does not solve for f,(y) via some variational procedure, it
is simply a re-definition of the fields done in such a way that once we integrate over y
the quadratic part of the action describes towers of non-interacting fields. Also, when we
apply boundary conditions, we simply use the boundary conditions for the entire 5D field
eq. or eq. , but apply them on a mode by mode basis, i.e. to each wave
function.

In the RS case, where A(y) = ky, we find that the 5D wave functions for scalar fields

are given by

fo = e;fy (Ja (%eky) + B(mn)Ya, (%eky)) : (2.2.7)

where m,, is the mass of the nth mode, « is a constant related to the bulk and brane
masses, and N, is determined by the normalisation condition [13]. The constants 5(my,)

and the KK masses m, are determined by the boundary conditions. The J, and Y,
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functions in this expression are Bessel functions. In the limit L > 1 the KK masses can

be approximated as

2 4

when we have Neumann boundary conditions on the UV and IR branes. There is also a

My <n + 2 3> mhe FL (2.2.8)

massless mode solution, however we will leave this discussion for section [2.3]

2.2.2 Gauge KK decomposition

We expand the A, and Aj fields in their 4D and 5D components,

1 n=oo
Azt y) = —= > fy AP
L n=0
1 n=oo n
As(at ) = = D S AL ). (2.2.9)
n=0

Plugging these expansions into the bulk equations of motion for these fields, eq. (2.1.17)),

we find that in order to obtain mass eigenstates it is required that,

Oy (7240, f) + m2f2 =0

02 (e f2) +mafa = 0. (2.2.10)
From eq. (2.2.10]) one can see that,
1
m, #£0 = fo=_—"0,f (2.2.11)
My,

where the 1/m,, factor arises from normalisation of the As kinetic term. This can be
verified by plugging eq. into eq. and integrating once with respect to y.
For the same reasons as in the scalar case, the wave-functions of the gauge modes are also
orthogonal and form a complete solution to the eigenvalue problem. Once we insert these
expansions into the action we require the following normalisations to ensure the kinetic

terms are canonical,

1 L
L / dyfin® 2 = Snm- (2.2.12)
0

Gauge invariance requires that there are no mass terms for the gauge field on the branes
or in the bulk, assuming we do not want to break the gauge symmetry. Note also that the
boundary conditions for the whole 5D field, eq. , are simply applied to each of the
5D wave functions separately. Regardless of the background geometry, there are several

features we can discuss at this point:

e If the A, components have (+,+) boundary conditions, i.e. no mass terms on the
branes, there will be a massless zero mode present in the spectrum with a flat wave

function, f({‘ = 1. And there will be no zero mode for the As field.
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o Ifthe A, field has (—, —) boundary conditions on the branes, there will be no massless
mode for the vector field. However the As field will have a massless mode, with a

profile exponentially localised in the IR, f3 ~ e2AW)

e If the fields have mixed boundary conditions, (£, F), there will be no massless modes

from either the vector or the scalar components.

e Lastly, we know that 4D gauge fields require an extra longitudinal degree of freedom
when they become massive. From the KK picture it is clear that these degrees of
freedom are provided by the tower of A5 KK modes, which are eaten by the A,, tower.
In this case the A5 modes can be removed by a gauge transformation. However when

the A, field has (—, —) boundary conditions, the A5 zero mode remains uneaten.

This information can be summarised in figure [2.1

(UV, IR) (UV, IR)
KKtower ") (- -)
, eaten . eaten
H e A
I I

I I
I zero modes I

Figure 2.1: A diagrammatic representation of the 5D gauge fields in the effective theory

The gauge fixing procedure derived in section along with eq. shows that
the A5 modes eaten by the massive A, modes have a {-dependent mass, implying that
they are unphysical particles. In unitary gauge, where £ — oo, we decouple these As
modes from the other particles in the model by taking their masses to infinity. However
if we have a massless A5 mode in the spectrum, as is the case in the diagram on the right
hand side of fig. that mode is physical and is not eaten by a vector field. This can be
seen by noting that even in unitary gauge the particle does not decouple as its mass has
no gauge dependence.

In addition to the discussion above, it is useful to point out that if a gauge field has
anything other than a Neumann boundary condition on both branes, the gauge symmetry
is broken. The gauge symmetry in the 4D effective theory will only consist of the generators
of the bulk gauge symmetry which have the Neumann boundary conditions. Whereas KK
modes will exist for all generators thus the KK spectrum will respect the global bulk

symmetry.
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In this thesis we will mostly work with the Randall-Sundrum background, A(y) = ky,

in which the solutions for the 5D wave functions of the KK gauge modes are found to be,

eky My,

=5 (J1 (%e’“@') + B(ma)Yi <?e’“y)> (2.2.13)

where Ji and Y} are Bessel functions and the normalisation constant NNy, is fixed using
the normalisation condition. The integration constants §(m,,) and the KK masses m,, are
fixed by the boundary conditions for the field on the two branes. In fact, in the kL > 1

limit the KK gauge masses are approximately found to be,
1 kL
my ~ (n—— | mke ™. (2.2.14)

The mass scale of the KK resonances is fixed by ke ~ TeV. Through the relation in
these expressions also give us the 5D wave functions of the As scalars.

Since the zero mode gauge field is flat, one can simply calculate the relation between
the 5D gauge coupling and the effective 4D coupling. By inspecting the interactions among
the zero mode gauge fields one can see that we must have g5 = g4+/L, which makes sense
considering that the 5D gauge coupling has mass dimension —1/2. This relation can be
modified by the inclusion of brane kinetic terms for the gauge field, however we will not
consider these here. Due to the localisation of their profiles, the interactions of the KK
gauge fields are a lot different than those of the zero modes, and since g5 is fixed in terms
of g4 and L, the strength of the interactions can be controlled by L. If we wanted to keep
the mass of the KK modes constant and vary L, this would require a variation in k such

that ke "L is kept constant.

2.2.3 Fermion KK decomposition

For the last demonstration of the KK method we turn our attention to fermions. We write

the field expansion as before,
1 n=oo
U r(at,y) = —= > o m)er ). (2.2.15)
\/E n=0

Again, in order to obtain a tower of non-interacting fermion states at quadratic level in

the effective theory we require that

(0y — my —24") R = —m,et fL

(8y +my — 24") fF =me? f1, (2.2.16)

where m,, is the mass of the left and right-handed vector-like modes. Just as in the

scalar and gauge cases, these wave functions form a complete basis for the solution to the
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eigenvalue equation, and are orthonormal. We fix the overall normalisation constant by
requiring that the kinetic term be canonical,

1

L
L/ dy e 3AfLEfLE Om,ns (2.2.17)
0

where the ¢34 term comes from the /|g| e? terms from the metric component and the
fiinfbein.

From the equations of motion we can clearly see a zero mode solution, m,, = 0,
fER ~ 2ATmY) (2.2.18)

Applying the boundary conditions, eq. (2.1.34]), to this mode reveals an important feature

of this scenario,

'/ 5 WYp=0 = No RH zero mode

!

- — VU, =0 = No LH zero mode, (2.2.19)

thus despite having a vector-like theory in 5D, in the 4D theory the zero modes are chiral
and only the KK modes are vector-like. These boundary conditions ensure that the surface
terms vanish, and fixing the boundary condition of one chirality automatically fixes the

boundary condition for the other,

!

'+ = (O +me —24") fE=0
4)

(9, —mg —24") fE=0. (2.2.20)

In the case that we have a bulk Higgs acquiring a vev, the bulk fermions will get a
y-dependent mass. In our work we will have a bulk Higgs, but will assume that the Higgs
vev term is small enough to be treated as a perturbation, so that my is always treated as
a constant.

In the Randall-Sundrum case (A(y) = ky), we can solve for the fermion KK modes
exactly. In some works the authors like to re-scale the fermion profiles to modify the
normalisation condition, so here we will first find general solutions where the profiles have

been rescaled such that f#{,g — erky f,ﬁ;’,f In this case the normalisation condition is

1

L
L[y g, (2:2:21)

where some people refer to r = 3/2 as a physical normalisation. With this rescaling we

can write the zero and excited mode wave functions as

LR L o—rtopk
’ = O = — rre)ry
0 (mU ) \/FOQ
1 5_,
fER(m, #0) = e(3-7)ky (Jje1/2) + B(mn)Yiex1/2)) (2.2.22)
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where we write mg = ck, and the normalisation constant IV, is fixed by the normalisation
condition. Again, the integration constants 3(my) and the KK masses m,, are fixed by

the boundary conditions of the field on the two branes.

2.3 Natural hierarchies for bulk scalars

It is well known that the Randall-Sundrum model can naturally give rise to mass hierar-
chies for scalar fields when they are localised on the IR brane, or when they are allowed
to leak slightly into the bulk. In this section we investigate this idea thoroughly and look
at the fine-tuning involved if one wishes to obtain a scalar mode with a mass well below
the KK scale.

We write the action for the 5D scalar field as

L
Se = /d4m/0 dy %\/m ((0M®)* — m32?), (2.3.1)

where M = p,y and +/|g] = e"**¥. The 5D mass term consists of both bulk and brane

terms such that
mg = (b + 6b*)k* — 6(y)a’k + 6(y — L)(a® + da®)k. (2.32)

We could also have a mass perturbation on the UV brane but that parameter is negligible
due to the requirement that scalars with light modes be IR localised. Note that these bulk
and brane masses are of the order Mp;, it is the warping of the bulk geometry that gives
the exponentially suppressed KK masses. Next we perform a Kaluza-Klein expansion on

the scalar field,

B(.y) = 2= 3 0@ fu(v) (233)

When 6b% and da? are zero and the remaining bulk and brane mass terms are related
by [46,47]
v’ = a*(a® + 4), (2.3.4)

the 4D spectrum contains a massless mode. In figure [2.2] we see that the minimum value
of the bulk mass (b*) which permits a massless solution is —4, this is known as the
Breitenlohner-Freedman bound [48]. By normalising the kinetic term and imposing the
boundary conditions,

fn(L) = —ak fu(L)

£4(0) = a2k, (0),

(2.3.5)
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b2 4 hierarchy
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0
-2
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Figure 2.2: The solid line shows the relationship between the bulk and brane mass terms
required to have a massless scalar mode of eq. ([2.3.4). The shaded region shows the pa-
rameter space for which the Higgs profile is sufficiently IR localised such that the hierarchy

problem is resolved.

we find the zero mode profile to be,

21+ a2kl

The parameter a? defines the localisation of the field in 5D and a? < 0 implies IR localisa-

tion. Along with this zero mode one obtains a tower of KK scalar fields with the following

5D profiles

o= S (o () -y (%)), 23

where m,, is the mass of the nth mode, a = 4+ b2, and N,, is determined by the
normalisation condition |13|. The constants 5(my,) and the KK masses m,, are determined
by the boundary conditions and in the limit kL > 1 the KK masses can be approximated

as

3
My <n + % - 4> ke *E, (2.3.8)
Note that to obtain TeV-scale resonances we require that kL ~ 35.

Switching on the mass perturbations §b? and da? introduces a mixing between the KK

modes of eq. (2.3.3). The effective action for the scalar can be written as
1
S = /d4:c > 3 ((0,®,)2 — M2®2 — dm2,,8,,®,,) (2.3.9)

where ®,, are the 4D fields with wave functions f,(y) respecting the boundary conditions
of eq. (2.3.5). The resulting contributions to the mass matrix are given by

sb2k2 [* a2k
o = [y g R 0@, 230)

25



Once we turn on the mass perturbations §b? and da? we turn on the mass mixings in the
4D effective theory. This requires us to diagonalize the mass matrix and in turn the zero
mode becomes massive. The effect on the masses of the higher modes is negligible. With a
slight tuning we can obtain a zero mode much lighter than the KK scale if the Higgs field
is localised in the IR [21}/22]. Going to the mass eigenbasis we find that the zero mode

mass is

o0 2 \2
md = 6miy — > (Omg,)” (2.3.11)

To adequately suppress the mass perturbations from §b? and da® we will see that we need

a? < —2. The mass scale for the zero mode is set by dm3,. Setting a®> = —2 — z we find
that
2(1 +2)k? [ b2
2 2zkL 2 2xkL
omgy = I s (e 1) + da“e . (2.3.12)

Taking the limit a®> — —2, this is found to be
omiy ~ 2(6b°kL + da*)k2e 2L, (2.3.13)

and for e?**L > 1, i.e. 2 > 1/(kL)

dmiy ~ 2(1 + x) (‘;bj + 5a2) k2e kL, (2.3.14)
We see that, for a®> = —2, the bulk mass correction needs to be more tuned due to the
kL factor. However, as the field becomes localised further towards the IR brane this
enhancement of the bulk term quickly diminishes. In all, we find that in order to have a
zero mode at the electroweak scale we only require a percent level fine-tuning. If a® > —2,
the mass corrections do not get the required suppression and thus there cannot be a light
mode in the spectrum without a tuning of the bulk and brane mass parameters.

This is the solution to the hierarchy problem that we require. If the Higgs boson is
localised on or near (a? < —2) the IR brane then the Higgs mass is not sensitive to large
scales in the model. In other words, radiative corrections to its mass will be cut-off at the
scale associated with the IR brane. In 9] they show that the graviton in this scenario is
localised near the UV brane, which means that the mass scale associated with gravity is
that of the UV brane, i.e. the fundamental mass scale Mgﬂ If we have My ~ k ~ Mp; =
10'® GeV and ke *' = 1 TeV, then we require kL = 34.5. Therefore with an O(10)
hierarchy in the model parameters, we can naturally generate the exponential hierarchy

between the Planck and electroweak scales.

'We also discuss this in section
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2.4 EWSB in non-custodial RS models

The non-custodial model simply has the SM in the bulk, with no additional symmetries.
Additional particle content only arises from KK modes of the 5D SM fields. We will start
here by looking at the Higgs potential, thus we have an SU(2) Higgs doublet ® consisting

of complex scalars,

L
S = /d%g/0 dy e~ 4y ((DM@T(DM@D) — m20Te - A5(<1>Tq>)2) (2.4.1)
and
(2, y) = et : (2.4.2)
¢"(z+,y)

where ¢ and ¢° are complex scalar fields. The mass term, defined in eq. (2.3.2), and
quartic coupling in this model can have localised brane contributions and in principle
can be y-dependent in the bulk (however we assume them to be constant). The quartic

coupling then is of the form

1 1
A5 = A + E)\IR(S(?J — L)+ %/\UWS(?J)- (2.4.3)

The A\yy term is irrelevant for an IR scalar, here thus we will only consider the IR contri-
bution. In this section we will study models in which we have a quartic term on the brane
and/or in the bulk. In both cases we go to the 4D theory before we treat the breaking of
SU(2).

2.4.1 Brane EWSB

To reach the 4D effective theory we follow a method exactly like that in section and
find the same scalar profiles. The only difference is an extra term in the effective action

corresponding to the brane quartic coupling

1
S = /d4x2 > 10, Pnl* = m28L D, — Y omZ, 88,80 — Ny D O P PP, |
n m,n Ilmnp

(2.4.4)

where

N = "2 (L) fn (D) u(E) (1) (2.45)

and dm?2,, is defined in eq. (2.3.10)). The standard model Higgs will be identified with the
lightest mass eigenstate, being predominately composed of ®q. Taking the approximation
with just the zero mode plus first N KK states, we have (N + 1) Higgs doublets in the

effective theory. From here we can minimise the potential and find expressions for the
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vacuum expectation values of these fields, (®,,) = v,,. The largest correction to the
standard model Higgs potential will be of the form )\1000@8@1, making Ajpgp the most

important BSM coupling in this sector.

2.4.2 Bulk EWSB

We write the scalar doublet so that we can see clearly the excitations around its minimum,

Dlat,y) = — 7" ) : (2.4.6)

V2 \ o) + ¢t y)

With a quartic term in the bulk we can write the total energy functional of the 5D system

in the ground state as

L
Elv(y)] = /dzg’/o dy%\/m((ayv)2 +m3o? + Asv) . (2.4.7)

Minimising this, we find that in the ground state the field must obey the following EOM

1

Vgl

Boundary terms in the scalar mass will induce non-trivial boundary condition, similar to

8y(V/1918yv) + V*k*v + Apv® =0, (2.4.8)

the discussion in section [2.3.3] We choose a gauge in which we can write the doublet as

1 0
Ozt y) = — , 2.4.9
7N )+ atan o

where 7 = Re(¢"). We can now write the action for the physical field n as

L 1 1 1
S = /d4a;/ dy§\/ gl 62A56“778,m b ———=0,(\/|910yn) + b*K*n + Apv®n | n
0 vari
)\B 4

(2.4.10)
where A(y) = k|y| denotes the warp factor. Expanding 7 into KK modes to diagonalize

the fields in the mass eigenbasis, the equation of motion for the 5D profiles reads

1
— ——=0y(\/]910y fn) + VK fro + Apv? fr = V/]gle*m £ (2.4.11)

Vldl

Again nontrivial boundary conditions are induced by the brane masses. Here m? is the
mass of the nth KK mode. Thus m2 and fy refer to the physical Higgs mode. This shows
us that the Higgs fluctuation and the vacuum expectation value have different 5D profiles,
thus their interaction with the fermion and gauge fields will differ from the standard model.

This difference is determined by the Higgs mass and the KK scale [49].
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A0000  A1000  A1100  A1110 At111

Brane Quartic 1.00 -1.00 1.00 -1.00 1.00
Bulk Quartic 1.00 -0.54 0.66 -0.34 0.70

Table 2.1: This shows the values of the quartic couplings for brane and bulk EWSB with
2

a® = —2and Ap =1 or A\;g = 1/4, chosen such that Aggop = 1 in both cases.

Ideally we would like to solve these non-linear differential equations and have the
correct 5D profiles for the mass eigenbasis at our disposal. However, it is difficult to
obtain reliable numerical solutions. Instead we will not diagonalize the fields in the mass
eigenbasis, but will expand them in the basis we used in sectionm Hence we use
the same 5D profile for the zero mode and the vacuum expectation value. This will result
in an effective theory similar to that in the brane EWSB case, except now the effective

quartic term is given by

A L
N = 25 [ dualifonfufy (24.12)

The only difference we have is that the relationship between the different quartic couplings
changes. In table we show the values of these bulk and brane quartics for a> = —2 and
take the two cases Ap = 1 and A\;g = 1/4. The effects of KK modes in the Higgs sector
are usually proportional to the quartic couplings, the largest effect is ~ A1ggov1 and hence
the most relevant coupling is A1ggg. From table we see that having bulk EWSB terms
reduces the higher mode quartic terms with respect to Agggg and will therefore reduce the
KK effects in general.

The SM particles receive small mass corrections from the vev of KK Higgs fields, which
induces a misalignment of Higgs couplings and particle masses. We find that KK vev’s

are approximately
2
An000 Mgy
" Nogog m2 o
0000 My,

U ~ (2.4.13)

From table we see that the ratio for a brane quartic coupling is A\1gpo/Aooo0 = —1, and
for a bulk quartic ~ —0.5. If we were to fully account for the mixing effects arising from
the A1goo terms in calculating the Higgs vev we would expect O(m?%, /M%) corrections to
the Higgs vev and mass. However the only way of seeing these effects would be through
a precise sub-percent level measurement of the Higgs quartic coupling, which will not be
possible with current particle colliders.

In the next section we will see that electroweak constraints force KK resonances into

the multi-TeV range, thus leading to v,/vp in the sub per-mille range. The resulting
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impact on couplings between the Higgs and gauge bosons is then also in the sub per-mille
range, and too small to make an impact even at TLEP [21]. (A different and potentially
observable source of modifications of the gauge Higgs coulings we will discuss in the the
next section.) Also modifications of the Higgs cubic self coupling are at similar level and
thus too small to be observed. The other important factor is the coupling of SM particles
to the Higgs KK modes. Gauge zero modes have flat profiles, hence the normalisation of
the Higgs field ensures that they couple equally to all Higgs KK modes. For the fermion
fields we also find that the fermion zero modes couple to Higgs zero and KK modes almost

identically, as the Higgs is IR localised.

Multiple Higgs doublet models

Since the tower of Higgs doublets in the effective theory all couple to the up and down
type quarks, this could be viewed as a theory of multiple Higgs doublets with vev’s given
by eq. and couplings given by eq. . If we include one additional mode
for simplicity, we have a type III 2HDM which is well studied phenomenologically. The
experimental constraints for these models are summarised in [50]. They express the con-
straints in terms of tan(f3) = vy /vy and cos(3 — «), the ratio of the Higgs KK mode and
zero mode couplings to the SM gauge bosons. In this model both these observables are
~ M”T;K, i.e. per-mille, and well within the experimental constraints. For these bounds to
be relevant we would need Mg <1 TeV.

2.4.3 Electroweak precision observables

We have a non-custodial SU(2);, x U(1)y bulk gauge sector with bulk fermions and a
bulk Higgs. Calculating the Peskin-Takeuchi parameters |24] is straightforward assuming
universal UV fermion localisations for the light fermions. Corrections to the SM can arise
from the zero mode fields mixing with KK modes, and from the exchange of KK particles
in a physical process. For our purposes the latter is only a small effect and will be ignored.
For a detailed analysis of the case of a brane Higgs, see e.g. [51]. The low energy 4D
effective theory can be written in the form [52]

1 1 1 1
L= Y Ey = S W Wy = 22" 2, — S (1 + 62)Ym% 2" Z, — (1 + dw)my WHW,

—6(1 + (5aw) Z @i’yuQi’lﬁiAu — . € (1 + 5ww) Z(V;jzﬁfy“PLz/szj + C.C.)

wv2

e —
(14427) Z iy (Tsi P — Qisiy + Qiswew Aza) ¥iZy,

SWwew
(2.4.14)
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where V;; is the CKM matrix and 6z, dw, sa¥, dw¥ and §z¥ are flavour independent new
physics contributions to the Lagrangian. Note that the above action only parameterises the
oblique electroweak corrections, i.e. those in which the vertex corrections are independent
of the fermion species. This is a good approximation in our case, since the processes
contributing to the EWPOs only involve light fermions which can all be approximated to
have the same 5D wave function localised near the UV brane. Differences in the 5D profiles
for light fermions would lead to non-oblique corrections to the above action, however these
are expected to be small and we neglect their effects here. From this Lagrangian we can

identify the S, T' and U parameters with
oS = 4s¥ch (—20a¥ + 202Y)
= (6w — 6z) — 2(6w¥ — 627) (2.4.15)
alU = 8s¥,(—6a¥shy, + dw¥ — ¢}, 62Y).

We decompose the 5D SU(2)r, and U(1)y gauge fields as

W“:}Zﬁ@w%w

M= ﬁ fo(y)Bﬁ(x“)- (2.4.16)

Note that since we are treating EWSB as a perturbation, we have f2 = ff = 8 = f;:‘
where f;L4 are the wave functions defined in eq. (2.2.13). In unitary gauge the Higgs can

be written in the following form

0

woy— L
o(zt,y) = \/ﬁfo(y) ot b ) (2.4.17)

where fj is given from eq. (2.3.6) and we ignore KK Higgs modes. When we go to the 4D

effective theory, we can write the mass matrices for the gauge fields as

N Y
g
My =2 2 Lud ey (2.418)
Mgy Mgy
2 12
+
M% _ g g M2 912 ml + ]\411 . (2419)

4 01 2+
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Mi=|o0 m2 ... |, (2.4.20)

where
Uo

L
| dy PR (2.4.21)

M2

and m? are the gauge KK masses. The normalisation of the Higgs field means that Mgo =
v3. We can approximately diagonalize these mass matrices assuming that Mg,, M3, < m2,

and find lowest mass eigenvalues to be

m%
2 2,2 2 2,2 2 (2.4.22)
(M2) (9" +9%)v5 (| _ (o"+3") ZRn
270~ 4 4 m2 |’

where R, = Mgn / U(2) and parametrizes the coupling between the Higgs and gauge excita-
tions. The photon remains massless. In moving to the mass eigenbasis the fermion and
Higgs couplings to the W and Z bosons get shifted. We are only interested in the shift
in the fermion-gauge coupling since, at tree-level, the gauge-Higgs couplings do not alter
the electroweak precision analysis. We write the unshifted vertex term between a fermion

and the W boson as

Z \/gfzj Z zO&iO')’MPijOW;% + C.C.)7 (2.4.23)
w

where ¢,y is the effective coupling,

L

g5 _

amn =25 [y g g (2.4.24)
L2 Jo

with » = 0 and fn% defined in eq. (2.2.22). When we go to the mass eigenbasis, the

interaction of the fermion with the zero mode gauge field is of the form

goo (4 _ Mg, gon
V2w 4 m2 goo

) E( Vijthio* PLabjoW iy + c.c.). (2.4.25)

For the Z coupling we have an analogous expression proportional to g2 + ¢’2. Since the
photon remains massless the photon vertices do not get extra contributions. With this

information we can express the electroweak parameters as
—97 R vg
S ) Z nl 2 2o M20

— (n — 7)? oo KK

9 R, < 90n> v(z)
T~ R, +27"
(16C%V =12 " ) )
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Ri Ry Ry Ry
Brane Higgs 8.4 -83 81 -8.2
Bulk Higgs (a®> = —2) 5.6 -0.9 05 -0.3

Table 2.2: Here we show how the couplings between the zero mode Higgs and the gauge

KK tower differ for a brane and bulk Higgs.

whereas U ~ (g2 - (g% + g’Q)C%,V) = 0. In the above calculation we used the expressions
for the gauge KK masses in section and have taken Myx = my ~ (3n/4)ke L,
i.e. the mass of the first gauge boson excitationﬂ From the expressions in eq. ,
neglecting contributions from higher KK modes, we find a correlation between the S and
T parameters which can be expressed as

T~ SCI%V (2 - zz?Rl) S. (2.4.27)
Depending on 7'/S, the model can live in more or less experimentally favoured regions of
the parameter space, possibly resulting in reductions to the Mg g constraint.

To a good approximation R, and go,/goo do not vary with L, meaning that the only
L dependence in S and T comes from Mkg. R, varies with the Higgs localisation, and
becomes smaller as the Higgs leaks to the bulk. Table shows that the bulk Higgs
couples less to gauge KK modes than the brane Higgs. As a result, not only will the T’
parameter be smaller for a bulk Higgs, but we find that a two mode approximation is
accurate for a bulk Higgs, but not sufficient for a brane Higgs.

Light fermions must be localised in the UV so that their overlap with the Higgs is
small, this corresponds to ¢z, > 0.5 [46,53,/54]. From figure we can see that this implies
a small coupling with the KK gauge modes and therefore small vertex contributions to the
electroweak parameters. For all fermion localisations we find that the coupling decreases

for heavier KK modes.

Current bounds on S and T with U = 0 are given in [55] (see figure [2.5). Taking the
95% CL bound, we find the following bounds for a brane and bulk Higgs:

e Brane Higgs: Due to the large values of R,, the KK gauge modes have large contri-
butions to the T parameter. If we approximate R2 ~ 8.42 for all n, we can sum the

full tower contributions by taking the sum Y oo (n — 1/4)72 ~ 2.54. We then find

?In the first part of this thesis we define Mk as the lightest KK gauge mass in the model, however in

the second and third parts we define it as Mxx = ke kL,
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Figure 2.3: This plot shows go,/goo over a range of fermion localisations for n = 1 (solid)
and n = 2 (dotted). The shaded region shows the parameter space for which the fermions

are UV localised.

that the electroweak constraints require Mk 2 15 TeV.

e Bulk Higgs (a?> = —2): Since the R, values are small for n > 1 we find that the
first mode makes the only sizeable contribution to the electroweak parameters. With
just the first excited mode we find the bounds to be Mk 2 8 TeV. Including the
first 10 modes only corrects the 8 TeV bound by 0.3%, and the second excited mode

contributes 0.26% of this correction. We find similar effects for the S parameter.

These results are in agreement with the bounds found elsewhere in the literature |30,56,57].

Another thing one should consider is the misalignment in the gauge boson masses and
their coupling to the Higgs zero mode. The couplings between the Higgs zero mode and
the gauge modes can be written as a matrix similar to eq. but without the large
contributions from the KK masses. The absence of the KK masses here is what causes the
misalignment when we go to the mass eigenbasis. We find that the HHZ and the HHZZ
interactions receive identical corrections ~ R? m2Z /MIQ( x> and similarly for the W boson.
With the lightest gauge boson mass at 8 TeV we find a 0.4% misalignment for the Z boson
and a 0.3% misalignment for the W boson. This would be visible at the ILC [36]37] or
TLEP [41]. The only way to reduce this misalignment is to either increase My or to
reduce the coupling of the Higgs zero mode to the gauge KK modes, which can be achieved

by modifying the background geometry in the bulk [28-32].
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2.4.4 Higher dimensional operator contributions to S, 7" and U

In the previous section we demonstrated how to estimate the size of the calculable con-
tributions to the electroweak parameters in the 4D effective theory. There will also be
incalculable contributions from the UV theory which we will parameterise using higher
dimensional operators in the 5D theory. The three leading operators contributing to the
oblique parameters are
S %(@TT%)W;@NBMN
5

A
T: oDV
M;
0
U: —|otwMNg|? 2.4.28

where p, A and 6 are unknown O(1) dimensionless parameters. By taking these to be O(1)
we are implying that the relevant mass scale for these operators in 5D is ~ M5. However
we will see that, due to the warping of the extra dimension and the IR localisation of
the KK gauge mode wave functions, this mass scale gets warped down to O(Mgf) after
integrating over the extra dimension. This is implies that the effective cut-off for the
effective theory obtained after integrating over the extra dimension is also of this scale.
These higher dimensional operators could be present both on the branes or in the bulk,
ie.p=pp+prrM; 1§(y—mR). In the brane case there is an extra mass scale suppression.
There is also a possible contribution from the UV brane, which is negligible for an IR
localised Higgs. The S and T operators both have effective coefficients ~ v3 /M2 -, but
due to the higher dimension of the U operator it is of the order ~ (v% /M3 K)Z. Thus only S
and T will receive sizeable corrections from these operators, while S also has an additional
suppression ~ ,%L with the respect to the T' coefficient. Once we do the integrations over
the extra dimension, taking Ms ~ O(k), we see that all three operators show similar
dependence on the Higgs localisation. The effective coefficients grow exponentially as a?
decreases until, at a®> = —1, the exponential growth stops, which is due to the normalisation
of the Higgs field. At a®> < —1, operators on the IR brane increase linearly with a? while
operators in the bulk remain mostly constant. At a? = —2 the operator coefficients from

the IR brane contributions are

_ v 2
prn — 08 = pra(kL) k" (5 )

ke
3 2
)\IR — adl = —4)\]R/€4 (ke_OkL>
4
Orr — adU = —40;p(kL) k7 (kevka) (2.4.29)
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Figure 2.4: Here we show how dg varies with k for A\g = A\;p = 1 (dashed) and Ap =

Arr = 10 (solid).

and in the bulk are

2
pB — adS = pg(2kL) k3 ( bl )

ke—kL
_ 2 3 vo \?2
>\B — adl = g)\B"@ (k:e*kL>
_ vo \*4
O — adU = —05(2kL) "' K5 ( ke_kL) : (2.4.30)

where the B and IR subscripts refer to the bulk and brane parameters, respectively, and
k = k/Ms. With O(1) values for the operator coefficients we would only expect a sizeable
contribution from the operator contributing to the T' parameter. With respect to this
operator, the operator contributing to the U parameter is suppressed by two additional
powers of mass, and the operator contributing to the .S parameter has an additional
volume suppression. This behaviour in the U parameter has been noted in [58] also. We
see that from an EFT perspective the relevant scale of these operators depends on the
5D localisation of the Higgs wave function. If the wave function is localised towards the
UV, the relevant scale will be of the order Mp;, whereas if it is localised near the IR the
relevant scale will be of the order Mgk .

If we ignore the vertex corrections, and include the effects of these operators in the T

parameter expression from eq. (2.4.26)), we find total T' parameter

3T 2 1 R2 253 54 U2
o= {1 ; A +4—A 0 —T(1+d), (2431
’ (4> (ﬂc%vzn:(n—o.25)2+3a B+ A AR (1+0d6), (2.4.31)

where we again took My = my ~ (31/4)ke "L, Here d¢ parameterises the contribution

from higher dimensional operators,

-1
1 R2 2 K® K
= E “ —-—— 4— . 2.4.32
% (FCIQ/V — (n— 0.25)2> <3 « A+ « AIR) (24:32)

36




05 g g
c Bl 68%, 95%, 99% CL fit contours, U=0 -
0.4 (SM_: M =126 GeV, m =173 GeV) 3
0.3 —
0.2 —
01F —
oF =
E SM Prediction :
01 F M, = 125.7+ 0.4 GeV =
= m =173.18+094 Gev T
m M 7
02 i 3
= "™ SM Prediction 3
03F with M, <[100,1000] GeV _J
-0.4 :_ G ] B 59_:
_0.5 Cor11 1 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111
05 -04 -03 -0.2 -0.1 0 0.1 0.2 0.3 0.4 05
S

Figure 2.5: Here we have overlaid the bounds from [55] with the S and T correlations for

d¢ = 0 (solid), 0 = —0.4 (dots) and Jg = —0.8 (dashed).

From figure we see it may be reasonable to argue that these contributions could be
large enough to provide a reduction in the T parameter calculated in eq. (2.4.26[). This
also modifies eq. (2.4.27) such that the correlation is expressed as

1
Tp~ — (2 - gOOR1> (1+ 86) S. (2.4.33)
8ciy go1

From figure 2.5] we see that as well as directly reducing the T' parameter, d # 0 can take
us to a more favourable region of the parameter space, depending on the relative sign,
thus allowing for a further reduction on the Mgk bound. If we take the 95% CL bound
from figure 4, we find that the lower bound on Mgk is approximately 6 TeV and 2.7
TeV for §6 = —0.4 and —0.8, respectively. So it is plausible to assume that incalculable
contributions to the T parameter lead to a partial cancellation and so relax the bound on
the KK scale. It therefore seems premature to exclude discovery of such a scenario at the

forthcoming LHC run.

2.4.5 Custodial models, Little-Randall Sundrum models, and EWPOs

The standard model electroweak sector has an accidental global symmetry in the limit
of zero hypercharge coupling, ¢ — 0. This global symmetry is SU(2);, x SU(2)g, and
when the Higgs gets a vev it is broken to a subgroup denoted SU(2)y. In the limit of
zero hypercharge, this SU(2)y symmetry is called the custodial symmetry, and it ensures
My = Mz. When hypercharge is turned on, we find that My = cos(fy )Mz holds
at tree-level and, due to the approximate custodial symmetry, only receives corrections

at loop level. These corrections, as we have seen, are represented by the T parameter
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observable. The problem in this warped extra dimension scenario is that these corrections
are induced at tree-level, and thus have the potential to be much larger. This essentially
happens because the gauge KK modes have mass before EWSB. The tree-level T parameter
corrections coming from mixing with KK gauge modes are proportional to ¢’?, which comes
from o O dw — 0z, where Jw ~ m%/v and 6z ~ m%. Thus in the zero hypercharge limit
these tree-level corrections would vanish and the warped extra dimensional scenario would
also enjoy an accidental custodial symmetry.

An elegant way to suppress these tree-level corrections is to introduce a local SU(2)r, x
SU(2)r x U(1)x gauge symmetry in the bulk, where hypercharge is embedded as Y =
T3 + X [25). This leads to additional contributions to the T parameter which exactly
cancel the ¢’ terms we found in the previous section. However, it also leads to additional
massless gauge fields. These can be eliminated by giving these fields Dirichlet boundary
conditions on the UV brane. This is an explicit breaking of the custodial symmetry,
however since all the KK modes are IR localised, it is only important that we keep the
custodial symmetry on the IR brane. Thus ensuring that the interactions between SM
fields and the KK modes respect this global symmetry.

With the additional bulk gauge fields the 5D covariant derivative is now of the form,

DM = BM - ig5LZTLa - ig5RZTI% - ’ig5)(AMX

D —i (g5 RTR + gsx AuX) . (2.4.34)

We assume that there exists some dynamics on the UV brane which mixes these Ri and
A, fields such that, in the mass eigenbasis, we are left with a massless mode corresponding
to the hypercharge generator, and a massive mode. Note that this mixing essentially gives
a Dirichlet boundary condition to one linear combination of Rz and A, and a Neumann

boundary condition to the other. This requires a rotation of the form,

R3 cos(6 sin(6 A
. (6c) (bc) " (2.4.35)
A, —sin(f¢) cos(fc) B,
where,
sin(0c) = ——LX
\ 95+ 95x
cos(fc) = ——L (2.4.36)
\/952, + 93x
After this rotation the B,, and ZL enter the covariant derivative as
Dy > ~i(G5(Th + X) By + §s2(Th — 55, (Th + X)) 2}, (2.4.37)
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where s, = sin(fc), and the couplings are,
~ 9595X ~
9= =1 G5z = \/ 95 + gix (2.4.38)
\/ 95 T 95x

and g5 is to be interpreted as the hypercharge coupling. With this mechanism in place
it can been shown that the contributions of the Rj fields to the 7" parameter cancel the
tree-level contributions from Ljj. In this case one should take into account the one loop
contributions of the KK top and bottom fields; since the KK masses of ¢;, and by, will not
be equal, sizeable corrections to the T" parameter occur in much the same way as the SM
quark contribution. One can also consider a scenario where the bulk custodial symmetry
is broken. In this case the KK modes of Lj; and R}, do no have the same mass thus the
exact cancellation of the tree-level corrections does not occur.

Another way to reduce contributions to the 7' parameter (and some flavour observ-
ables) is to reduce the 5D volume, kL. In the work in this chapter we have always kept the
fundamental 5D mass scale (~ k) near Mp;, such that the model connects the electroweak
scale and the scale at which quantum corrections to gravity are expected to become im-
portant. However, as mentioned in the introduction, it is entirely plausible that there may
be an intermediate scale laying between the electroweak scale and Mp;, in which case the
RS models we consider need not address the hierarchy between my and Mp;. In such a
scenario we can replace the 5D mass scale by a lower scale, which has an important effect
on some observables calculated from the model. These models were first studied in [59]
and dubbed ‘Little Randall-Sundrum’ (LRS) models. These authors show that the T" pa-
rameter and some flavour observables depend strongly on the 5D mass scale, and that the
corrections to the SM values for these observables are decreased when this scale is lowered.
Thus with an intermediate scale corrections to the T" parameter are naturally smaller, and
helps to avoid the stringent bounds set by measurements at LEP. These LRS models will
play an important role later in this thesis, hence why we have briefly mentioned them

here.

2.5 Yukawa coupling corrections with a bulk Higgs

The aim of this section is to investigate possible bounds on the bulk Higgs scenario from
corrections to SM Yukawa couplings. Consider an SU(2) singlet fermion ¢ and doublet

@ = (T, B) in the 5D theory. The action for such a system, omitting terms in B, can be
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written as [46,/53]

L
1, _ _
S = /d%/ dy /|9 (2 (tvM Dast — Dagty™t) — mytt
0

(2.5.1)
1 - _ _ _
+5 (TAYM Dy T — Dy TAMT) — mgpTT + APVL Tt + h.c.) :

including a Yukawa interaction term with dimensionless coupling )\f)). The index “t”
represents the fermion species considered. The most interesting case will be the one of
the top quark. We choose boundary conditions such that ¢ and T have only right and left
handed zero modes, respectively. After electroweak symmetry breaking, as well as giving
the zero modes mass, the Yukawa interaction induces a mixing between the different

modes. The resulting mass matrix for one flavour is of the form

T,0 T,0 T,0 0

M0 0 My 1 0 My tr

T,1 T,1 T,1 1

Mo M my 1 0 Mo Ty

t,1 t,1 1

(TO Tl {l TZ 52 ) 0 ’I?’LT71 Mt71 ’I?’LT72 0 tR
L “*rp 'r ftp tp T,2 0 T2 ar 7,2 T2 ’

M0 My T2 Myo R

t,2 t,2 2

0 m 0 myy M; o th
(2.5.2)

where Mr 1 and M;; are the KK masses of the doublet and singlet fields and the mixing

terms are of the form

1 )\(5),0 L
Pm Pm N\t 0 WL R
m =—\." vy = d . 2.5.3

é,n \/§ on 0 \/iL /(; Y \/@fm fn Jo ( )

In the case of a brane Higgs, the boundary conditions imply that mg’{z =0 (m,n > 0)

since odd fields are zero at the IR braneﬂ With a bulk Higgs however these terms are

t,m

non-zero and additional corrections arise upon diagonalization. The mass entries myp
b

vary significantly in magnitude depending on whether or not zero modes are involved,

i.e. whether m,n = 0, and on the localisations of these zero modes. The smallest entry is

mtT’OO, which includes potential suppressions from both left and right handed zero modes.

£,0

A suppression by either a left or right handed zero mode occurs for mtT’fg and my o,

respectively. All other entries méfz do not suffer a suppression and therefore are of similar

magnitude.

3In ref. [49] the presence of such a term was argued for even in the case of a brane Higgs, once the
IR brane was smeared out by regularising the delta function defining the brane and then performing an

appropriate brane limit.
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Neglecting CP violation, the mass matrix (2.5.2) can be partially diagonalized using

orthogonal transformations of the left and right handed KK modes,

T
OLMOR =
62 T,0 T,0 02
1-— 7152 9[,1 0L2 mw 0 mm 1-— 71221 —031 —932
T,1 T1 62
—9[,1 1 0 'mt70 MT71 'mt 1 931 1-— % 0 )
92
02 0 1-7L2 0 mpy My ORo 0 1

(2.5.4)

where we assume a small angle approximation and consider contributions from the first
KK modes only. This transformation will isolate the “zero mode” from the KK excitations.
Below we will find that 67, and 0o are higher order in powers of vy/Mk k, which explains
the form of the orthogonal matrices used. To find the Yukawa coupling of the physical zero
mode fermion, we need to know the mixing angles in the O and O matrices. Expanding

to second order in powers of vg/Mg g, we find

T0 T1 TO 1 T,0
9 My Mo my 1 My 0 my
1~ — ; Opo ~ ———
M2, My M, M, -
T,0 T,0 T1 t1 T1 (2.5.5)
My o My 1 My o M7y my g
Opo ~ —— 55—+ ; Op1 = ———.
Mt,1 M1 My Mty

We can see that the second terms in 011 and frs vanish in the brane Higgs limit. For the

mass of the lowest lying mode (“zero mode”) we then find

T,0 T1 t,1 T,0 T,1
(4) —mT 1_(mt,1)2_(m0)2+ mTl my 1 My +(’)(m3 ) (2.5.6)
) 2MP 2M? | ml0 | My My, M) ] o

A matrix analogous to eq. (2.5.2) encodes the Yukawa interactions of the fermion KK

modes with the Higgs. In this matrix, diagonal terms corresponding to Mr, and M;,,
are missing. This results in a relative shift between the Yukawa coupling and mass of
the “zero mode” compared to the standard model. With the transformation defined in

eq. (2.5.4)), we find that the ”zero mode” Yukawa coupling can be written as

Tl 7,0 t,1 T.0\T,1
\@ 1o [ _ §(/\t,0 vp)? - §(>\t 1 v0)? s A2a ) Al Ao v3 o < A )
t t,0 2 M%l 2 Mt2,1 NGO | My My, M, .

t,0
(2.5.7)

We can now quantify the misalignment in the fermion “zero mode” mass and Yukawa
coupling as

T1 t,1 T,0,T,1
(4) _ \fm(4) 1= ()\tovo)2 ()‘tl UO)2 B <)‘T,1) )‘t,l )‘t,O ”(QJ ow O < )‘ng > .

r, = — 1= -
t )\(4) M%,l Mt2,1 )\z:éo MT,lMt,l 2 M?(K
(2.5.8)
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Note that because )\Z’lo is negative there is no cancellation in the contributions to 'r§4). The

dw term is related to the gauge boson mass correction from section [2.4.3| egs. (2.4.14)),

(2.4.22)). We use it here because the measured vev, v, includes the mass correction to

the W boson. We only include this factor for completeness since from the electroweak
precision tests we know that it does only result in a negative per-mille correction.

Before we look at numerical evaluations of r§4), a few general statements can be made.

Irrespectively of the fermion locations, rt(4) scales with the 5D Yukawa couplings as ()\§5))2
and with the KK scale as 1 /MIQ( - The third term in eq. (2.5.8)) is never weak in comparison
to the first two terms, except for the case of a brane Higgs, where we take this term to

(

be absent. Further statements on rt4) depend on the fermion locations. In the left-right
symmetric case ¢, = —cpg, the first and second terms in rt(4) scale as m§4)v/M[2( x> while
the third term scales as v? /M% - So for small fermion masses the third term completely
dominates. For other fermion locations these simple relations will be modified.

Our numerical evaluations of rt(4) are summarised in table For the case of a bulk
Higgs we use a KK scale of Mg = 5.9 TeV. As discussed in the previous section, a
small contribution from higher dimensional operators is required in this case to reduce
electroweak constraints to meet experimental bounds. For a KK scale of 8 TeV, the
Yukawa deviations from the table will be reduced by a factor of (5.9/8)% = 0.54, while
for a KK scale of 5 TeV they will increase by a factor of 1.4. We give separate results
for the three individual contributions and the total result from eq. , rt(4), denoted
by (a), (b), (c) and Total, respectively. As anticipated, the third term (c) is always very
important, and completely dominates for smaller fermion masses. Note that the scaling in
5D Yukawa couplings is somewhat distorted by changes in the fermion locations needed
to keep the fermion mass constant. For the top quark these modifications can easily be
larger than the anticipated 4% accuracy from HL-LHC [42,43]. Also for the bottom quark
the correction in the Yukawa coupling could be larger than the 2.4% or 0.4% accuracies
aimed for at ILC and TLEP, respectively [41]. For the tau Yukawa coupling it seems
questionable whether a deviation could be seen at ILC (predicted accuracy 2.9%), while
a detection at TLEP (predicted accuracy 0.5%) seems promising [41].

The comparison to the case of a brane Higgs is not unique, as one has to decide which
parameters should be kept constant in this procedure. In our opinion the most meaningful
comparison is done by keeping the crucial off-diagonal elements mf’lo and m:(’)l constant,
in addition the to resulting 4D fermion mass. This can always be achieved by choosing a

suitable brane Yukawa coupling and values for the fermion location parameters c;, and cg.

42



m§4) )\£5) crL CR Mpy My (a) (b) (c)  Total

[GeV] [TeV]  [TeV]  [%] KO

173.48 4 0.550 -0.26 6.52  7.12 12.97 0.05 19.72  32.7
173.73 2 0.530 -0.07 6.06 7.64 9.93 0.01 3.35  9.29
173.07 1 0.488 -0.20 5.98  7.12 1.29 0.03 1.31 262

4.17 4 0.526 -0.6320 6.04 6.46 ~ 1073 0.02 6.76  6.78
4.17 2 0510 -0.6190 5.97 641 ~1073 0.02 248 250
4.17 1 0500 -0.6004 5.93 6.33 ~1073 0.02 0.98 1.00

1.79 4 0542 -0.650 6.10 653 ~107% ~10"% 3.86 3.87
1.79 2 0508 0.650 597 653 ~107* ~1073 1.07 1.08
1.79 1 0516 -0.621 6.00 641 ~107* ~10=3 0.58 0.58

Table 2.3: Relative shifts in the 4D Yukawa coupling, 7“154), from eq. (2.5.8). The columns

denoted by (a), (b), (c¢) and Total give the first, second, third contribution and the total

result in percent. Mg is taken to be 5.9 TeV.

The resulting value for r,§4) can be derived from table by setting the contribution from
column (c) to zero. The contributions from (a) and (b) will receive small changes due to
the modified fermion locations. A large effect will be that for a brane Higgs we have to
use a larger value of Mk =15 TeV. So the brane Higgs cases related to the parameter
sets in table will have values for r§4) roughly given by the sum of contributions (a)
and (b) divided by a factor of four. E.g. the brane Higgs case related to the top quark
with bulk Higgs of the first row (r{") = 32.7%) will have r'? ~ (12.97% + 0.05%) /4 ~
3.3%. So only if the 5D Yukawa couplings is somewhat large a detection at HL-LHC
seems plausible. For lighter fermions these modifications of the Yukawa couplings will be

completely undetectable in the foreseeable future.

We have numerically verified that the expressions (2.5.5)) to (2.5.8)), which are derived

from considering a single KK level, receive only small corrections of < 10% when we
include more fermion KK modes.

Finally we would like to remark that in variants of the warped geometry, where the
KK scale is lowered to a few TeV [25-27,29-35], the modifications of Yukawa couplings
presented in table have to be upscaled accordingly. In the case of a KK scalar of
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3 TeV, the corrections from in table will increase by a factor of 3.9. Then 5D top
Yukawa couplings )\ES) 2 1.5 will then already be disfavoured by present observations of
Higgs production via gluon fusion at the LHC.

Yukawa coupling misalignment also has impact on flavour violation mediated by Higgs
exchange, as e.g. discussed in [49,60,/61]. Also Higgs corrections to the muon anomalous
magnetic moment were found to depend on the Higgs localisation [62]. Analysing the
resulting constraints for the scenario investigated here, however, is beyond the scope of
the present work. For generic O(1) 5D Yukawa couplings Higgs induced flavour violation
will be large, certainly pushing the bound on the KK scale beyond the bounds we derived
from electroweak precision constraints in section [2.4.3] However, flavour violation can be
significantly reduced if fermion localizations are generation independent (at least for the
first and second generation). In such a case the dominant bounds on the KK scale are

those we derived in section [2.4.3] Here we conclude that unavoidable Yukawa misalignment

does not lead to additional bounds on the KK scale.
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Chapter 3

Exploring holographic composite

Higgs models

In composite Higgs models the Higgs field is composed of some new particles interacting
via a strongly interacting gauge theory which confines at the TeV scale. In this scenario the
hierarchy between the TeV scale and the Planck scale is solved by the confinement of the
strongly coupled gauge theory. Because the Higgs is now a bound state, the effective cut-
off for this state is of the order of the confinement scale, i.e. ~ TeV. A “little hierarchy”
between the electroweak scale and the TeV scale can then arise naturally if the Higgs
bound state is a pseudo-Goldstone boson of this new strongly interacting sector.

Despite difficulties in extracting predictions from strongly coupled gauge theories, sev-
eral methods have been developed. The most basic of these makes use of large N approxi-
mations in SU(N) gauge theories, and of the global symmetry structure in the low energy
effective theory [63H70]. These methods, although useful, can be rather limited. It is pos-
sible to make progress beyond this using computational tools such as lattice simulations,
and while determining baryon states is still challenging, some studies in non-minimal com-
posite Higgs models have been done regarding the structure of the meson states [71H73]. In
this paper we adopt another popular method, namely holography, which has been proven
useful to describe another strongly coupled theory, QCD at low energies [74-78|] as well
as a way to develop new, non-QCD like, models of Technicolor [79-82]. In the context of
composite Higgses, the pioneer papers of Contino et al. [16,18], followed an intense explo-
ration of the Higgs as a holographic pseudo-Goldstone boson in warped extra-dimensions,
see e.g. [83].

Holography is a method based on the conjectured duality between strongly interacting

gauge theories in 4D and weakly coupled gravitational theories on a 5D AdS space like
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those studied in the previous chapter. Since the dual theory is weakly coupled, we are
able to extract precise predictions for the form factors and all masses and couplings in
the model. Here the word precision comes from the determination of 4D observables in
terms of the 5D model parameters after dimensional reduction, yet the relation with the
target strongly coupled 4D theory is still a conjecture and hence bound to an inherent
uncertainty.

The physics of 5D AdS spaces [9,[11,/12,|20] was studied independently of its applica-
tion to composite Higgs models, and many of the results and constraints are the same in
both cases. As mentioned in the previous chapter, the most important of these are the
constraints imposed by the EWPOs. In the absence of additional symmetries, large correc-
tions to the T" parameter imply a lower bound on the spin-1 resonances of ~ 8 TeV [3}|30].
In most realistic composite Higgs models the global symmetry structure of the strong
sector is enlarged such that tree-level corrections to the T-parameter are avoided. As
discussed in section [2.4.5] in the 5D realisations this corresponds to an enlargement of the
bulk gauge symmetry.

The space of composite Higgs models is parametrised by the global symmetry structure
of the low energy effective theory, and the embedding of the quarks and leptons into this
global symmetry. A large literature exists on the simplest composite Higgs models. We
will focus on what is known as the Minimal Composite Higgs Model (MCHM) [16}[18] with
the quarks and leptons embedded in fundamental representations of the global symmetry
(MCHM35) [84}85]. This model has a global SO(5) symmetry broken to SO(4) at the TeV
scale, thus employing the custodial protection of the T" parameter. A detailed discussion
of this model is reserved for section [3.1.3] For further details on the model-building
approaches in composite Higgs models see [86-H96].

Using the holographic approach it has been shown that it is possible to reproduce the
correct top mass, Higgs vev and Higgs mass quite naturally. However it is found that
this usually requires light top partners [84,85]. Typically top partners below about 700
GeV are required, and this is already in tension with bounds on vector-like quarks at the
LHC [97,98] which, for single channel final states, already reach 900 GeV. For specific
information on top partner phenomenology we refer the reader to [99-111] and for general
LHC phenomenology of the MCHM to [112-123].

There have been some attempts to alleviate the need for the light top partners in
holographic models. It has been shown that by embedding the leptons in larger repre-

sentations, their contributions to the Higgs potential can help alleviate the need for light
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top partners [124]. Also using the holographic realisations (although with a flat non-AdS
background), authors in [125] use larger representations for the third generation to reduce
the fine-tuning in the Higgs potential and allow for heavier top-partners. More recently,
models of composite Higgs with more than one breaking scale have been studied in a 4D
realisation, and it was found that this also allows for heavier top partners [126].

In general, tension from light top partners is not as much of a problem in the 4D explicit
realisations as it is in the holographic models. In [64,(127] it has been demonstrated that
one can achieve heavy top partners while having a light Higgs and keeping the fine-tuning
at acceptable values. The correspondence between the 4D and 5D models can be described
in terms of a dictionary from which one can relate the 4D and 5D parameters. One entry
in this relates the number of “colours” in the strongly coupled 4D gauge theory to the
UV scale in the 5D AdS theory, more details of this will be discussed in section In
this work we investigate how the top partner spectrum changes as we vary this parameter.
The effects of lowering this UV cutoff has been studied previously in 5D AdS scenarios in
which the Higgs is not a pseudo-Goldstone boson, these models are referred to as “Little
Randall-Sundrum” (LRS) models [59}/128]. It has been shown that these models reduce
bounds on some flavour and electroweak observables. In these LRS models we have a
UV scale which lies below the Planck scale (10'® GeV), and this is what we refer to as
the intermediate scale. However this intermediate scale introduces a problem. When
implementing it we find that the graviton now couples too strongly to matter such that
we no longer correctly reproduce 4D gravity. The natural solution here is to introduce
brane kinetic terms (BKTs) for gravity on the UV brane in order to suppress the coupling
of the graviton to matter [129].

In models of gauge-Higgs unification, lowering the UV scale allows for smaller correc-
tions to the Higgs couplings while keeping the KK scale constant. In doing this we find
in section that, while keeping the KK scale and the Higgs and top quark masses at
the observed values, we can increase the mass of the lightest top resonance. This is easily
understood in the KK picture, where lowering the UV scale modifies the couplings of the
KK modes. Quantifying the fine-tuning in the Higgs potential using the Barbieri-Guidici
parameterisation, we also show that some areas of parameter space with larger top partner
masses are actually less fine-tuned than those with smaller top partner masses, which is a
direct consequence of lowering this UV scale.

Having constructed an MCHM without light top partners, in section we investi-

gate deviations in the top Yukawa coupling, motivated by the ongoing experimental effort
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at LHC to put bounds on deviations from the SM prediction. In composite Higgs models
the top Yukawa is generally suppressed compared to the SM. If this effect is too large, it
could lead to a potential conflict with current or future data. We study the top Yukawa
coupling in the 5D realisation and find that in some regions of parameter space the devia-
tions to the SM can be suppressed relative to what is expected from pure (4D) symmetry
arguments. This will be very relevant once the experimental precision on the top Yukawa
increases.

Overall, we find that our 5D holographic realisation of the MCHMj5 with a smaller UV
cutoff is not in tension with current experimental data (both on the top partner spectrum
and the top Yukawa coupling). In fact, we find that having a lower 5D cut-off allows for
a better comparison between the holographic and 4D explicit realisations, and we find
good agreement between the results. The mechanisms we study that allow for heavier
top partners and suppressed Yukawa deviations are very general, and in particular do not
rely on any specific coset or fermion embedding. Therefore, we expect that these results
will generalise to non-minimal versions of composite Higgs, and it will be interesting and
fruitful to study this in detail in the future.

Before presenting these results we will take a few sections to cover the relevant back-
ground material. In the next section we will begin with an overview of some strongly
coupled models in particle physics, that is low energy QCD, technicolor, and then com-
posite Higgs. We will also present an overview of the MCHM35 which we use in this work.
Then in section we will extend our discussion of particle physics in 5D to cover holo-
graphic techniques for scalar fields and gauge fields. We will describe how gauge-Higgs
unification works and show how the mass spectrums and holographic profiles for fields can
be calculated. We will then give an overview of the relationship between the UV scale of
these 5D models and the number of colours in the dual strongly coupled 4D gauge theory.
In section [3.3] we then describe the relevant holographic calculations we need to study the

fermionic sectors of these models.

3.1 Strongly coupled models

Strongly coupled extensions to the Standard Model provide a natural explanation for many
of the phenomena we see in experiments probing the electroweak scale today. In particular
they provide a solution to the hierarchy problem via a mechanism which is very similar to
the physics we see in low energy QCD. In this section we will introduce strongly coupled

models with a very brief overview of a simplified QCD-like model and a discussion of
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technicolor. We will then define what we mean by a composite Higgs model and introduce

the minimal model that we focus on in the following chapters.

3.1.1 QCD and technicolour

The model of chiral symmetry breaking described here in the QCD case was originally
proposed in [130H132|, for a review see [133]. Consider a QCD-like model with only two
massless Dirac fermions, v and d, with the same quantum numbers as the SM « and d

quarks. Ignoring electroweak interactions for now, we can write the action as

L=qribq, + qriPar, qer=| |- (3.1.1)
dr.Rr

This action has a global U(2)1, x U(2) g symmetry which can be decomposed into SU(2)r, x
SU(2)g and two U (1) symmetries associated with Baryon number and isospin transforma-
tions. At large energies far above 200 MeV (= Agcp), the QCD coupling is perturbative
and the quarks behave almost like free particles. At lower energies however, p? < Aéc Ds
the QCD coupling becomes strong and the quarks form into quark-anti-quark bound states

such that,
(01qq|0) = (0lgrgr + Grqr|0) # 0. (3.1.2)

The above vacuum state is no longer invariant under the full SU(2)z x SU(2)r symmetry,
but only under a subgroup of this in which the rotation parameters of the left and right
handed transformations are equal, ay, = ar. This subgroup is known as the diagonal, or
vectorial, subgroup, SU(2)y. Thus the vacuum state below Agcp is in a spontaneously
broken phase, where we expect to have three Goldstone bosons in the spectrum. The

dynamics of this system at p? < Aéc p are described by the chiral Lagrangian,
iE 2
L= (9.30"5) + o |Tr (8,51003) |

+ o Tr (auzfa,,z) Tr (auzTavz) (3.1.3)
where the ¥ field encodes the Goldstone modes from the spontaneous symmetry breaking,
S = ¢ Vi, (3.1.4)

In QCD these fields are known as pions, and although this is a simplified example, it
still provides a good qualitative description of pions in QCD. If we were to compute the
amplitude for pion-pion scattering from this action we would see that it grows with energy

~ E?, indicating a break down of theory at some scale which we will call m,. At this
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scale some new interactions must appear to unitarize the scattering amplitude. This new
physics comes in the form of additional bound states of the u and d quarks, known as
mesons. In fact, in any strongly coupled model we expect to see towers of heavier states
which interact with the low energy degrees of freedom. The m, is simply the mass scale
of these meson resonances and is expected to be ~ Agcp.

At this point we will look at what happens to the electroweak symmetry (in the
absence of a Higgs sector) when we are in the QCD vacuum. The electroweak symmetry,
SU(2)r, xU(1)y, is actually a subgroup of the U(2), x U(2) g symmetry where the SU(2)p,
fields are obtained by gauging the global SU(2)1, and the hypercharge field is obtained by
gauging a linear combination of the global symmetry generators, Y = T]?% + B/2, where
B is the generator associated with the U(1) baryon symmetry. It is obvious that when
we break the global symmetry from SU(2);, x SU(2)r, we also break the electroweak
symmetry. What is nice is that the surviving subgroup is precisely electromagnetism,
Q = Tg + T]%2 + B/2 = Tg + Y. The spontaneous symmetry breaking gives masses to
the W and Z bosons ~ fr, and the three Goldstone bosons (pions) are eaten to form the
longitudinal components of the gauge fields.

This model does not suffer from a hierarchy problem, since it only depends on the
scale Agcp, which is defined by the scale at which the gauge symmetry becomes strongly
coupled. It is natural to ask whether or not the Standard Model could be a low energy
description of a strongly coupled model, in which the scale Agcp is replaced by Agey ~
TeV. The first such proposal was that of Technicolor [134], for a review see [135-137].

Technicolor is directly based on a scaled up version of the model described above. The

gauge structure of the theory is
SU(N7¢c) x SU(3) x SU2)L x U(1)y (3.1.5)

where the new gauge group becomes strongly coupled at Ap¢. In addition to this there
will be new techni-fermions transforming in the fundamental of SU(Nr¢) and charged
under the electroweak group.

Going into the details of the different Technicolor models is beyond the scope of this
thesis, however there are some tensions between these models and recent experimental
data which are worth noting. The first stringent constraints on these models came from S
parameter measurements at LEP. Results from large-N field theory [138,139] calculations
indicate that Technicolor models invoke corrections to this electroweak observable which
can be estimated by,

N
S:Q%NU%E, (3.1.6)
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where Np is the number of techni-doublets, i.e. SU(2)r doublets of techni-fermions.
Assuming optimal T" parameter contributions, the upper bound on S is ~ 0.3, = Np¢c < 3
if we want to have Np # 0. A lot of work has been done on S-parameter bounds in
these Technicolor models, see [140-143]. Additional mechanisms need to be introduced to
generate fermion masses (extended Technicolor [144,145|, walking Technicolor [146/-151],
...) and these generally result in large 4-fermion operators which give rise to flavour
changing processes not observed by current experiments. Lastly, an obvious issue is that
we do not appear to have a Higgs boson in the model. It has been proposed that the
Higgs boson observed at the LHC could in fact be a dilaton state which one would expect
due to the spontaneous breaking of a scale symmetry. However, measurements from the
LHC disfavour this scenario and indicate that the Higgs couplings are closer to what is
expected from the Standard Model.

Thankfully, there are other strongly coupled extensions of the Standard Model, i.e.
composite Higgs, which do not suffer such large disagreements with experiment. The cru-
cial difference between Technicolor models and these composite Higgs models is that the
bound states which break the global symmetry actually preserve the electroweak symme-
try, and the Goldstones of this global breaking give rise to a Higgs doublet. We will learn

more about these models in the next chapter.

3.1.2 Composite Higgs

Just as in QCD and Technicolor, we suppose that at high energies (above the TeV scale)
there is an additional gauge symmetry with a small coupling which grows strong at p? ~
A2Tev causing bound states to form. Unlike in Technicolor models here we do not assume
anything about the UV theory. Nor do we assume that the global symmetry at high
energies is the same as the left-right symmetry we seen in the previous chapter. We
only assume that there is some global symmetry G at high energies that is spontaneously
broken by the condensation of a strong force to a subgroup H at p? ~ A% - We are free to
choose G and H so long as the SM electroweak group is a subgroup of H and the number
of Goldstones, #G —#H, is > 4 and give rise to at least one Higgs doublet, i.e. we require
four Goldstones transforming as a complex doublet of SU(2)r, with hypercharge +£1/2. A
minimal model is defined as a model in which the only Goldstones are those which form
the Higgs doublet, whereas non-minimal models have more Goldstone modes.

Since the SM gauge group (Gsar) is a subgroup of G, the SM fields only partially
fill representations of G. The embedding of the gauge fields in the global symmetry is
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trivial, however with fermions there is more choice, and one can choose among different
ways to couple the SM fermions to the bound states. The important feature here is that
having massless SM fields that only partially fill representations of G constitutes an explicit
breaking of G, which induces a potential for the Higgs from loops of SM fields. This is of
course welcome, since without it the Higgs degrees of freedom would be exact Goldstone

bosons and have no potential at any order in perturbation theory.

3.1.3 The minimal composite Higgs model

In this thesis we focus on the custodial minimal composite Higgs model with the fermions
in fundamentals of G, this is known as the MCHMj5 [16,84]. For reviews covering the

material described in this section see [18,87]. In relation to the previous section we have,
G=S0()xU(l)x, and H=S0(4)xU(1)x (3.1.7)

where SO(4) ~ SU(2) xSU(2) g contains the SM SU(2), gauge group as a subgroup. The
hypercharge generator is related to those of the SO(4) x U (1) x generators via Y = T+ X.
One can see that we have exactly four Goldstone bosons as a result of this breaking, and
once we look at the group algebra we shall see that these do indeed have the correct
quantum numbers to play the role of the SM Higgs.

We can express the SO(5) generators as

(1
(TEr),, = —% <2eabc (555; — 5255) + (670 F 5;?5;*))

(T&>i,j = _\;5 (5707 — a507) (3.1.8)

where a = 1,2,3,a=1,2,3,4 and Tr (TATB) = 648, Clearly, a represents the generators
broken at low energy, and a represents those which remain unbroken. With these one can

work out the commutation relations,

[Tg7 Tﬂ = ieabch/? [Tl%v TI%] = iEabCTIC% [Tg, TI%] =0
(79,79 — st (g 4 75, (1,74 = § (13- 78).
i

(Tf 5 T') = 5 (T £ 6°TY) | [TF 5, TV = F5 T, (3.1.9)

Just as for the chiral Lagrangian, we will choose to describe the effective action for our

Goldstones using a non-linear sigma model, where the Goldstones are parameterised by,

Y = YoU = Xpexp <—T“h“ (3.1.10)
V2
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where ¥9 = (0,0,0,0,1) is the SO(4) preserving vacuum state. This can be derived by
assuming we have some vector of SO(5), say ®, with an SO(5) invariant potential. Now
let us suppose ® has a vev along its fifth component, spontaneously breaking the SO(5)
global symmetry to SO(4). Exponentiating the degrees of freedom transforming under
the broken generators we can write this field as

o= —iT&h&> 0 3.1.11
e (s s (3.1.11)

where 0 is an SO(4) vector filled with zeros. At energies < vg we can integrate out the
¢(x) field leaving only the Goldstone degrees of freedom in the action, which we can write

in the form of eq. (3.1.10). We can manipulate eq. (3.1.10]) into the form

sin (h/ fx)

Z:
h

(hl,hQ,h3,h4,hCOt (h/fw)) (3.1.12)

where h = \/hTha In the model we will have massive vector resonances transforming in
the adjoint of SO(5) x U(1) x, and massless gauge fields gauging only the SU(2)r x U(1)y
subgroup. To derive the interactions of the Goldstone bosons with the massless gauge fields
and the vector resonances we will first gauge the whole SO(5) x U(1)x global symmetry.
We do this by writing a covariant derivative for ® under which all generators of the global
symmetry are promoted to local gauge symmetries. Since we have integrated out the ¢(x)

field the effective action can be written as

2 1 1
£ =25 (D,2) DS = JX X, — (T (PARD) + (3:1.13)

where X#” and F* are the field strength tensors for the U(1)x and SO(5) symmetries,

respectively, and the covariant derivative is given by

G444 99X
D/‘L :a’u—liT AN —Z?XH. (3114)

The coupling g is that of the SM SU(2), gauge group and in order to get the correct SM
hypercharges we require

g/2 92
g/2 +92
where ¢’ is the SM hypercharge. The next step is to expand eq. (3.1.13) and go to

9% = (3.1.15)

momentum space. However we introduce form factors, I1(p?), that parameterise the effects
of the strongly coupled sector in the low energy regime. These effects come in the form of
resonances, or poles, in the form factors as seen in eq. . They are introduced by
promoting the kinetic terms in momentum space to general functions of p?. The action

for the vector bosons in momentum space is then written as

1
Lo (P (I (p*) X X, + 1o (p*) Tr (A, A4)) + 114 (p*) ZA,4,57),  (3.1.16)
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where (Pr)"" = n

(1)x generators and A, = AﬁTA (with A =

., 10 = (a,a)), are the SO(5) generators. To look at just the vector fields, we expand
around Xy and separate the broken and unbroken generators. It can easily be seen that
the only terms surviving in the Goldstone-A,, interaction are the terms EOAﬁT &A;‘,T’;Eg =

%AZA,‘}. So, after expanding around ¥y we can write the action as
1 -
£ = 5 (P (T (%) X, X, + T (%) AL AL + T1a (%) AL AL (3.1.17)

where II, = Iy and II; = IIg+ %Hl. We expect the unbroken generators to have a massless
mode in the spectrum, whereas the broken generators should not. In the study of large
N gauge theories with strong coupling in the IR leading to the spontaneous breaking of
some global symmetry, the form factors can be calculated explicitly. These results imply
that the form factors should be of the form
2F2
2y
La(p”) = Z m
f2 2F2
I, (p?) 3.1.18
+ Z - (3.1.18)

where m,,, and m,, are the masses of spin-1 resonances associated with the unbroken
and broken generators, respectively. The F), , and F, , terms are the decay constants for
these resonances and f; is the decay constant for the Goldstone modes. Comparing with

the IIp 1 relations we see that this implies,
1, (0) = f2, Tp(0) = I (0) = 0. (3.1.19)

So far we have gauged the whole global symmetry and introduced massive vector reso-
nances transforming under each generator of the global symmetry. To obtain the physical
picture in which the only gauged symmetry is that of the SM EW model, we simply remove
the massless degrees of freedom for the generators not comprising the SU(2);, x U(1)y
subgroup. This method of deriving the couplings of the Goldstone bosons to the gauge
bosons and massive vector resonances is called the method of sources. To maintain the
SO(5) x U(1)x global symmetry of the strong sector, the masses of each of the vector
fields in each multiplet must be the same.

The next step is to derive the couplings of the Higgs boson to the SM gauge fields. To
do so we expand the momentum space action for the gauge fields only keeping the fields

transforming with the SU(2)r x U(1)y generators,

2 2
L= (Pr)™ <<H5< 0o+ 2‘111) BB, + <H0 n ZLH1> LALS + 25301 AT TEYHLZB,,) ,

(3.1.20)
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where
= %H - % - Zth (3.1.21)
hg — ihy
and By, is the U(1)y hypercharge generator. We have not yet looked at the Higgs potential,
but let us assume that it does get a vacuum expectation value, denoted by H= (0,0,1,0)

and s, = sin ((h)/ fr). Expanding around this vacuum expectation value, and expanding

the form factors around p? ~ 0, we find

" f72rSQh 1 _
L =(Pp)" ( 4< ) ( (BuB, + L3LY —2L3B,) + L;Ly) +

2
2

S
(Pr)™ p? (H{)(O)LZL{‘ﬁ + (T1(0) + 11 (0)) B, B, — <2h>H6(O)LiB,,> . (3.1.22)

First, let us normalise the kinetic terms. We recognise that,

1 1 g9?% + ¢*
0) = ——, IIY0)=—-——= = — , 3.1.23
0( ) gg 0 ( ) gg{ 9/292 ( )
such that IT)(0) + II{'(0) = —1/¢"> where g and ¢’ are the SU(2);, and hypercharge
couplings, respectively. So when we absorb these into the fields we see that,
2 7%sin h 2 . 02
miy = g/ El< )/ fx) C = sin((h)/fx)? = I (3.1.24)

To derive the couplings to the Higgs boson we expand around this vev, sin(h/fr) —

sin (((h) + h)/ f=), implying that,
f2si ~ v 4o 1—S%h>h+ (1—25%h>) R4 ..., (3.1.25)

which, by substituting into the action, gives the corrections to the SM couplings for the

W and Z bosons,

gvvh = G/ 1 = 53, gvvin = gonn (1 —2s7) (3.1.26)

where we simply use sp, to denote v/ f, and will do so from now on in this thesis.

3.2 Holography for scalars and gauge fields

Now that we have covered what a composite Higgs model is and why it is an interesting
avenue to explore as a BSM sector, we will now outline what the holographic method is
and how it can be applied to different fields. We will also show how one can use this
to build models which have effective theories exactly like those expected from composite
Higgs models, where the symmetry breaking structure of the 4D model determines the

particle content and boundary conditions of the fields in the 5D model.
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3.2.1 A simple scalar example

As an introductory example we will study a real scalar field in a flat extra dimension
(k = 0). Following the same steps outlined in section we obtain the following 5D

action,

(3.2.1)

2
m L
UV,IR
_— <1>‘
5 0

SZ;/OLdyé(Daj)qwcb (ay
where we have assumed that ® — 0 as x#* — +o0o. If we were to use the Kaluza-Klein
method we would do a mode expansion and find an eigenvalue equation linking the 5D
derivatives on ® with the 4D Kaluza-Klein masses. Solving this we would find the 5D
profiles of the KK modes and then apply boundary conditions to determine the mass
spectrum. In the holographic procedure we do not do a mode expansion. Instead we solve

the full bulk equation of motion,
(r*-0;)®=0 (3.2.2)
for which we find the solution,

(2", y) = A(p) cos(py) + B(p) sin(py). (3.2.3)

How we apply the boundary conditions is also different than in the Kaluza-Klein case. In
that case we had two integration constants and the mass eigenvalue to be fixed by two
boundary conditions, leaving one integration constant to be fixed by the normalisation.
In the holographic case we have no mass eigenvalue, hence we can only use the integration
constants to fix one of the boundary conditions and the normalisation. It is convention
here to fix the IR boundary condition and define a ‘holographic’ field on the UV brane,
however the results will be independent of this choice. So we have,
2

O(z",0) = d(z"), < , — TX}?) Oz, L) =0 (3.2.4)

where myr — oo and myr — 0 correspond to Dirichlet and Neumann boundary conditions

respectively. The solution for the bulk holographic wave-function is

d(zH,y) = d(zH) (3.2.5)

where,

Fo) = AGp) cos(pr) [ (™25 + tan(pr) ) sin(m) + (1= (o) ™2 ) oty
(3.2.6)



In the Neumann and Dirichlet limits, respectively, we have,

13 (v, p) = A(p) | tan(pL) sin(py) + cos(py)]
8 (y,p) = Alp) [Cot(pL) sin(py) + COS(py)} : (3.2.7)
Plugging these wave functions into the action the IR and bulk terms vanish, leaving us

with the projection of these fields onto the UV brane,

1. ~
§=-5® VP (p)d (3.2.8)

where,

HN — (ay_ m2UV> fé)\f(y’p)

m2
fg(o,p) ‘y:O = <ptan(pL) — UV>

M5 M5
P = <ay i > fq?((),p)‘yo = (peot(pr) — 1) (3.2.9)

These form factors encode information on a whole tower of states, where the masses of
these states correspond to the zeros of the form factors. Also, the propagators for the
fields can easily be obtained by inverting the form factors.

One can easily see from eq. that the UV boundary conditions are dynamically
imposed by the 4D equations of motion on the UV brane. In the mgy = 0 case, the zeros
of ptan(pL) and pcot(pL) correspond to the mass spectrum obtained by the KK method
with Neumann UV boundary conditions, it is also obvious that there is a zero at p — 0
for the Neumann case.

When myy # 0 one can see that neither of the form factors contain a massless mode,
and the masses of the KK modes shift. In the Dirichlet limit where myy — oo, these KK
masses shift to the poles, rather than the zeros, of IIV-?. Thus the mass spectrum for

Neumann and Dirichlet UV boundary conditions, respectively, are given by,

Me = ZEeros (HN’D(p))
me = poles (HN’D(p)) . (3.2.10)
We have seen now that this holographic method results in the quadratic parts of the action

being described entirely by the field values at the UV brane. This, however, is not the

case for interaction terms. Taking as an example a quartic scalar interaction in the bulk,

we find
B XD capp o Aeff aag
SD dy—=o% (2", y) = —=0%(z") (3.2.11)
o U 4
where,
L N 4
[ (y,p)>
Ae :/ dy ( . (3.2.12)
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This simple example demonstrates some nice features of the holographic method, that it
allows us to describe the effects of a whole tower of states with just one form factor, and
that the mass spectrum and interactions of these states can be extracted quite easily from
the model. There are other advantages of this approach which will become apparent when

we study 5D gauge theories and symmetry breaking.

3.2.2 Gauge fields and symmetry breaking

In this section we will move on from the simple case presented before, and look at the
holographic set-up for a gauge field in a warped extra dimension. From now on we will

use the conformal frame for a warped extra dimension, that is
R 2
ds? = () nMNd:UMdJ:N (3.2.13)
r

where M, N = 0..4 and dz* = dr. The UV and IR branes are located at r = R = 1/k and
r = R, respectively. The previous work on gauge and fermion fields still applies, however
the formulae will be written slightly differently. The 5D action for an non-abelian gauge

field can be written as

1 R 1
S=— / dx (=) (-sF™AF,, — FAFL
295 r 2 “ "

1 5 (R Apuv 4A | T 4440 (B A a4 (R 4 al®
= ng d i (’r’) (A#P'u Al/ + EAuﬁy ?ayA” — d e ?AuayA“ .

(3.2.14)

where we have taken out a factor of 1/ gg, ‘A’ superscripts label the generator, P*¥ =
O — 0*9¥, and we have only kept the terms quadratic terms in A,,. We have dropped
the A5 terms for now, however these are crucial to our work and will be discussed in the
next subsection. As in the previous section we will choose the boundary conditions in the

IR such that the boundary term vanishes, and in the UV we will define a source field,
Aﬁ(m“,R) = flﬁ(m") and AZ(x“,R’) =0, Iy A, (z#, R') = 0. (3.2.15)

where A=a, a. The Dirichlet boundary condition in the IR breaks the gauge symmetry
explicitly on the brane, whereas the Neumann boundary condition preserves the gauge
symmetry. Here we have stuck to the convention that a labels broken generators and a
labels unbroken generators. One should recall from section that the IR boundary
conditions on the A5 modes will be opposite to the A, modes. To find the bulk equations
of motion we again want to go to a mixed position-momentum basis, and it is useful to

write the gauge fields in terms of their longitudinal and transverse components,

A PPV 4, PPPY a4
APA — <77;w _ p?> A 4 pTAV ) (3.2.16)
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The boundary conditions on the longitudinal and transverse components of each generator
must be the same. Writing the action in terms of these components results in,
1 5. (B jtapu qtA | gtan (B tA i1y (B 1A
S :ng /d X <7’AM P’u AV +AN ay ?OyA“ +AH 8y ?8:[/14“

L[ A autA | 4lAs gulA
57 | (450,404 + Ao, 404) | (3.2.17)

Going to unitary gauge via some gauge fixing terms, as demonstrated in section [2.1.2] we

find the equations of motion for the fields to be,

(p2 + %% (%83,)) A =0 (3.2.18)

dy <1:“ay> AlA =,

We write the solutions as a product of a 5D component and the holographic field,
A= G
Ald = G (p,r) A2 (3.2.19)

where the + indicate the choice of IR boundary condition. The 5D components, which

are normalised to satisfy the UV boundary condition, can be expressed as

GtA(p,r) = Yi(pR)J1(pr) — J(pPR')Y: (pr)
P T RYIR) L (pR) — Ji(pR)Yi(pR)
GHA(p.r) =- Yo(pR')J1(pr) — Jo(pR')Y:(pr)

- RYy(pR)J1(pR) — Jo(pR')Y1(pR)

we o (@) -1) P2

R <1 - <ﬁ) ) . (3.2.20)
((ﬁ) - 1)

By plugging these solutions back into the action we arrive at the holographic action for

the gauge fields, where only the terms on the UV brane survive,

Shot = ——— /d5x (ALAayAutA) ‘R

292
_ 7L 4 ta 2\ puta ta 2\ Aputa
=5z & <A# L, (p%) A™® 4+ ARTT_ (p%) A ) (3.2.21)

and,
I, = GT@GT‘R
= GiAayGZA‘R. (3.2.22)

If we want a Dirichlet boundary condition on the UV brane we do the same thing that we

did in the scalar case, that is, introduce a large mass for the appropriate generators thus
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effectively making them non-dynamical at the brane. In the limit where the Goldstone
modes do not get a vacuum expectation value, the masses of the KK resonances associ-
ated with the unbroken and broken generators are associated with the zeros and poles,
respectively, of the above form factors. Upon inspection one can see that the unbroken
generators will have a massless mode whereas the broken generators will not. However, as

discussed in section broken generators give rise to massless As zero modes.

Goldstone A; modes

We know from section [2.1.2] that the a generators will have massless A5 modes in the
spectrum, whereas the a generators will not. And we have discussed how massive As;
modes can be gauged away, or are ‘eaten’ by the massive A, modes. In this way they gain
the extra degree of freedom they require to have mass. Massless As modes are different,
they are not eaten by any of the A, modes and thus remain in the spectrum. In using the
holographic procedure we do not use the concept of KK modes, so we must re-express this
idea in another way. In describing this gauge fixing procedure we follow the work of [45].

Again, the boundary conditions for the unbroken and broken generators are,

Al (2", R) = Aﬁ(az“) and 9, A% (2", R) =0

Ay (a#, R) = Aj(2") and  Aj(a*, R) = 0. (3.2.23)

One might suppose that the following field redefinition, along with an appropriate gauge

transformation, might fix the A5 modes to zero,
Ay, r) = Q (AM - i@M) Of, Qu = el aradrs (3.2.24)

where T4 are the generators of the non-abelian group. If we were to perform this field
transformation and then use the gauge freedom to absorb the Ajs fields into the A, fields
such that they ‘eat’ the As modes, we would have fixed to unitary gauge. The problem
however, is that the full symmetry is not gauged on the IR brane, the a generators are
broken. Therefore we can not use the gauge freedom to absorb all the As modes into
the A, modes on the IR brane. The solution proposed in [45] involves adding Goldstone
degrees of freedom on the IR brane, to restore the full non-abelian symmetry, thus allowing
us to fully gauge away all the A5 modes. These Goldstone degrees of freedom should arise

from the spontaneous breaking of the gauge symmetry on the IR brane. The inclusion of
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these fields modifies the IR boundary conditions to,

UFgUY =0
U (A;‘; - i8u> ut| =, (3.2.25)
where )
iwa(z”)T&

U=e 7= (3.2.26)

With these boundary conditions one can now go to unitary gauge consistently, setting
As = 0 everywhere in the action. Note that we have not added any additional degrees of
freedom here. The massive A degrees of freedom become the longitudinal components
of the massive A, modes, and the massless A5 degrees of freedom have been traded for
the Goldstone degrees of freedom on the IR brane. By making another transformation,
C’;f =U (AI‘:‘ — i@u) UT, the IR boundary conditions revert back to Neumann or Dirichlet,
and the interactions with the Goldstone fields shift to the UV boundary,

A (M, R) = Al(a") = U (C}} —i0,,) U. (3.2.27)

Thus we can see that this manipulation has projected the interactions between the Gold-
stones and the gauge fields (up to quadratic order) to the UV brane.

If one was to follow the KK method, and keep the A5 zero mode in the bulk, the results
would be the same. This method has been used by several authors [152]. One way to see
the connection between the ¥ and the A5 modes is to perform the field redefinition in eq.
without the additional Goldstone fields on the IR brane. In the bulk and on the

UV brane one is able to absorb this redefinition via a gauge transformation, i.e.,

Al =Qy (A2 —i0,) Q). (3.2.28)

But on the IR brane one can only absorb the unbroken generators, i.e.

Al = Qo (A —i0,) O, (3.2.29)

leaving the IR boundary conditions as

QFS0l =0

R/

=0. (3.2.30)

Qa (45 —i0,) 0}

R/

From this one can explicitly see the connection between the Goldstone and As degrees
of freedom, i.e. U = 4. From this point forward we will use the U field to represent

the As Goldstone degrees of freedom. This U matrix is the same as we used in the
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4D description of the global symmetry breaking in the composite Higgs model, however
there we had expanded around a vev, i.e. we used the Goldstone matrix ¥ = ¥oU, where
Yo =(0,0,0,0,1) was the vev. In our case this vev simply corresponds to the IR boundary
conditions, where the 1 indicates the direction along which the IR boundary conditions

break the bulk gauge symmetry.

3.2.3 The holographic MCHM

Using the material of this section and the previous section, we will show now how to
construct the MCHM in the holographic set-up. First of all, we require a bulk SO(5) x
U(1)x gauge symmetry, which is broken in the IR to SO(4) x U(1)x. Then on the UV
there should be mass terms breaking SU(2)r x U(1)x to U(1)y such that Y = T3 + X.
The first step is to assign Dirichlet boundary conditions on the IR brane to the generators
in the SO(5)/SO(4) coset. This is equivalent to the step in section where we expand
around the vacuum Y. In the 5D model we will get 4 massless A5 modes which must be
gauged away using the procedure discussed in the previous section. These correspond to
the Goldstone-Higgs degrees of freedom in the composite Higgs model.

The next thing we need to do is to match the 5D model to the 4D model. The simplest
way to do this is to match the models in the limit that the Higgs fluctuations go to zero.
In the 4D model this corresponds to ¥ = ¥, eq. . In the 5D model it corresponds
to the holographic action for the gauge fields with U = 1,

1 4 v 1 2 L o0 ga L ga 2\ Ad
§=-3 /d z (PFY) <§XX#H+(p )Xy + g—gAMm(p )AL + gAMH_(p )AL
7 (3.2.31)
Matching to eq. (after taking out a factor of the gauge coupling), we find

My =11, M,=1I0,, I=I_ (3.2.32)

leading to,
My =10y, II; =2(11_ —11). (3.2.33)

When we apply the gauge fixing procedure outlined in section the Higgs couplings
arise via the UV boundary conditions and we obtain the same action as in section [3.1.3
thus we can simply take the work from that section and use the holographic form factors
we have obtained here. Doing so gives us an explicit way to calculate observables in 4D
in terms of 5D inputs. For example, we can write the 4D SU(2)1 gauge coupling in terms

of the 5D gauge coupling using,

I (p*=0) _ 1

2 27

= g2 = ¢’RIn(Q) (3.2.34)
95 g
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where QQ = R'/R. We can also calculate the decay constant of the Goldstones using,

_
2?

2 __ 4MI2(K

II;(p* = 0) = II_(p* = 0) = fr= 21 ()

(3.2.35)

where Mg = 1/R'. We refer to In () as the 5D volume, and it will play an important
role in the calculations we do later. The crucial feature of our observations is that one can
control the size of f, by altering the 5D volume without the need to increase M. Thus
we can increase the decay constant without pushing up the masses of the KK modes.

When looking at contributions to the Higgs potential the hypercharge contributions
will be small compared to the SU(2); contributions, thus we will ignore it. The relevant
effective action is then,

1 2
L= (P <H0 n Zlm) LaLa (3.2.36)
5

It 2

where the form factors are given in eq. (3.2.33)) and eq. (3.2.22]).

3.2.4 Intermediate scales and their holographic interpretation

At several points so far in this work we have mentioned the phrase ‘intermediate scale’ and
given a short description of what we meant by that. In this section we will go into more
detail on what we mean by an intermediate scale, and discuss how to overcome a particular
theoretical issue encountered when they are present. In this section it is more intuitive to
use notation familiar with that of the previous chapter than the current chapter, i.e. we
work in the y basis, however the results can be translated easily.

In the warped extra dimensional models the UV scale is denoted by Ms, where the
curvature constant k, having mass dimension 1, is assumed to be of this order. The length
of the extra dimension having mass dimension —1 is assumed to be of the order 1/Ms;.

The IR scale in the model is defined by the red-shifted mass scale at the IR brandT}
My = ke *L. (3.2.37)

Let’s suppose that the UV and IR scales are fixed and that we vary the length of the
extra dimension (L = k~'In(k/Mkk)) to accommodate them. Regardless of what these
scales are we expect that new physics related to a quantum theory of gravity will become
apparent at ~ 10'® GeV. Thus if we lower the UV scale in this model we refer to it as an

intermediate scale. A key question is, what role does this UV scale play?

'Note that in the previous chapter we used a slightly different definition of My, which was equal to

the mass of the first KK vector boson.
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An important role it plays is in defining the interaction strength of the massless gravi-
ton, which must come out to be that observed in our universe. Let us take the 5D gravity
action [

(3.2.38)

S:/d4a:/ dy/|g| M3 (— +6k2>+\/|?M5

where Rs is the 5D Ricci scalar and the bulk and brane terms proportional to k and kg 1,
are the bulk cosmological constant and brane tensions responsible for the AdS warping
in the bulk. These terms are chosen such that they give the metric of eq. with
A(y) = ky. Studying fluctuations around the metric in the above action gives equations
of motion for the spin-2 degrees of freedom. These equations of motion permit a massless
mode solution, and the interaction strength of this massless mode in the effective theory
can be found by integrating over the extra dimension. This interaction strength is defined

by an effective Planck mass, found to be

M3
Mp = =2 (1—6—2“). (3.2.39)

Now assuming that M5 ~ k and kL > 1, we have that Mp; ~ k. We require that
Mp; ~ 10'® GeV to correctly reproduce 4D gravity, thus lowering Mj and k leads to a
problem.

Another role played by the UV scale is in the relation between 4D and 5D gauge
couplings. Take a 5D abelian gauge field in the Randall-Sundrum geometry,

:_/d4 / dy\/|§< + 10 L( )+TL5(y—L)L> FMN By (3.2.40)

where the 79 ;, are brane localised kinetic terms (BKTs) for the gauge bosons. Performing
a simple analysis along the lines of section we can easily show that the spectrum of 4,
KK modes derived from this action in the presence of Neumann boundary conditions for
the A, modes permit a massless mode with a flat wave function along the extra dimension.
Integrating over the extra dimension we can express the effective 4D gauge coupling as

1 L In(Q2)
S5 =T0+TL+ 5 =T0+ 7L+
93 g5 kgs

(3.2.41)

where Q = k/Mg is the ratio of energy scales. The AdS/CFT correspondence [153] pos-
tulates that these weakly coupled 5D AdS models are dual to strongly coupled 4D CFTs,
and the expression in eq. bears a striking resemblance to a gauge coupling in 4D
that has been run from some UV scale (k) to an IR scale (M) with a renormalisation
group equation

d 1 1
p o —h b= (3.2.42
dp g3 (1) )

2
kgs
2This is covered in slightly more detail in chapter 4 so we will not repeat all the details here.
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This line of argument is followed in more detail in [154,/155], and for more general com-
ments on holography and these 5D models we refer the reader to [156]. The logarithmic
dependence on the scales in eq. is a very interesting feature of the AdS models
in particular, for example we do not see this behaviour in flat extra dimensions. In this
analogy the BKT at the UV brane (79) would be the bare coupling and the BKT at the
IR brane (77r) would be a threshold correction. On the CFT side with a large number
of colours, denoted by N, this beta function coefficient is calculated to be N/1672. This
simply arises as a colour factor in loop diagrams involving the CFT ‘quarks’. Therefore

equating both sides of the duality we find

1672 1672
N=—=(1-72¢3—1193)——r. 3.2.43

Therefore when we introduce an intermediate scale in the 5D models, i.e. lower the UV
scale, we are effectively varying the number of colours in the dual 4D CFT. In this sense
it seems natural to treat kL as a free parameter in these models, rather than fixing it to
ensure that k ~ Mp; and Mg ~ TeV.

To solve the problem of reproducing the correct effective Planck mass for the graviton
zero mode we introduce a BKT for gravity on the UV brane, which is simply a UV localised
contribution to the Ricci scalar [129]. Adding a —rgM3R5(y)/k term to eq. we
find that the effective Planck mass is modified to

3

M
Mp = =2 (ro +1- e_sz> . (3.2.44)

If we suppose that the dimensionless quantity r¢ can be extremely large in order to give
the correct effective Planck mass, i.e. ro ~ ((10'8 GeV)/M;)3, then we are able to have
an intermediate scale while also reproducing the correct interaction strength for the zero

mode graviton.

3.3 Holographic fermions and partial compositeness

In order to have a coupling between the fermions and the Goldstone of the broken global
symmetry, we need to have fermion interactions which break the global symmetry. A
popular way to do this is known as partial compositeness [157], and not only does it
generate the Yukawa couplings, but it can also provide a natural framework in which the
Yukawa couplings are hierarchical. The couplings that break the global symmetry are of
the form,

L =Ysp (GO + h.c.) (3.3.1)
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where ¢ is a light SM fermion and O is an operator of the strong sector, i.e. it transforms
in a full rep of the global symmetry. Since the SM fields will not transform in full reps
of the global symmetry, this coupling is not invariant under the full global symmetry and
thus generates the Yukawa couplings between the fermions and the Goldstones. Results
calculated in the large-N limit of SU(N) gauge theories show that quark masses are
exponentially sensitive to the anomalous dimension of the quark, thus one can naturally
get large suppressions or enhancements in the masses. An in depth discussion of this is
beyond the scope of this thesis, as we will focus on the holographic calculations of the
effective action.

The operator O in eq. can be thought of as a tower of fermionic states, such

that the above coupling can be written as a mass mixing term,
L= 0my (q¥, + h.c) (3.3.2)
n

where W,, are heavy fermionic states. This picture of partial compositeness can easily be
understood from the work we have done in previous sections. That is, the holographic
dual of partial compositeness is simply a mass mixing between a KK tower with a zero
mode, and a KK tower without a zero mode. The 5D fields will transform in complete
reps of the global symmetry, and since this global symmetry is exact in the bulk, the
mass mixings which violate this must only be present on the IR brane. These interactions
not only induce a mass mixing, but they can project out some of the zero modes in the
5D multiplet, meaning that at the massless level the zero modes may not transform in

compete reps of the global symmetry.

3.3.1 Holography for fermions

Let us take two Dirac fermions in the 5D Randall-Sundrum model with a mass mixing on

the IR brane,

5= [¢ay/igl Y-

a=1,2

- /d4$ gl (Y10v2r + YartrL + h.c.) ‘R,. (3.3.3)

(;@EaVMaMwa - % (8M"Ea) ’YMZ/}a - ma&aq/}a)

As we discussed in section [2.1.3] since the bulk equations for the fermions are first order,
and we require two boundary conditions for each chirality, once we fix the boundary
conditions for one chirality, the others are automatically determined. However, in the
holographic procedure we define our degrees of freedom via the boundary conditions on

the UV brane, so this is a little more complicated in the fermion case than for bosons. We
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need to choose which chirality we want as the holographic source field on the UV brane,
and then fix it such that the variation of this field on the brane is zero and the other
chirality is allowed to vary freely. For our case here we will choose a left-handed source

for 11 and a right handed source for )9,

Y1.(ps R) = P11.(p)
Yar(p, R) = ar(p) (3.3.4)

such that, 0117, = dpog = 0 and d1p1g = d1por, # 0. When we vary the action to find the

equations of motion in the bulk we find the following terms arising on the branes,

1 _ _ R
0Shranes = 5 / dx lg] a;Q (@Z)aLtsi/JaR — YarOWar, + h.C.) n
- /d4x gl (110.0%aR + 811ar + hec.) ’R/. (3.3.5)

Due to the holographic UV boundary condition and the mixing terms on the IR brane,
these do not vanish automatically. Note that if we had no IR mixing terms, we would
simply have Neumann and Dirichlet boundary conditions in the IR and the IR terms would
indeed vanish. To make this variation vanish we need to add the following terms to the

UV and IR branes,

1 _ _
Suv = > /Olllﬂj lg] (Y101R — Yartbar + h.c.) ‘R

1 _ _
Sir = F3 /d4$ 9] (V1291R — Yartbar + h.c.) ‘R,- (3.3.6)

Note the difference in the sign of the required additional terms for 1; and )2, this is due
to the fact that we have chosen different chiralities for their holographic source fields. For
the IR boundary condition we have two cases;

(i) Sir=— [dz(...)

(ii) Str =+ [d*z(...) .

In case (i) the IR variation vanishes for,

U1r(R) = —miar(R)
Par(R) = myr(R), (3.3.7)

and in case (ii) it vanishes for,

Y1r(R) = —%¢2R(Rl)

Par(R) = %%L(R')- (3.3.8)
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For now we will stick with case (i), but we can see that cases (i) and (ii) are simply related
by m — 1/m. We will see later why having these two cases is useful. The bulk equations

of motion derived from the above action using the same methods as used in are,

(0 = L) ¥resn = pvsnse (3.3.9)

where we have rescaled ¢ — %w and set my = cy/R. The solutions obeying the above

boundary conditions can be constructed from the following functions,

Gy (r,e) =1 (Yeo1)2(0R) Jeqaya(pr) — Jee1)2(pR)Yoi1 j2(pr))

G, (r,¢) = 1 (Ye1)2(R) Jem12(pr) — Je1/2(PR)Y,_1 2 (pr)) (3.3.10)
where G, (R') =0, (0y £ ¢) G&(r,¢c) = £G (r,c), and G} (R, a) = G} (R',b) for any 5D

masses a and b. The most general solutions to the equations of motion are,

Y1(p,r) = (ALG) (1, ¢1) + B1G,, (r, —c1))
’lﬁlR(p, T’) = (AlG;;(?‘, Cl> — BlG;(T, ))

1L

i

B

ng(p, 7“) = (AQG;_(T, —Cz) + BQG (7" 02)) 1;
) 9

Yar(p,7) = (—A2G, (1, —c2) + BaGyl (1, 2 Von, (3.3.11)

E\*&

where the A; and Bj coefficients need to be fixed by the boundary conditions. The
required algebra is basic, although lengthy. Making use of the fact that G~ (R’,¢) = 0 and
Gt (R',a) = GT(R',b) for any 5D masses a and b, we find that,

D g (GG () — G (r,— )G (e2) D

]”\ji’ (GH(r,e1) G (—¢1) — G (r,—e1)G (1)) o

r(p,T) :jbﬁ (GH(=e2)G™(r,c1) + M2G ™ (e2)GT (r, —c1)) ¥nr,

- 5 (G )G (r—a) + G (—en)G(re1)) ar

=L (G ()G () = G ()G (. —e2))

F 4 (@G (1 —e2) = WG (~e)G (1, ) Do

wZR(pv T)

bor(p,7) :% (G (=c2)GF (r,c0) + G (c2)G (1, —c2)) ¥z

;ﬁ(cﬁ( DG (r, —e2) + PG (—e1) G (1, 2)) Dar (3.3.12)

where G(c) = G(R,c) and N = G*(c1)GT(—c2) — m?G~(—c1)G~(c2). Note that there
are no terms dependent on R’ here as they have all cancelled out. Taking the brane mass

to zero decouples the two Dirac fermions, and if we used the case (ii) boundary conditions
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this would correspond to taking the brane mass to be very large. Plugging back into the

action we find that only those terms that we added to the UV brane survive,

L= % (V1291r — Yartbar + h.c.)
= JlLH{(p)]mzlL + 1/:12RH£(]9)]Z’7Z}2R - @ZILMf(p)Qz}QR + h.c. (3.3.13)
where,
¥ 1 G+ —CQ)G;(Cl +TNYL2G CQ)G;;(—Cl

af = MG ()G () + G ()G (e2) + GT(=er) G (er) + G (=e1)G (a1)
2 Gy (c1)Gy (—c2) —m2Gy (—c1)Gy (c2) '

(3.3.14)

Using the boundary conditions for case (ii) we find a similar action,
1 - _
L= 3 (V1281R — V2rY2L + hoc.)
= 1;1Lﬂ{(p)2m;m + izRﬁg(p)}mZZR — 1, MY (p)har — bar M7 (p)ib1r (3.3.15)
where,
] =11 (m — 1/m)
1) = 115 (m — 1/m)
M5 =M (7 — 1/m). (3.3.16)
In the limit where the mass terms are zero the KK masses are simply given by,
M1, = Zeros (H{ )

M2,y = Z€r0s (Hg) . (3.3.17)

However when the mass terms are non-zero we can see from the equations of motion that

the KK masses are given by,
2
My, = ZET0S <p2H{H£ — (Mf) > . (3.3.18)

It may be the case that we want to give a Dirichlet boundary condition to a holographic
source field. In previous sections we did something similar with gauge fields and scalar
fields, where we dynamically imposed the Dirichlet boundary condition by adding a large

UV brane mass. In the fermion case we do something different, because the boundary
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conditions of one chirality are linked to the other chirality. Say we have a left-handed
holographic source field v and we wish to give it a Dirichlet boundary condition on the
UV, i.e. switch the source field to the right-handed chirality. We can add an additional

term on the UV brane, a coupling to some right-handed field A,
L— &anp + X+ DA (3.3.19)

Now solving for A gives the equation of motion, ¢ = 0, thus generating the Dirichlet
boundary condition. We then allow A to play the role of the right-handed degrees of
freedom. We do this by solving for ¢, giving, ¢ = —\ <H%)71, and plugging back into
the action to find

L=-\ (Hi) - A (3.3.20)

So the mass spectrum of this field is given by the poles rather than the zeros of the form

factor, just as in the bosonic case.

3.3.2 Fermions in the MCHMj;

There are many ways one could embed the SM fermions in the global SO(5) symmetry,
however for our analysis we choose to focus on the case in which the SM fermions are
embedded in fundamentals of the global SO(5) symmetry. One can embed the up and
down type quarks into four SO(5) multiplets, here will use the third generation as an

example,

br,
—iby,

gql = gu =

o o o O

iy

Wl
Wi

iby,
br,

g2 = (3.3.21)

—1ity, , &=

Sl
\V)
o o O @)

tr,

0 br

Wl

where the subscripts refer to the U(1)x charges, and Y = T% + X. In &;1,42 the top and
bottom quarks transform as SU(2); doublets and the right-handed quarks are singlets

under the custodial symmetry. These multiplets are incomplete, however by including
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the full multiplets we find that there are exotic states with hypercharge Y = 7/6 and
Y = —5/6 which will correspond to heavy top partners in the model. Notice that we
have two SU(2) doublets, say qi1;, and gor, these are required to give both the top and
bottom quarks mass. We can make one linear combination of the doublets massive by
introducing a mass mixing between that linear combination and a heavy fermion. The
massless doublet is then identified with the orthogonal combination, say qr, = qi1, + gor.
We expect that the top quark is much more composite than the bottom quark, following
the arguments in [84] this leads to g7, ~ ¢i1, being a valid approximation. Also, &;; and
&, will contribute much more to the Higgs potential than any other field in the SM, thus
from now on we will only deal with these fields.

As we did for the gauge sector, we write down the most general SO(5) invariant action.

This turns out to be,
£ = Eyp (59T + S0 &, + Exp (VI + SISITY) & + €y (S9ME + S M) €+

82 PN 52 SpC A
= qp (Hgl + ;HHTH‘F) qr, + upp (Hg + ;H%) ug + %MlquHU,R + he..

(3.3.22)
where ¥ = 3t (hy, ha, h3, ha, hcot(h/ fr)). In the limit where the Higgs fluctuations go to
zero, this reduces to,

L = Gl gL + upplliug. (3.3.23)

Now we turn to the 5D implementation where we are forced to add complete Dirac
multiplets into the bulk in order to preserve 5D Lorentz invariance. Thus when we embed
the SM fields into these 5D multiplets, we must use boundary conditions to ‘project out’
non-SM zero modes. Because of this, the 5D realisation automatically completes the 5D

multiplets of eq. (3.3.21]) with vector-like quarks. Just looking at £;; and &, we have,

Y (=) Yo (+-)
§p = [Ya(+H) | 5 &= |Yu(+—)| (3.3.24)
Mg1(——) : Mu(=+) ],

where 1), ,, are bi-doublets of the SU(2) x SU(2) g global symmetry, and the (4, &) indicate
the boundary conditions on the UV and IR branes of the left-handed chiral components,
respectively, in the limit of no IR brane mixings. It follows that fermion fields with
(++) will have a massless left-handed component, while those with (——) have a massless
right-handed component, and fields with (+—) or (—+) have no massless components. In

addition to this, the linear combination (41 1, — ¥42,1,) should be given a mass on the UV
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brane so that only (¢41,1, + ¥g2,1) has a massless component. We then identify the SM
left-handed doublet as 1y = (¥q1,1, + ¥g2,1). As mentioned previously, we can make the
approximation ¢, >~ ¥41,1. The 5D masses of the above multiplets are denoted as c¢q/R
and ¢, /R, respectively, where ¢, and ¢, are dimensionless.

For the q1 fields we will use the left-handed chiralities as the source fields and for the

u fields we will use the right handed chirality,

§n,(r=R)=xr, &uwr(r=R)=Xxr (3.3.25)

We also have some mass mixings on the IR brane such that the SO(4) symmetry is
preserved,

Lir = Vlgl (muaz ue® + Mugip uil Y + e | (3:3.26)

where the (2,2) and (1,1) superscripts indicate the bi-doublet and singlet components
of the fermion multiplets. We would like the boundary conditions in eq. (3.3.24)) to be
obtained in the limit where m,,, M,, — 0, thus we will use case (i) and case (ii) for the (2, 2)

and (1,1) components, respectively. This leads to the following boundary conditions,

22 _ 1 (22 22 _ _ 1 2
a4y -~ YL | Up T hr |
1,1 1,1 1,1 1,1
Qh)ZMwi)H up = - w&)ﬁ (3.3.27)

We can see from these expressions that we do indeed arrive at the boundary conditions
in eq. for vanishing brane masses, and also that for very large brane masses we
effectively flip the IR boundary conditions in eq. . Writing the source fields in
the SO(5) notation after turning off fields with Dirichlet boundary conditions on the UV

brane, we have,

b 0
by 0
_——— ~ 10 (3.3.28)
XL - \/é L 9 XR - ) T
ity 0
0 -

which is equivalent to eq. once we take 1, ~ 1041 1, and drop the right-handed
bottom quark. These quark multiplets are charged under the SO(5) symmetry, thus
after we implement the gauge fixing procedure to remove the A5 degrees of freedom these
multiplets will couple to the Higgs via the UV boundary conditions. In the limit where

the Higgs fluctuation is zero the holographic action for the top quark is
Lot = XpIixL + XrPUGXR (3.3.29)
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where,

I = H{ (c1 = ¢q,02 = Cyy T =My,)
Y =11 (¢1 = ¢q, c0 = oy = 1/M,,) (3.3.30)

where ¢, and ¢, are the 5D masses for the §;; and &, multiplets, respectively. Matching
the 5D theory to the 4D theory is more complicated in this case than it is in the gauge

case, so we will address it separately in the next section.

3.3.3 Matching 5D to 4D for quarks in the MCHM;

Just as in the gauge case, to match the 5D and 4D theories one must look at the interactions
of the the full SO(5) multiplets. Let us start with the most general action for two SO(5)

multiplets in 4D,

b b
1 2

Y, = , Yor=
(0 3

where the b and s superscripts correspond to bi-doublet and singlet components, respec-

(3.3.31)

tively. The most general action we can write down is again,
£ =iy (7TI" + SVIE) ], + hpp (VTG + SIS g

+ g, (09 My + XTSI M) Y + hec. (3.3.32)

Expanding this we find
Sh
h2

2
i NN, S Tbi .bj 7bi ShCh 1 bi ) s 7s ShCh i TS 18
VLS =3B hihgP s + 05— D s + Of =~ hatly + Ui YR, (3.3.33)

where h; = (hy, he, hs, hy). Now going to the zero fluctuation limit we have,

L=y "ty + iy, (5" + 1) 45, + 8 pT15 M or + 3 (I + TIT7) 48
+ O Moysp + 951 (Mo + Mi) sp. (3.3.34)
Keeping the full SO(5) multiplets means that all the form factors survive in the zero fluc-
tuation limit, making the matching possible. In the 5D model, keeping the full multiplets

and going to the zero fluctuation limit (i.e. U = 1 in the UV boundary conditions), we

arrive at,

L Z?/_Jll)LHZT/JIfL +f 10T, + &angng + U5 Rl g

+ 9b L My + 05 Mg, (3.3.35)
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where the expressions for the form factors are calculated using methods outlined in previ-

ous sections,

HZ = H{(cl =Cq,C2 = Cy, M =My,),
¢ = f[{(cl = ¢q,C2 = Cy, M = M,),
Y= Hg(cl = Cq,C2 = Cy, M =My,),
¥ = f[g(cl = Cq, C2 = Cy, M = M,,),
My = Mf(01 = Cq, C2 = Cyu, M = My,),
M, = Mf(cl = ¢q,C2 = Cy, M = M,,). (3.3.36)
Then matching to the 4D action we have,
o, m oo, me -
2R =M% —1I1¢, My=— M,, M;=M,— M,. (3.3.37)
Expanding some of the terms in the 4D action, we find
wi 1 [h1—th2\ [bL 1
"= hs+iha) \t, )] Vi
hPyPh :%QLHTHqL (3.3.38)

where we use the definitions in eq. (3.3.28]). After a little manipulation, and applying the
UV boundary conditions, we then arrive at eq. (3.3.22)),

2 2
Sy A~ o~ S ShpC ~
L=qrp (Hgl + hHH*H‘f) qrL + URy < o+ ’"‘H’f) ug + MG Hug + hec.,

2 2 V2
(3.3.39)
and can identify,

' = 11f,
g — - 11,

§=m
Y = oIy — 1),
M} = My, — M;. (3.3.40)

We can read off the mass spectrum for the Y = 2/3 and Y = 1/6 top partners in the limit
of M{* =0 as

Mo/ = zeros(pIId'),

my ¢ = zeros(plly), (3.3.41)
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We can obtain the mass spectrum of the 7/6 fermion by looking at the mass spectrum of
the 9!  fields appearing in eq. . These have right handed source fields with the
right handed components having Dirichlet boundary conditions in the UV. The relevant
form factor is H%R = Il = II§ + %Hﬁ‘ Following the steps in section we find

my g = poles (zﬂ (HB‘ + ;m)) . (3.3.42)

After EWSB the 2/3 and 1/6 states mix giving a mass spectrum of the form,

zeros | p? [ 114 ﬁl‘[q IS ﬁﬂ“ ——shchM“ 4
P 0+ 9 1 0 + 9 1 \/§h 1 R (33 3)

which will contain the top partner mass as its first zero. We have discussed previously
that the SO(5) symmetry is restored in the m,, — 1/M,, limit. This is seen from the fact
that the form factors multiplying s; or ¢, terms in the fermion action go to zero in this
limit. But there is also another special limit, one can easily check that in the limit where

my, — —1/M,, the II; form factors vanish, whereas the M{* form factor survives.

3.4 Higgs potential and EWSB in the MCHMj5

In the previous sections we have demonstrated how to construct an explicit formulation of
form factors in a low energy Minimal Composite Higgs Model using holographic techniques
in a warped extra dimension. This low energy effective theory contains, at tree level, all the
SM fields coupled to a Higgs doublet, which, due to its Goldstone nature has no potential
at tree-level. We now need examine the one-loop contributions to the Higgs potential
from the SM fields. In doing so we will neglect contributions from hypercharge and light
fermions, thus the effective action we work with can be written as
L = (Pr)"™ % (Ho + 8’21H1> LOLY + qrp <H81 + 8’211?131*11?) qr
g5 4 # 2

32 ShHC ~
+urp (HB‘ + Q”Hi‘> ur + %M}‘QLH@LR +h.c., (3.4.1)

where the form factors have been calculated holographically in previous sections. We
intend to study the features of EWSB in this model, i.e. how the Higgs mass and top
partner masses are correlated with each other and with parameters in the 5D model. It
is generally found that when one or both of the multiplets has a large composite mixing,
there will be relatively light fermionic states in the model. This large compositeness also
generally implies a large gap in the masses of the lightest (1/6), (2/3) and (7/6) top

partners. By varying the 5D parameters of the model we want to investigate how we can
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alter the spectrum of top partners we expect to observe. And just to summarise, from the

5D description of the model we have six parameters,
Mg InQ ¢ ¢y my M, (3.4.2)

We can use three observables to fit to v, mj, and m;, leaving us with three free parameters.
Here we will demonstrate the freedom that these parameters give in the top sector. In

particular, there are three aspects we wish to study,
e How the 5D parameters are related to the top partner masses;
e How the top partner masses are related to sy, and;

e How much 5D contributions alter the top Yukawa deviation expected from 4D com-

posite Higgs models.

3.4.1 The Higgs potential

From the effective action for the gauge fields and the top quark it is a simple exercise to
write down the Coleman-Weinberg expression for the one-loop Higgs potential. After a
Wick rotation we arrive at the following field-dependent potential,
4 2 17¢ 2 TTu 2.2 )2
vo= [ Gl sm] om0 ) (0 9mg) 5 s )
(3.4.3)
Expanding these logs, it is found that the potential has the following form,

V(h) ~ (ag + ar)si — Brsich (3.4.4)

where the F' and G subscripts refer to gauge and fermion contributions. Notice that
without the fermion contribution one cannot achieve EWSB at all. Minimising this we find
that the Higgs potential has a non-trivial ground state when S8r > 0 and Sr > |ar + agl,

situated at
1 ag+ar

2
== 4.
$h =3 B (3.4.5)
Taking the second derivative of V(h) we find
8
mi = LQFS}QLC}%. (3.4.6)
Iz
After EWSB it is found that the mass of the top is given by,
2.2 2
M'LL
m2 ~ ZhSh (M) (3.4.7)

0 2 1 0 2 1) 1p2=(174GeV)?
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Since the top quark gives by far the most dominant contribution to the potential, we
should expect a lot of correlation between the top partner spectrum and the Higgs mass.
Approximating the form factors by their limiting expressions for vanishing momentum,

we can write this in terms of the 5D parameters as

Myvy/(Eq — 2)¢q ur/1

my = :
fww* W <qm%< ) 2 +4) + 5
(3.4.8)
where we have defined
Cu = =1 and ¢4 = ! —26(1’ (3.4.9)

such that 0 < é&;, and &, < 2, and the profiles are flat (¢, = £1/2) for é,, = 0.

3.4.2 Yukawa couplings in the holographic MCHM;

From the discussion above it is seen that the Yukawa coupling of the top quark in MCHM3
deviates from its Standard Model value. Following the definition of the effective Yukawa

coupling by [112],

dm'®
Y d;" , (3.4.10)
we will be interested in the quantity
(0) (0)
gy = St Yt Y (3.4.11)

0)
yg s My

The current LHC ATLAS bounds are x; = 0.9440.21 at 20 [158]. This bound is expected
to be strengthened to the ten percent level after the current run.

From we may calculate x; in terms of the 5D form factors. To quartic order in
sp = v/ fr, we have

g (D I )
=1-—- °h _ 1 4 1 1 5 ‘ 419
Kt c,% Sy, <2Hq + 2H8> + 55 (4(1_[8)2 + 4(I12)? + 0 (sh) (3 )

As by definition, the Standard Model result (k; = 1) is recovered in the limit s, — 0.
Also, as we have noted above, if the IR brane masses are related as M, = —1/m,, the
fermion form factors vanish (II = II¥ = 0). In this case the BSM Yukawa corrections are
universal and equal to —s3 /c2 (to all orders in s). From , in terms of the fermion

profiles we have,

y s 2 (m2M2 —1) (M2 (¢q (2 — q) — 2¢umZ) — 2(2 — Cu)Cu) + E4Cu) Lo (s
m) gt 2MG (—éqmi = (2 = &) (2 = &) M + ¢u) "

(3.4.13)
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In section we will study how these additional contributions proportional to (mng — 1)

can play a role in alleviating tensions with bounds from the LHC.

3.5 Top sector in the holographic MCHM5

In the previous sections we described the set-up of the holographic MCHMj in some detail,
now we make use of this work and look at two different aspects of the top sector physics
in the model. First, we look at the top partners spectrums predicted by the model once
we require that it gives the correct Higgs mass, top mass, and Higgs vev. We then move
on to look at corrections to the top Yukawa coupling in this model and specifically look

at the effects the IR mixing parameters have on this quantity.

3.5.1 Top partners and a low UV scale

Taking the values of s; and ¢j, at the minimum of V' (h), we can re-write the Higgs mass

term from eq. as , )

m2 = féﬁga (3.5.1)
The « and 8 terms are of dimension four and we can expect them to be ~ M}l( - Thus
to obtain a light Higgs we require a degree of cancellation among the terms in the Higgs
potential. A similar cancellation is also required to obtain a light vacuum expectation
value. Due to the required cancellation among these terms, the precise value of sp alone
is only a crude estimate of the fine-tuning of the model.

It has been shown that if Mgg ~ 1 TeV, and f, ~ 500 GeV, one requires the &,
multiplet to have a large composite mixing in order to get the correct degree of cancellation
in a and 8, and thus obtain the correct values of mg, m¢ poe and v [84]. This implies
that light top partners are expected in models with a large mass gap among the different
charged states. Similar results have been observed in the 4D realisations, however in these
cases there is more freedom with the model and light top partners can be avoided more
easily. Currently, the prediction of light top partners from holographic models is in tension
with observations at the LHC.

The obvious way to avoid these constraints is to push up Mgk, but in doing one
severely increases the fine-tuning of the model and it becomes “un-natural”. There have
been several attempts at alleviating the need for light top partners without increasing

the fine-tuning, in both the purely 4D and the holographic picture. An example of the

former is [66,127|, in which the authors show that by embedding the third generation in
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different representations of SO(5), the structure of the Higgs mass term can be altered.
For particular cases a light Higgs could be obtained with top partners ~ 1 TeV in this
way. The authors point out that to achieve a light Higgs with moderate fine-tuning, it
is preferred to have mp/fr ~ 1, where mp is the scale of the top partner masses. To
highlight an example of a holographic approach, in [124] the realisation of the model
includes leptonic contributions to the Higgs potential, which allow the authors to show
that a light Higgs can be achieved while having top partners ~ 1 TeV, with only moderate
fine-tuning.

In this work we wish to investigate an alternative method of reducing the need for light
top partners in the holographic realisation of the model. Moving the top zero mode wave
functions away from the IR brane increases the mass of the top partners, but simultane-
ously results in an increase in the Higgs mass. However, by lowering the UV scale (i.e.
lowering In (2)) we increase f, and suppress the Higgs mass. Using this mechanism we can
push the top zero mode wave functions further from the IR, pushing up the top partner
masses, while keeping the Higgs mass at the observed value. As discussed in section [3.2.4]
in the 4D dual lowering the UV scale corresponds to an increase in the number of colours
“N” of the strongly coupled gauge theory [59,84].

To illustrate this idea we perform a scan in which we fix Mg = 1.1 TeV and vary the
other parameters in the ranges 0.2 < ¢, < 0.4, 0.4 < ¢, <04, =2 <m,M, < —0.5 and
20 < In(Q2) < 50. For ¢4 = 0.5 (¢, = —0.5) the 5D profile of the left-handed (right-handed)
zero mode will be flat. So the choices of fermion localisations ensure that the composite
mixing for ¢y, is small, whereas the mixing of the ¢ty state is allowed to be large or small.
We find two distinct cases in the results, |m,| < 1.4 and |m,| > 1.4. In figures|3.1{and
below we show how ¢, and In(€2) are correlated after we fix my¢ poie, mp, and v to their

observed values.
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Figure 3.1: Correlation between ¢, and  Figure 3.2: Correlation between ¢, and

In(Q2) when |m,| < 1.4. In(Q) when |m,| > 1.4.

79



From these plots it is clear that for a large value of In(Q2) (2 35), a light Higgs requires
the spurious multiplet to have large positive values of ¢,,. However by allowing for smaller
values of In(€2) we can have significantly different values for this ¢, parameter. The effects

of this on the top partner spectrum are shown below in figures [3.3] and
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Figure 3.3: Correlation between ¢, and  Figure 3.4: Correlation between ¢, and the
the top partner masses when |m,| < 1.4.  top partner masses when |m,| > 1.4. As in
Here the green points correspond to the top  the left panel, the different coloured points
partner with hypercharge (2/3), the orange  correspond to top partners with different
with (1/6), and the blue with (7/6). hypercharge.

If we were to fix In(Q2) to be > 35, we would be forced to have ¢, 2 0.3. This results
in a distinct top partner spectrum in which the left-handed top partner and exotic top
partners are < 1 TeV while the right-handed top partner is ~ 2 TeV. However, by lowering
the value of In(€2) we can move ¢, to regions with less composite mixing in which the top
partner spectrum is remarkably different. We can easily have scenarios where all the top
partners have masses 2 1 TeV, and where the mass gap among the different charged states
is very small. Note that, in the 4D picture, having In(€2) ~ 37 means having the number
of colours at ~ 10. Lowering In(€2) to ~ 25 means that N ~ 15. In the case of figure
we can say that the mass gap between the top partners is strongly related to their degree
of compositeness.

Since we fix Mg = 1.1 TeV and fix the vev, varying In(2) is analogous to varying sp,.

In figures [3.5] and [3.6] we see the correlation between top partner masses and sy, explicitly.
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top partner masses when |m,| < 1.4. As

Figure 3.6: Correlation between s;, and the
above, the different coloured points corre-

top partner masses when |m,| > 1.4.
spond to top partners with different hyper-

charge.

From figure [3.5] it appears that reducing the mass gap between the top partners is
strongly correlated with a reduction in s;. However we do not see this behaviour in
figure Thus from the above figures we can conclude that, when |m,| < 1.4 we can
have less composite mixing and a smaller sj, is correlated with a smaller mass gap among
the top partners, and an increase in the mass of the lightest top partner. Whereas for
|my| 2 1.4, we are forced to have a larger composite mixing, and lowering s, does not
alter the top partner spectrum very much.

Taking the case where |m,| < 1.4, it is useful to plot the masses of the 7/6 partners
against the masses of the 2/3 partners and to look at how sp, varies here. From figure
we see that lower values of sy, are not necessarily correlated with a smaller mass gap, but

with heavier 7/6 partners.
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Figure 3.7: Here we plot the masses of the hypercharge 7/6 multiplet

against the hypercharge 2/3 singlet and show how the value of sy,

depends on these masses.

In figures 3.8 and [3.9] we perform similar scans, except we allow Mg to vary. In one
case, we have a very light top partner with a large mass gap, and in the other we have no

light top partners and a small mass gap.

v/f

’ 0‘25 T O.éO N 0.55 T 0.‘40
. /£
Figure 3.8: ¢, = 04, 0 < —¢, < 04, ’

1 < Mgg(TeV) <2 TeV, 20 SIn() <30  Figure 3.9: ¢ = 02,0 < ¢, <04, 1<
and m,, = —1/M,,. As above, the different Mgg(TeV) <2 TeV, 20 < In(Q2) < 30 and
coloured points correspond to top partners My = —1/M,.

with different hypercharge.

One would naturally expect that by reducing sy, the mass of the top partners increase.
What we show here is that this is only true in the case that 0 < —¢, < 0.4, i.e. when
there is less composite mixing for &,. When 0 < ¢, < 0.4, i.e. large composite mixing,

we clearly show that lowering s, does not result in an increase in the mass of the lightest
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state. This is hinted at in figure and re-enforced by the data in figure
In studying composite Higgs models in 4D it is found that one expects the following
approximate relation to hold,
2
m2 ~ % (};) m3. (3.5.2)
where mp is the mass of the top partners. Since we fix v to its SM value, this implies
a linear relation between the Higgs mass and both the top partner masses and the ratio
v/ f. In the figures and test we test the latter relation, finding that this relation

receives O(1) corrections in the dual model.
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ners with different hypercharge.

It is useful at this point to compare our results to those obtained in explicit 4D realisa-
tions. Although varying In(€2) produces results which differ from what is usually expected
in the holographic models, it appears that doing this allows for a better comparison to
the 4D models. In fact, the results we have obtained here, with the mass gap among the
top partners varying, agree quite well with the explicit 4D realisations in ,. In these
works they show that m?%, ~ In(m; /6/M2/3), implying that a smaller mass gap results in
a lighter Higgs, which is exactly what we find here.

In [85] it was shown that increasing the scale Mk in this 5D realisation leads to
heavier top partners and lower values of s, but also a larger fine-tuning. It is now
interesting to ask what effect lowering In(£2) has on the fine-tuning in this model, since it

also leads to heavier top partners and lower values of s, one might expect an increase in
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the fine-tuning. To quantify the fine-tuning in our model, in accordance with what was

done in [85], we use the Barbieri-Giudice parameterisation [159],

dlog s?
Apa= > (8log kz) (3.5.3)

7

where k; are the input parameters Mg, ¢y, ¢q, My, My, and In(Q2). The Apg parameter
measures the sensitivity of 5,% to changes in the input parameters. In figure we plot
the values of this parameter for the data we have with |m,| < 1.4 as a function of the 5D
localisation ¢, and In(Q2). On the same plots we include the values of 1/s? for each point

to show how s, and Apg are correlated. Other observables for these data points have

been shown in figures and
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Figure 3.12: The blue points are the values of Apg calculated from eq. (3.5.3)), while the

orange points are the values of 1/ s,% for each point.

These plots show us something very interesting, that is, lowering In(Q2) allows for a
reduced fine-tuning in the Higgs potential and heavier top partners. This result should not
be too surprising since varying In(£2) in the 5D models results in changes to the effective
couplings between KK states and the Higgs in the effective theory, and it has been shown
using an explicit 4D realisation in [127] that the fine-tuning in composite Higgs models
depends strongly on these couplings. We can see from the plots that the fine-tuning is
minimised for ¢, ~ 0.2 and 25 < In(2) < 30, which is slightly IR localised, and corresponds
to the lightest top partner being just above 1 TeV (7/6 partner), with the next top partner
laying just above 2 TeV (2/3 partner).

3.5.2 The top Yukawa coupling

In this section we study deviations to the top Yukawa coupling and possible future mea-

surements of the Higgs in association with a hard object (vector boson, jet) as a probe for
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the Higgs-top-antitop form factor. First of all, we look at the top Yukawa coupling. We
expect an inverse scaling between M, and (the negative of) m,. We will take a mildly
more general relation

M, =L (3.5.4)

my

with a; a real constant. In this case the expression simplifies to

yff)v 57 é é
=1— °h _ 2 2 1 q _ u O 4
o0 e ey (s o —mwe -~ @oapamra) HO

(3.5.5)

It is now obvious that the additional Yukawa correction due to 5D effects vanishes for
either a; = 1, and for flat profiles. It is also seen that the contribution switches sign for
a? =1 and for

IR L (A5 e CRLY Y

2¢4Cy
In other words, in the region

1, ME((2- 86— 22— )2
2 24y

<a%<1

there can be an effective cancelation between the universal contribution and the Yukawa

contribution. We can see this explicitly for two benchmark scenarios, a; = 0.8 and a; =

u
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Figure 3.13: Profile contribution to the Yukawa coupling: It is seen that the contribution
is larger for IR localised fermions, and that the sign is dependent on the sign of (a1 — 1).

The values of M, are chosen such that the scan results will map between the curves.

1.2. Writing
yff)v 1
2 4
Ol 1—s; <C%L — x) + O (sp) (3.5.6)
v
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where z is the Yukawa correction (modulo s;,?),

x:(l—a%)( — & — — ~Eu ~).

203¢4+2(2 — ¢,)M2  (2—¢g)M2+ ¢,

We plot this isolated mode contribution for the benchmarks in figure [3.13] Here we see
indeed that the sign of the correction is dependent on the sign of a; — 1, that is, on
the relation between the brane masses M, and m,. It is also seen that the correction is
expected to be out of experimental reach for a small departure of a; = 1. However, the
contribution can be made more sizeable values of a1. For instance, in the case in which
a1 = 1.5, one finds a maximum of x = 0.6 for ¢, ~ 1.7. We use this large case to plot the

range of imaginable contributions in the xy — k¢ plane in figure [3.14
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Figure 3.14: Profile contribution to the Yukawa coupling: in terms of the experimental

variables k; and ky. In light and dark green the ATLAS 10 and 20 limits from ||
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Chapter 4

A little KK graviton at 750 GeV?

In December 2015 at the beginning of Run 2 at the LHC there were some exciting hints of
new physics beyond the Standard Model as an excess in the diphoton channel at m. ~ 750
GeV was observed with a cross-section of a few fb above the background [6,7]. The analysis
of further data has revealed that this excess was nothing but a statistical fluctuation, thus
the excess has gone away [8]. Despite this, the work done in attempting to identify the
source of the resonance prompted many interesting investigations into the kinds of new
physics that could give rise to this relatively low mass excess while evading constraints in
other channels. This excess was interpreted as a resonance with opyeq(pp = X) x Br(X —
vy) =~ 5 tb |161H166]. In this chapter we will discuss a model which can reproduce this
signal while remaining within all other stringent constraints set by the data analysed
during the first run of the LHC.

We suppose that this resonance was produced by a composite spin-2 state of a strongly
coupled gauge theory confining at the TeV scale, just like those described in previous chap-
ters. Again, one can try to describe this scenario using five-dimensional (5D) holographic
models, which are proposed to be dual to classes of strongly coupled gauge theories in 4D.
These models naturally give rise to two candidate particles which could have described
the observed diphoton excess, one is the radion (spin-0), and the other is a KK graviton
(spin-2). The radion is related to fluctuations in the size of the extra dimension, i.e. the
distance between the UV and IR branes, while the KK gravitons are heavier excitations
of the fluctuations of the Minkowski components of the metric.

Irrespective of the spin, in RS the resonance is linked to the origin of electroweak
symmetry breaking, and hence the Higgs sector. There has been a fair amount of work
exploring this relation, and the scenario which stands out as most natural is the holographic

composite Higgs. This has been presented in detail in the previous chapter.
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In the current chapter, the final sub-project comprising this thesis, we wish to explore
whether the composite Higgs idea would have been compatible with a spin-2 resonance
with the characteristics of the excess observed diphoton signal. Despite the revelation
that the excess was no more than a statistical fluctuation, the ideas explored here are
interesting in their own right as the question of a light KK graviton in a holographic
composite Higgs scenario has not yet been thoroughly explored in other works. We find
that successful models point to a scenario with a low UV scale in the 5D model, several
orders of magnitude below the Planck scale. In the previous chapter we discussed these
intermediate scales and showed that they also allow for heavier top-partners and reduced
fine-tuning in the Higgs potentials of these holographic composite Higgs scenarios. Note
that while performing this analysis we assume that the radion is heavy enough such that
it does not significantly affect the phenomenology of the KK graviton.

In the section we will review some of the work on KK gravitons and how the first
graviton KK mode can be made lighter than the KK spin-1 states. In the section [£.2] we will
discuss the specifics of the model, giving explicit expressions for the couplings of the KK
graviton, the branching fractions to SM particles, and the experimental bounds that our
model must remain within. And finally in section we will discuss the phenomenology
of the KK graviton, detailing the parameters in the model and how we can fix a subset of
them to reproduce the diphoton cross-section and the KK graviton mass at 750 GeV. We
show how the branching fractions of the KK graviton to the SM fields change as we lower

the UV scale of the model.

4.1 Warped KK gravitons

Let us start by describing the general properties of warped gravitons in RS. In deriving the
couplings and 5D properties of the KK gravitons we closely follow the work in [167-170].

To begin, let us consider the following 5D action,
. " / 3 Rs 2 / 3 1 L
55 = /d a;/ dy |g|M5 —7 + 6k + |g|M5 (kB + ﬂrO,LRQ ’0 (4.1.1)
0
where the RS metric and its fluctuations can be described by,
ds® = e (1, + hy (2, y)) daetdz” — dy?. (4.1.2)

The co-ordinate y labels the position along the extra dimension, which is bounded by two
3-branes at y = 0 (UV) and y = L (IR). The above action is simply the 5D Einstein-Hilbert

action with a 5D cosmological constant, and on the branes we have additional Ricci-scalar
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terms with localised cosmological constants which we refer to as brane tensions. The
bulk cosmological constant and the brane tensions must be precisely chosen so that the
background metric is that of the RS model.

The quantity k is known as the curvature constant and parametrises the warping in
the bulk of the extra dimension, and M;y is the UV mass scale in the 5D theory. The
hyw(x,y) fluctuation would correspond to the bulk graviton field. Note that we have
neglected fluctuations along the y direction, which would represent the radion dynamics.
The radion is a scalar field which arises as fluctuations along the fifth component of the
extra dimension. In an exact AdS space this radion is exactly massless, a feature related
to the freedom in choosing a length for the extra dimension. If one makes the choice of
size for this extra dimension dynamical, in that it is determined by the minima of some
potential which perturbs the AdS background, then the radion acquires a mass which
is proportional to this perturbation from AdS. The most popular example of this is the
Goldberger-Wise mechanism [10].

One can perform a KK decomposition on the field hy, (z,y) = >, fi(y)hj, (z), where
each Kaluza-Klein mode hj;,(z) represents a 4D massive graviton of mass m, with a 5D

profile fi obeying the following eigenvalue equation in the bulk,
0, [ — 4k £+ mpe®™ [ = 0, (4.1.3)

where the mass m,, of the n'* KK mode is of the order My = ke *L,

Turning to the boundary terms in eq. , kp is a brane tension, whose effect is
to compensate the negative bulk cosmological constant k. The Ricci scalar terms on the
branes proportional to 7o ;, imply brane kinetic terms (BKTs) for the graviton modes (and
the radion’s). These BKTs result in modifications to the boundary conditions of the 5D

profiles of on-shell 4D graviton modes,

(k0 £2 + rom?f2) | =0 (4.1.4)

(e_QkLk(?y £9—rim? fg) ‘L —0. (4.1.5)

The boundary conditions along with the eigenvalue equation permit a flat massless
graviton zero mode. However, when we lower the UV scale of the model to below the
Planck scale the interaction strength of this graviton will become larger than is observed
in our universe. Thus 4D gravity will not be correctly reproduced by the model. If

one imposes a Dirichlet boundary condition ( fi(y)

= O) for the profiles on either
brane
brane, the graviton zero mode would not be present, leading to an effective theory with

no dynamical 4D gravity. Another option, as discussed in section [3.2.4] is to allow the UV
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BKT for the gravitons to be very large [129]. This will suppress the interaction strength
of the zero mode graviton such that it correctly reproduces 4D gravity, while acting like
a boundary mass term for the KK gravitons. The phenomenology of the KK gravitons
discussed in this chapter is independent of whether we use a Dirichlet UV boundary

condition or have a large UV BKT.
The general solution to eq. (4.1.3)) is

g = ;25/1/2 (Jg (znek(y_L)) + anYs (znek(y_L))> (4.1.6)

where z, = ]\Z{”K. The value of «;, and m,, is fixed by the boundary conditions and N,

by the normalisation condition. In this work we will consider two cases,

(i) Mixed boundary conditions on the UV and IR branes (Egs. 4.1.4). Applying the UV

boundary conditions we find

ol = —

! / /
Jy (z7) + 1oz J2 (2]) (4.17)

Y1 (2)) + rozhYe (21)

where 2/, = my, /k = e *lz,.

(ii) Dirichlet boundary condition on the UV brane, and a mixed boundary condition on

the IR brane. The UV boundary conditions lead to

i) _ J2 (23)

o]

(4.1.8)

Case (i) exhibits a massless graviton, whereas case (ii) does not. Also note that when
my, # 0, one can map solutions of case (i) and (ii) by taking the limit of ro — oo
as a Dirichlet boundary condition is just a limiting case of mixed boundary conditions.
Therefore, when the 4D modes are on-shell, a large BK'T has a similar effect as a localised
mass term for the KK modes.

The values of the masses, m,,, are fixed by applying the IR boundary condition. Since
we consider the same IR boundary conditions for both cases, the masses of the lowest
lying modes are approximately the same in both cases. The condition imposed on the IR

boundary is as follows,
J1 (zn) — 20 da (2n) = —alD (Y1 (20) — 120 Y2 (20)) (4.1.9)

where in case (ii) we would set 79 = 0, and there would be additional terms suppressed by
my,/k which one can neglect.
The Y, (z) function diverges at  — 0 hence the terms ~ Y; (z],) dominate. With no

IR BKT, the masses of the lowest lying modes are then approximately given by the zeroes
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of Ji (zn), namely 3.8, 7, 10.2, 13.3 in units of M. In contrast, the KK masses of bulk
spin-1 fields are given by the zeroes of Jy (zy,), i.e. 2.4, 5.5, 8.7 and so on. This pattern
can be altered with non-zero BKTs for either the graviton or the spin-1 fields, but here
for simplicity we only consider the BKT for the graviton.

For large values of 1, one can expand the Bessel functions in the IR boundary condition

and obtain the following approximate solution for the lightest massive mode,

2Mkk
mgog =~
g \/ﬁ

Thus for increasing values of 7, one can suppress the lightest spin-2 mode and make it

: (4.1.10)

lighter than the spin-1 modes.
To completely fix the integration constants in the 5D profile we impose the normali-

sation of the graviton kinetic terms,

M3 L
S [y g ek rb) + By 1) = 45 (4.1.11)
0
We find that in case (i) the normalised zero mode solution is fo = 2/Mp where,

Pl = L e To € Tr 1.

is the effective 4D Planck mass and determines the scale of the 4D gravity. Remember
that in case (ii), there is no graviton zero mode, hence no meaning of a scale of gravity in
the effective theory.

Before continuing, it is worth discussing a possible issue which arises in this scenario.
Having such a large BKT on the IR brane for the graviton induces a negative kinetic term
for the radion, revealing an instability in the model. This has also been discussed in [170].
However, as recently pointed out in [171], this feature can be avoided if one allows for a
particular form of gravity BKT which breaks 5D Lorentz invariance while preserving the
4D symmetry. In our work we will assume such a mechanism is in place to prevent the
appearance of the ghost-like radion state.

In the following sections we will study the phenomenology of a light KK graviton in
the Little Randall-Sundrum model, with the focus of incorporating this resonance within
the composite Higgs scenario without violating experimental constraints arising from LHC
searches or electroweak precision measurements. In the holographic interpretation of such
a scenario one would expect a 4D strongly interacting gauge theory which confines at the

TeV scale, producing the Higgs and a 750 GeV spin-2 state as composites.
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4.2 Production and decay of the little graviton

In the following, we consider an extra-dimensional set-up with all the SM fields propagating
in the bulk, along with an enlarged bulk custodial gauge symmetry SU(2);, x SU(2)r X
U(1)x. The SM gauge fields exhibit flat zero mode profiles, whereas any non-SM gauge
fields are given Dirichlet boundary conditions on the UV brane and thus do not have
zero modes. On the other hand, massless (before electroweak symmetry breaking) SM
fermions and Higgs can be localised anywhere in the 5D bulk using 5D mass parameters.

The profiles of these fields can be written as

B 2ak

fa = me_aky (421)

where the kinetic terms of these fields are normalised to 1, i.e. fOL dy f2=1,and a = (ay,
agq, Qtr, apy) are the 5D mass/localisation parameters for the Higgs and the third generation
quarks. We assume that the lighter fermions are localised in the UV and for the bulk gauge
fields we simply take a = 0.

A special case is given by ap = —1, i.e. the couplings describe those of a holographic
composite Higgs model. In this class of models, one requires an IR localised right-handed
top quark in order to trigger EWSB, corresponding to as; < 0. Note that when the
Higgs and the top are localised in the IR, there are bounds from EWPOs and the direct
detection of spin-1 KK modes that we must take into account [3},25,86,172,/173|. To avoid
these constraints we assume that Mxx > 1 TeV, implying that the lightest spin-1 states
will be 2 2.5 TeV. Then, fixing the lightest KK graviton mass to 750 GeV, implies that
rr > 64/9 ~7.1.

The graviton interactions to SM particles are given by dimension-five operators which
we will normalize to the electroweak scale v for convenience. The specific expressions
of these operators can be found elsewhere in the literature, e.g. [174]. One can then

compute the partial decay widths of the graviton, which we will denote by X, to the
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SM fields [170,,174],

2,3 2 3

C mX o Cme
DX = g9) =155 » TX = 77) = o3
C% % _ 5/2
(X = hh) =g 25 (1 = dr)
= NC(C l + CQT)m,%(
DX = f]) == (1 - 4rf)3/2(1 +8ry/3)
3
X = Z27) 83?; VI —dry <CZZ 4 ch 7“32 (3cj, — 20cpczz — 9¢% )

+2 3Z (7ch + 10cpeczz + 9cZZ)>

I(X — WW) = mX VI —drw (aw +oh %W (3c2 — 20chew — 9¢%)

2
+2 7’3 (7Ch + 10chew + ¢y, )

CZZ'ym%( 3 Tz T%

where ¢y, = sgcw + cch, Czy = cgcw + sch, czy = spco(cw — cB), i = (mi/mx)?,
and mx = 750 GeV is the lightest KK graviton mass. The precise values of the Wilson
coeflicients, ¢;, depend on the particular model, i.e. they depend on k, M5, Mg, the
localisation of the bulk field, and on the graviton BKTs. To be precise, they are given by
the overlap integral of the KK graviton profile and the profile of the particular SM field,

L
=5 [ fistan (1.2.3)

The value of these constants are approximately independent of whether one imposes a
Neumann or Dirichlet boundary condition on the UV brane for the graviton. The value of
cq for massless gauge fields is a special case, for flat 5D profiles the integral in eq.
approaches a limit where ¢, ~ ,%L Therefore, varying kL could significantly alter the
production of the KK graviton via gluon fusion and its decay in the diphoton channel.
Assuming that gluon fusion is the dominant production mechanism, we can approxi-

mate the production cross-section of the KK graviton with the expression |170,1755178],
Tprod(99 — X) ~ (1.2 x 10%)c? pb. (4.2.4)

In order to get a cross-section of & fb for the X — ~~ final state, one would require,

22mX

T ~ (2.25 x 1077), (4.2.5)

where I';,; is the total width of the KK graviton. In this scenario one only needs to look

at (X — ff)/I(X — ~v) (with ff some final state) to determine whether or not these
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predictions are in contradiction with existing bounds from Run 1 and 2 LHC data. The

current upper bounds on these ratios are [179-184],

‘ZZ WW  Zy hh i

Ry = FX210) \10 40 6 40 400

Table 4.1

Since the transverse components of the gauge fields are flat, one automatically obtains
that, ¢, = ¢y, = cw = cp. This can only be altered if we include BKTs for the gauge
fields [170], however one must be careful as these can alter the tree-level corrections to the

electroweak precision observables.

4.3 A little graviton and a composite Higgs

We are primarily interested in the scenarios in which the Higgs arises as the fifth compo-
nent of a 5D gauge field. In the holographic interpretation of this the Higgs would be a
composite pseudo Goldstone boson of a strongly interacting gauge sector, the same sector
which gives rise to a spin-2 composite state with a mass of 750 GeV. In this case the Higgs
localisation is fixed to ap = —1, and an IR localised right-handed top is required in order
to achieve electroweak symmetry breaking H In [170] it was shown that with k& ~ 106
GeV, this scenario could not be realized with only the graviton field experiencing BKTs.
Here we investigate lowering the UV scale, without introducing any additional brane terms
which could lead to issues with EWPOs.

To ensure we have the lightest KK graviton at 750 GeV, we trade the IR BKT for the

resonance mass and the scale Mg
2Mpk >
rp, = ( KK) : (4.3.1)

We can then approximate expression for ¢, for the flat 5D profiles as

k32 mxv 1
~ () X L 132
cna=(35) s (1.3.2)

which shows how lowering the KK scale or the ratio k/Mj5 leads to a global increase in the
couplings, whereas lowering kL only significantly affects couplings to flat profiles such as

the photon and the gluon.

LAlthough one could consider non-minimal composite Higgs scenarios where electroweak symmetry

breaking does not rely primarily on the top, e.g. see-saw composite Higgs [126]/185].
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kL and

k/Ms, such that MsQ~' ~ kQ~1 ~ O (TeV). We fix My = 1.2 TeV which leads to a

The model parameters are therefore the 5D localisations, Mk, rr, 2 = e

safe value for the spin-1 resonance mass (mVKV;%Z, ~ 2.9 TeV). As mentioned before, we use
r1, to set the lightest KK graviton mass. The value of k/Ms modulates the signal strength
o(pp — X — v7), as the diphoton cross-section is ~ 1/Tyo; ~ (M5/k)3.

At the end of the day, we only have 2 and the 5D localisations to fit to the data. In
each scenario we will fix the 5D localisations, vary €2 incrementally, and correct k/Ms each
time in order to keep the diphoton cross-section constant, which we will set to a value of

5 fb as a ballpark figure. We describe some of the different scenarios below.

o Composite Higgs scenario with IR top (ap = —1, ag =0, as = —0.3)
With a large UV scale the model is ruled out in the tt, hh, WW and ZZ channels.
However at k ~ 10 TeV the tt channel is within current constraints, whereas the hh
cross-section is still too large until ~ 10 TeV. The most problematic are the WW
and ZZ channels, which are not within current constraints until k ~ Mz ~ 10* and
103 TeV, respectively. Thus the composite Higgs models are consistent with this

scenario when the UV scale is at ~ 1000 TeV.

e Flat Higgs and top (ap =0, ag =0, ag = 0)
This scenario is within constraints at k& ~ Mp;, and the branching ratios do not
change substantially as one lowers the UV scale, while keeping the diphoton rate
fixed. Thus this scenario is a consistent model able to incorporate 4D gravity, how-

ever it is not a composite Higgs scenario since the Higgs profile is flat.

o Composite Higgs scenario with very IR top (an, = —1, ag = 0, ay = —3)
This time the ¢£ channel is only within constraints when k ~ 10* TeV, however the
WW and ZZ channels are still the most constraining. This scenario is still within
the experimental constraints at k& ~ M5 ~ 1000 TeV. The very IR localised top is
not excluded by direct searches due to the large ¢t background in this mass region.
One consequence of a top further in the IR is that one can obtain a larger total

width than in the previous cases.

The results for the first scenario are presented in figure and the numerical results
from the composite Higgs scenarios can be seen explicitly in tables and Note that
Rww, Rzz and Rp;, do not change between the two tables, since their 5D localisations
are kept constant. It is also important to note that the limiting factor, or the reason

for requiring £ ~ 1000 TeV, is solely due to the Higgs localisation. Not only does an
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IR Higgs increase the coupling to the Higgs, but it also increases the couplings to the
longitudinal gauge bosons, and these channels are tightly constrained by experimental
data. When one lowers the UV scale, the couplings of the KK graviton to the transverse
components increases, reducing the size of the WW and ZZ branching ratios relative to
the v~ branching ratio. Although we have kept Mk fixed in these tables, we checked
that varying this parameter does not change the ratios Ry, as all the decay widths are
equally suppressed by 1/ MIQ{ - Once we fix k/Ms to reproduce the diphoton cross-section,
a shift in Mg g has no effect on the total width or the production cross-section either.
From the data, we can also see that when the UV scale is low the model not only produces
acceptable decay rates in all channels, but it also has an acceptable value for the ratio
k/Ms. This ratio is constrained by the assumption that higher derivative gravity terms in
the bulk can be neglected, and an acceptable bound is taken to be k/M;s < 2 |[168]. In [170]
where a BKT for the hypercharge field was used instead of a low UV scale, much larger
values of k/Mjs were required. The reason for this is that as we lower the UV scale, we
increase the coupling to photons and gluons, thus we also increase the production cross-
section. With a hypercharge BKT one can increase the photon coupling but additional
gluon BKTs would be required to increase the production cross-section, and in the absence
of these additional gluon BKTs one requires a large value of k/Ms5.

2 —_—

%%W Tg9-+X—y = ofb
—tt

10 —hh
— Runl bounds

N

2 4 6 8 10 12 14

log(2)

Figure 4.1: In this plot we show the ratio of different decay rates of the 750 GeV KK
graviton vs the bound on this rate from table The 5D parameters are those from the
‘Composite Higgs scenario with IR top’, thus corresponding to the data in table The
shaded region indicates areas of the parameter space in which decays into an individual

channel are within the bounds.
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Table 4.2: Composite Higgs scenario with IR top, (ap, = —1, ag = 0, ay = —0.3). The
k/Ms ratio is altered at each iteration to keep o(pp — X — v7v) =5 fb.

log(Q) k/Ms opoda(pp = X) [Pb] Rww Rzz Ri  Runn Tiot

2 1.19  0.25 9.8 5.1 23 2.3  0.03
3 1.94 047 19 9.9 o1 5.2 0.1
4 2,718  0.78 32 16 90 9.3 0.28
) 3.70 1.18 48 25 140 15 0.65
6 4.69 1.67 68 35 201 21 1.3
7 5.74 2.2 91 47 274 29 2.3
8 6.83 291 118 61 357 37 3.9
9 7.98  3.66 148 76 452 47 6.2
10 9.17  4.50 182 94 2958 58 9.4
11 10.40 5.43 219 113 675 70 14
12 11.67 6.45 259 134 803 84 19
13 12.98 7.55 304 156 942 98 26
14 14.32  8.74 351 181 1092 114 35
15 15.69 10.02 403 207 1254 131 46
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Table 4.3: Composite Higgs scenario with very IR top, (an, = —1, ag = 0, az, = —3). The
k/Ms ratio is altered at each iteration to keep o(pp — X — v7v) =5 fb.

log(Q) k/Ms oproda(pp = X) [Pb] Rww Rzz Rig  Runn Tiot

2 1.50  0.50 9.8 5.1 72 2.3 0.11
3 2.51 1.03 19 9.9 162 5.2 0.49
4 3.65 1.77 32 16 288 93 1.5
) 490 273 48 25 449 15 3.4
6 6.22  3.90 68 35 647 21 7.0
7 7.62  5.28 91 47 880 29 13
8 9.10 6.87 118 61 1149 37 22
9 10.64 8.68 148 76 1454 47 35
10 12.24  10.69 182 94 1795 58 93
11 13.89 12.92 219 113 2172 70 7
12 15.56 15.36 259 134 2585 84 109
13 17.34 18.01 304 156 3034 98 150
14 19.14  20.87 351 181 3519 114 201
15 20.98  23.95 403 207 4039 131 265

98



Chapter 5

Conclusions

In the first part of this thesis we have revisited the scenario of a bulk Higgs in warped
extra dimensions, without assuming deviations from AdS space or imposing a custodial
symmetry. Our aim was to investigate the robustness of bounds on the KK scale from
electroweak observables and modifications of SM Yukawa couplings. We then discuss
prospects for observing new physics at future collider experiments.

Performing a standard electroweak precision analysis, we confirm that a bulk Higgs
rather than a brane Higgs brings down the limit on the KK scale, which in this chapter
we take to be mass of the lightest vector resonance, from about 15 TeV to about 8 TeV. A
bulk Higgs reduces mixing between KK gauge boson excitations and the SM particles after
electroweak symmetry breaking. The Higgs, being a bulk field, also has KK excitiations
which contribute to gauge boson masses etc., but their impact is unobservable for the fore-
seeable future. However, deviations from the SM values of the HZZ and HWW couplings
at the sub-percent level will be induced by KK gauge boson mixing. These effects will be
very difficult to see at ILC, but TLEP with a predicted sensitivity of better than 0.2%
could detect them.

We then include into the analysis higher dimensional operators which parametrize
unknown contributions from a UV completion of our setup. We find that a dimension-8
operator in 5D can have an non-negligible impact on the T' parameter. The bound on the
KK scale of 8 TeV, derived previously is therefore not robust. We therefore argue that
this unknown contribution could bring the KK scale down to at least about 5 TeV. The
LHC run at 13 TeV could then discover KK resonances in the simple scenario presented
here.

Finally, we investigate whether additional bounds on the KK scale can be derived

from deviations in fermion Yukawa couplings, in particular for the top quark. We find
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that even with a KK scale of only 5 TeV, the enhancements in the top Yukawa coupling can
be larger than 10%. However there are areas of parameter space where this enhancement
can be much smaller and hence this will not generally lead to tension with observed
Higgs production at current experiments. Such a tension would require large values of the
associated 5D Yukawa coupling. In the future it will be interesting to look for Yukawa
deviations for the top quark at the high-luminosity LHC. The enhancements in the bottom
and tau Yukawa couplings can also be as large as a few percent, making this detectable
at ILC and TLEP. Furthermore, top Yukawa coupling misalignment should be taken into
account in models where top loops induce electroweak symmetry breaking, e.g. warped
geometry realisations of composite Higgs models [16/-18].

As is well known, models of the type presented here often generate large flavour and
CP-violation from KK exchange. These may induce bounds on the KK scale which are
much more stringent than the ones we have considered. However, one should bare in mind
that these flavour bounds depend on how the fermion mass pattern is generated, and can
be reduced or almost avoided by flavour symmetries.

So we conclude that, even without an enlarged gauge symmetry, a bulk Higgs in pure
AdS space opens the possibility to discover KK resonances during run 2 of the LHC.

In the second part of the thesis we addressed the question of whether or not a light
Higgs implies light top partners in the Minimal Composite Higgs Model (MCHM3;). The
experimental constraints on the detection of top partners can be avoided by increasing
the scale Mgy, but this is at the cost of a severe fine-tuning. Attempts at realising
the MCHMj35 model without light top partners and large fine-tuning have been primarily
focussed on the fermion sector: 4D approaches include a different embedding of the third
generation of quarks in representations of SO(5); holographic realisations include leptonic
contributions to the Higgs potential. Here we propose an alternative method to alleviate
the tension: we show that if the degree of composite mixing in the multiplets is reduced,
the mass of the lightest top parters can be increased, without increasing the compositeness
scale Mg k. To maintain a light Higgs, the cutoff in the 5D model (measured by In€)
is reduced. Interestingly, we find that the Higgs mass is proportional to the mass gap
between the 7/6 and 2/3 charged top partners, in agreement with what is found in 4D
explicit models [64,69].

Since heavier top partners might naively lead one to expect more fine-tuning, we
calculated this and found that as we lower In(€2) the minimum value of the Barbieri-

Giudici parameter tends to decrease. This is particularly nice, since we now know that
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increasing Mk i and lowering In(£2) both allow for heavier top partners and lower values of
sp, however only lowering In(£2) does not lead to an increased fine-tuning. This result also
correlates well with the 4D explicit realisations, where the Higgs mass and the fine-tuning
are proportional to the coupling between the top partners and the Higgs, a quantity which
is controlled by In(£2) in the holographic models. We find that, with spin-1 states at ~ 2.5
TeV and the left-handed top localised away from the IR, the fine-tuning is minimised when
the lightest top partner is above 1 TeV.

With an eye to the next LHC run we discuss the phenomenology of this version of
the MCHM5. In anticipation of improved LHC constraints on the lightest top Yukawa
coupling, we show that a deviation from the relation between IR brane masses m, =
—1/M,, can reduce or enhance the composite Higgs prediction for y; as derived from
symmetry arguments alone. The deviation from the Standard Model is captured in the
parameters xy and k7, which allow for a comparison with the ATLAS data. In particular,
it is seen that relaxing the brane mass relation may relieve the tension slightly by increasing
the predicted coupling.

We further discussed the expected phenomenology of the top partner states in future
searches. Testing the relation between the Higgs and top partner masses as a function
of sp, we find that the masses scale approximately linearly, as expected, with a slight
deviation for the (2/3) exotic state.

In the last part of this thesis we studied a possible explanation of the infamous 750
GeV diphoton resonance (now shown to be a statistical fluctuation) within the framework
of composite Higgs models. We studied the possibility that this excess could have been
produced by a composite spin-2 resonance, where the bound state arises from the same
strong dynamics that produces the composite Higgs. To study this scenario we used
the same 5D techniques developed in the previous chapters. We found that the most
economical way to successfully explain this excess, i.e. keeping effects of vector resonances
and their localized kinetic terms under control, is to lower the UV scale of the 5D theory.
In this framework (Little RS, intermediate scales), we focused on the scenario in which
the 5D model describes a composite Higgs setup in 4D, and showed that the UV scale
is required to be ~ O(1000 TeV) to explain why the resonance would show up in the
diphoton channel before it did in the WW and ZZ channels. Ultimately, the reason
for requiring such a low UV scale is the Higgs profile localisation near the IR, which
increases the KK graviton couplings to the Higgs and to the longitudinal components of

the gauge bosons. Lowering the UV scale leads to an increase in the graviton coupling to
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the transverse components of the gauge fields. We would like to note that although we
have only considered the KK graviton phenomenology in this work, similar effects should
be present in the phenomenology of the radion in these set-ups [186]. In the end we
have shown that the once significant diphoton excess is compatible with a model in which
strong dynamics at the TeV scale gives rise to the Higgs and a 750 GeV spin-2 state as
composites of the underlying gauge theory.

Lastly we would like to comment on the predictions made by this model. By counting
free parameters we see that, at least in the composite Higgs scenario, we can only vary €2,
Mg, and the top localisation. € is strongly constrained by the Runl and 2 limits from
searches of heavy resonances to WW and ZZ. The top localisation does not affect Ry,
Rzz or Ry, and shifting Mg does not affect any of the Ry; ratios. Thus these Ry
values are definite predictions of the model. Some ways that these predictions might be
affected are if the bulk SM gauge fields have non-zero BKTs, or if there are deformations to
the AdS background geometry such as in |78|. Despite the diminished significance of this
excess after the analysis of more data, the model building work done here demonstrates
that these 5D models can still produce light new physics which may have yet evaded
searches at the LHC, while remaining within other constraints set by LEP.

Through the work in this thesis we have attempted to illuminate some interesting
scenarios for models with warped extra dimensions and composite Higgs BSM sectors.
The focus of these studies has been on electroweak precision observables in non-custodial
warped models, corrections to the top Yukawa coupling in warped models and holographic
composite Higgs models, and the effect of intermediate scales on holographic composite
Higgs models, and KK graviton phenomenology. We believe that the most important
results from this work are that holographic composite Higgs models with a lower UV
cutoff can significantly alleviate tension with top partner bounds from the LHC, while at

the same time reduce the couplings of light new physics to SM particles.
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.1 SO(5) generators

The basis of SO(5) generators we use is shown below,
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