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Abstract

The thesis investigates production and decay processes of the Higgs boson and of a new scalar
in a framework “beyond the Standard Model of particle physics”, which additionally includes a
small and warped extra dimension: the Randall-Sundrum (RS) model. The RS model gives a
natural explanation for the apparently huge hierarchy between the Planck and the weak energy
scales, and for the gauge hierarchy problem arising from the fact that the theoretical prediction
of the physical Higgs boson’s mass depends on the scale of very high energies. Furthermore, it
offers an appealing framework for investigating questions of the flavor sector of particles, e.g.
the hierarchies that are observed between the masses of fermions, or suppression mechanisms
for flavor changing neutral currents.

In most parts of the thesis, a scenario of the RS model is considered, in which all the particle
fields, including the Higgs field, can extend into the bulk, the whole five-dimensional space-time.
Whereas this scenario can be regarded as an especially natural realization of the RS model, it is
also proven that the predictions for the Higgs processes lie significantly closer to the Standard
Model predictions, compared to realizations of the RS model where the Higgs field is localized on
a four-dimensional subspace, a brane. In this regard, the tree-level vertices of the Higgs couplings
depend in a complicated manner on the shape of the Higgs profile in the extra dimension. Due
to the compactified extra dimension, towers of Kaluza-Klein (KK) particles are predicted as
heavy copies of the SM particle fields and of possible new, exotic fields, depending on the gauge
group implemented in the bulk. These KK particle towers virtually contribute to the rates
of loop-induced interactions, and can analytically be summed up by means of five-dimensional
propagator functions. In this sense, the fermion propagator function includes, in a complicated
manner, the Yukawa couplings induced by the bulk-Higgs field. The fermion, gauge boson, and
scalar propagator functions, which are necessary to sum over the contributions of KK towers
in the loop-induced Higgs production process through gluon fusion and the Higgs decay into
two photons, are developed. In addition, all the direct Higgs couplings to gauge bosons and
fermions are computed. With the help of these results, a numerical evaluation of the various
Higgs production and decay rates at the LHC is performed, in dependence of the parameter
space of the bulk-Higgs RS model. Also, the significant signal strengths for the Higgs decays
into two gauge boson final states or fermion final states are compared with the experimental
results of ATLAS and CMS.

Furthermore, the implementation of a new, extra scalar field is considered in the RS frame-
work, by what the temporarily reported di-photon anomaly, seen in first 13 TeV data of the LHC,
could conveniently be explained. The loop-induced production and decay rates of the new bulk
scalar, mediated by KK fermions, are computed, as well as the various decay rates of the scalar
at the tree-level. In this way, the temporarily reported excess rate of di-photons by ATLAS
and CMS can be reproduced for very natural choices of parameters, whereat exclusion bounds,
derived from 8 TeV searches of the LHC, are accounted for. Also, a possible implementation of
Higgs portal couplings to the new scalar sector is discussed. Even though the di-photon excess
was confirmed to be the result of a statistical fluctuation, the evaluations of the RS model with
a new scalar sector can be of value in future analyses in cases of similar excesses. Besides, the
RS framework with a new scalar sector might offer a natural explanation mechanism for the
mass differences between the SM fermions. This is a crucial ingredient of the RS model, and is
investigated, in some parts, in the last section of the thesis.



Altogether, the thesis provides a comprehensive set of computations and analyses of scalar
sectors in the theoretical framework of the RS model.



Zusammenfassung

Die Arbeit untersucht die Berechnung und Auswertung von Produktions- und Zerfallsprozessen
des Higgs-Bosons sowie eines neuen, zusitzlichen Skalars im Randall-Sundrum Modell (RS-
Modell). Das RS-Modell erweitert das Standard-Modell der Teilchenphysik um eine kleine und
gekrimmte, fiinfte Raumdimension und kann auf natiirliche Weise erklaren, wie die scheinbar
riesige Hierarchie zwischen der Planck-Skala und der Skala der elektroschwachen Wechselwirkung
zustande kommt. Es liefert damit einen Beitrag zur Losung des Eichhierarchieproblems, das sich
aus der UV-Sensitivitat der theoretisch berechneten physikalischen Higgsmasse ergibt. Des Wei-
teren kann das RS-Modell auf attraktive Weise Erklarungsansatze fiir weitere Fragestellungen
des “Flavor”-Sektors der Elementarteilchen anbieten, wie etwa fiir die bestehenden Massen-
hierarchien von Fermionen oder die Unterdriickungsmechanismen von neutralen Stromen, die
Teilchen- “Flavor”-Verdnderungen (flavour-changing-neutral-currents) induzieren.

Vorrangig wird in dieser Arbeit bei den Analysen und Berechnungen von einem Szenario
des RS-Modells ausgegangen, in dem neben allen Teilchenfeldern auch das Higgsfeld sich in den
vollen fiinfdimensionalen Raum, den “bulk”, ausbreiten kann. Wahrend dieses Szenario be-
reits eine besonders natiirliche Realisation des RS-Modells darstellt, wird weiterhin gezeigt, dass
die damit gewonnenen Vorhersagen fiir Higgs-Prozesse deutlich naher an denen des Standard-
Modells der Teilchenphysik liegen im Vergleich zu Szenarien in denen das Higgs-Feld auf einer
“brane” am Rand der Extradimension lokalisiert ist. Bei der hier gewahlten Vorgehensweise
héngen jedoch die “Tree-Level-Vertices” von Higgs-Kopplungen in komplizierter Weise von der
Profilfunktion des Higgsfeldes in der Extradimension ab. Aufgrund der kompaktifizierten Ex-
tradimension werden Tiirme von Kaluza-Klein-Teilchen (KK-Teilchen) als schwere Kopien der
Standard-Modell-Teilchen sowie méglicher neuer exotischer Teilchen vorhergesagt, je nachdem
welche Eichsymmetrie im “bulk” des jeweiligen Modellansatzes realisiert ist. Diese KK-Teilchen-
Tirme tragen als virtuelle Teilchen zu den Raten von schleifeninduzierten Wechselwirkungen
bei und konnen in analytischer Form mittels fiinfdimensionaler Propagatorfunktionen aufsum-
miert werden. Die Propagatorfunktion der Fermionen ist hier im Vergleich zu den “brane”-
Higgsmodellen komplexer, weil diese zuséatzlich von den Yukawa-Kopplungen, die von einem
“bulk”-Higgsfeld induziert werden, abhéngen. Die Propagatorfunktionen der Fermionen, Eich-
bosonen und Skalare werden berechnet. Sie werden benotigt, um die Beitrage von KK-Tiirmen
in den schleifeninduzierten Higgsprozessen der Gluon-Fusion sowie des Higgszerfalls in zwei Pho-
tonen aufzusummieren. Auflerdem werden die direkten Higgskopplungen an Eichbosonen und
an Fermionen berechnet. Mit Hilfe der gewonnenen Resultate werden dann die verschieden-
en am LHC gemessenen Higgsproduktions- und Higgszerfallsraten numerisch in Abhangigkeit
vom Parameterraum des “bulk”-Higgs-RS-Modells ausgewertet. Ebenso werden die wichtigsten
Vorhersagen fiir Signalstarken von Higgszerfillen in Endzustéinde, die aus zwei Eichbosonen oder
zwei Fermionen bestehen, mit den experimentellen Resultaten von ATLAS und CMS verglichen.

Im zweiten Teil der Arbeit werden aulerdem Produktions- und Zerfallsprozesse eines zusatzli-
chen neuen in das RS-Modell eingefiihrten skalaren Feldes untersucht. Dies bietet einen Ansatz
zur Erklarung der anfinglich am LHC gemessenen Anomalie von Photonenpaaren in dessen er-
sten 13 TeV-Daten. Berechnet werden die schleifeninduzierten Produktions- und Zerfallsraten
des neuen “bulk”-Skalars, die durch KK Fermionen iibermittelt werden, sowie erganzend die
verschiedenen “Tree-Level’-Zerfallsraten des Skalars. Hiermit konnen die genannten zweitweise
veroffentlichten Daten von ATLAS und CMS tiber den Di-Photonen-Exzess fiir sehr natiirliche



Parameterwerte modelltheoretisch reproduziert werden. Dabei werden Ausschlussgrenzen fiir
Modell-Parameter von fritheren 8 TeV-Messungen berticksichtigt. Aulerdem wird eine mogliche
Einbeziehung von Higgs- “Portal”-Kopplungen an den neuen skalaren Sektor diskutiert. Auch
wenn inzwischen dieser Di-Photon-Exzess als statistische Fluktuation bestatigt worden ist, so
kénnen die in dieser Arbeit erfolgten Auswertungen dennoch von Wert in zukiinftigen Analy-
sen beim Auftreten dhnlicher Anomalien sein. Auflerdem kann ein analoger Modellansatz eines
“bulk”-Skalars einen natiirlichen Erklarungsmechanismus fiir die beobachteten Massendifferen-
zen der Fermionen des Standard-Modells liefern. Dies kann als ein bedeutendes Merkmal des
RS-Modells angesehen werden und wird im letzten Teil der Arbeit behandelt.

Insgesamt liefert die Arbeit damit eine zusammenfassende Darstellung von Berechnungen,
Auswertungen und theoretischen Analysen skalarer Sektoren im Rahmen des RS-Modells.
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Preface

“Quantum theory provides us with a striking illustration of the fact that we can fully
understand a connection though we can only speak of it in images and parables.”
W. Heisenberg

“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are. If it
doesn’t agree with experiment, it’s wrong.”
R. Feynman

Modern theories, based on the quantum principles, are working at the boundary of human be-
ing’s ability of imagination. Nevertheless, the theories should give precise theoretical predictions
that can be verified or falsified by experiments. Only by close conjunction of the experimen-
tal and theoretical progresses, it is guaranteed to gain new physical knowledge. Several years
ago, the Higgs boson was experimentally discovered as the last missing element of the Standard
Model (SM) of particle physics. The discovery confirms the efforts and progress achieved over
the last 70 years in the field of theoretical particle physics, which are self-consistently described
by the SM, over a wide range of energy. Three of the four fundamental forces of nature, de-
scribing the strong, the weak and the electromagnetic interactions, are included in the theory.
These forces are carried out between the elementary particles of the SM, the fermions, through
exchanges of force-mediating particles, the gauge bosons. The Higgs boson is predicted by the
mechanism of spontaneous symmetry breaking, which can theoretically explain the origin of the
masses of all the elementary particles. The theoretical basis for the SM is formed by quantum
field theory, combining the principles of quantum mechanics for the microscopic nature, and
the theory of special relativity for processes at high velocities and energies, together with the
concept of field theory to describe the fundamental interactions of nature. In this context, the
elementary particles appear as the quanta of fundamental fields that can be distinguished by
certain characteristics, e.g. the spin. The interactions of the quanta are described by the theory
of gauge groups. The probability amplitudes for the interactions strengths can be computed to
high accuracies within the perturbation theory by Feynman. Increasing experimental precision
on measuring the particle scatterings, e.g. at the experiments at the European Organization
for Nuclear Research (CERN), allows to test the fundamental interactions better and better.
The SM, as an effective field theory, can describe nature over a wide but still restricted range
of energy. For that reason, phenomena of new and undetected physics could possibly arise at
energies shortly above the range of validity of the SM. Very few theoretical quantities depend
on the endpoint of the energy range of the SM, which are the eligible candidates for junctions
to new theories beyond the SM. Such new theories should be related to open questions of the
SM. The most important one in this context is the gauge hierarchy problem, which is induced
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in the theoretical calculation of the physical Higgs mass. At the Planck energy scale mp; ~ 101
GeV/c? at the least, the forth fundamental force of nature, the gravity, cannot be omitted any
longer from the SM; which is at 10'® eV of energy above the scale of the SM interactions. The
gauge hierarchy problem claims that something new might still be undetected, possibly very
close to the energy range of the present experimental searches.

In the first chapter of the thesis, the main ingredients of the SM, and the most significant
open questions, and probable approaches of new physics are summarized. In the second chapter,
we concentrate on new theories with very small, indiscernible extra spatial dimensions, and
primarily on the Randall-Sundrum (RS) model [1], and its various incarnations for the Higgs
sector and the bulk gauge symmetry. The RS model explains the gauge hierarchy problem with
a five-dimensional space, the bulk, that underlies a strong, negative energy density related to an
extreme warping of scales. The apparently strong hierarchy between the Planck scale and the
scale of the SM might in fact be related to different localizations of the SM particles in the bulk.
The extra dimension, mathematically forming an orbifold, is bounded by two four-dimensional
subspaces, the ultra-violet (UV) and infra-red (IR) branes. With the extreme warping of space-
time, the high Planck scale at the UV brane corresponds to energies shortly above the SM
range at the IR brane. Different incarnations of the model are established that consider either
a minimal bulk gauge group for the particle fields, similar to the SM, or an extended bulk
gauge group to mediate constraints from electroweak precision tests. Also, whereas the Higgs
sector can be localized strictly onto the IR brane, more evolved scenarios consider Higgs field’s
localizations close to the IR brane, or a Higgs field that is only maximally located at the IR
brane, and spread out into the bulk. In this regard, it is most natural to assume that all particle
fields extend into the bulk, which intriguingly can explain further theoretical questions, such
as the origin of the mass differences between the SM particles, or suppression mechanisms for
neutral current interactions. The approaches are related to different bulk-localizations of the
particle fields, causing modifications of the SM interactions strengths.

To test the validity of the RS model, precise determinations of the Higgs boson interactions
strengths with SM particles that are currently measured, e.g. at the Large Hadron Collider
(LHC) at the CERN, are of special interest. In the RS model, the tree-level Higgs to particles
couplings are modified by overlap integrals over the particles profiles in the extra dimension. Be-
sides, the loop-induced processes receive virtual contributions from Kaluza-Klein (KK) particles,
appearing in extra-dimensional theories as infinitely many, heavy copies of the SM fields, and
of possible new exotic fields. The amplitudes of loop processes can be parametrized in terms
of five-dimensional propagator functions that describe the propagation of KK particle fields
through the bulk. We compute the necessary propagator functions for gauge bosons, scalars
and fermions in Chapter 3 of the thesis. Then, in Chapter 4, we will derive the predictions
for all the Higgs couplings to fermions and gauge bosons in the bulk-Higgs RS scenario with a
minimal bulk gauge group. We compute the various production and decay rates for the Higgs
boson at the LHC. These are the Higgs production through gluon fusion, vector boson fusion
and Higgsstrahlung and the Higgs decays into two photon, fermion or gauge boson final states.
We compare our results with previously derived predictions in the brane Higgs and narrow bulk-
Higgs scenarios of the RS model [2-5], and the relevant experimental signal strengths for the
Higgs decay processes at the LHC [6]. It will be consistently proven that the bulk Higgs RS
scenario constitutes to be the most natural framework of the RS model, giving predictions much
closer to the SM compared to other RS scenarios, and in better agreement to the experimental
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results. As a consequence, the parameter space of the bulk Higgs scenario underlies much less
constraints compared with the other Higgs scenarios of the RS model.

In Chapter 5 of the thesis, we consider the RS framework by including an additional new
scalar field [7], which has been adapted to the temporary reported di-photon anomaly seen
in first 13 TeV data of Run 2 experiments at the LHC [8,|9]. Results derived for the Higgs
processes could be further developed to compute the various production and decay processes of
the new scalar. Also, possible Higgs “portal”’-couplings to the new scalar sector are included.
The reported di-photon anomaly could be reproduced in the RS model for very natural choices
for the couplings and the KK mass scale. In this context, the RS model with an enlarged bulk
gauge group, featuring the extended amount of KK particles that can mediate loop-processes,
was especially suitable. Also, the framework with an additional bulk scalar can be considered to
explain the theoretical origin of the mass differences of the SM fermions, which will be explored
in some parts in the last section of Chapter 5.

Chapter 6 gives a résumé of the thesis’s main conclusions.
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Chapter 1

Theoretical Particle Physics

1.1 The Standard Model of particle physics

The SM of particle physics is able to describe, over a wide range of energy, all the known fun-
damental forces of nature, i.e. the electromagnetic force, the weak force and the strong force
that are mediated between the known elementary particles. By depending on 18 parameters
only, it shows a remarkable internal, theoretical consistency, and has passed extensive experi-
mental tests. The SM has been developed over a period of about 70 years by collaboration of
a multitude of theoretical and experimental scientists. In the following, let us summarize some
of the steps of the development of the SM, largely taken from [10]. In the first third of the
20th century, dramatic experimental discoveries and theoretical breakthroughs were achieved,
which established the theories of quantum mechanics and relativity (e.g. |[11-18]). Around the
year 1930, Dirac formulated the theory of quantum electrodynamics (QED) to describe the in-
teractions of photons with matter (e.g. [19-22]). Fermi included the beta decay to the theory,
and incorporated the neutrino particle that was postulated before by Pauli [23]. Furthermore,
Yukawa postulated that the strong interactions between nucleons were transmitted by a massive
particle [24]. The muon particle, as a heavy copy of the electron, was discovered, and Klein
anticipated that gauge theories form the root cause of beta decay [25]. About ten years later,
the computational rules of QED and the concept of renormalization were developed by Feynman,
Schwinger and Tomonaga (e.g. |26H35]), which could explain the properties of the anomalous
magnetic moment of the electron and the Lamb shift. Several meson and baryon particles were
experimentally detected around 1950, providing the need for new quantum numbers, such as
the strangeness introduced by Gell-Mann. In addition, neutrinos were detected, as well as the
violation of parity in weak interactions by Lee and Yang, and Wu and Telegi [36-38]. The
W boson was postulated to mediate the weak interactions, based on work performed by Yang
and Mills [39]. Then, around the 1960s, a “zoo” of strongly interacting particles was classified
by means of the SU(3) symmetry, succeeded by Ne’eman and Gell-Mann [40-42]. Some times
later, the quarks were postulated by Gell-Mann and Zweig as the building blocks of the bary-
onic matter (e.g. [43,44]). Nambu proposed that the interactions of quarks with each other
can be described by an SU(3) Yang-Mills theory [45]. After that, the electroweak sector of the
SM was formulated by Glashow, Salam, Ward and Weinberg [46-49]. The Z boson was pre-
dicted, as well as the concept of spontaneous symmetry breaking to induce the masses of gauge
bosons, based on work performed by Nambu, Goldstone, Higgs, Brout and Englert [50-55].

5



6 1.1. THE STANDARD MODEL OF PARTICLE PHYSICS

Deep inelastic scattering experiments hinted at a substructure inside of the protons. Around
1970, a second family of particles was theoretically implemented to explain the absence of flavor
changing neutral currents, by Glashow, Iliopoulos and Maiani [56]. Furthermore, 't Hooft could
prove that the Glashow-Salam-Ward-Weinberg model of the electroweak interactions is in fact
renormalizable [57,58]. The Adler-Bell-Jackiw anomaly constraints were investigated, requiring
the existence of both quarks and leptons. Besides, the colors as the quantum numbers of the
quarks were introduced, leading to the formulation of the theory of quantum chromodynam-
ics (QCD) by Gell-Mann, Fritzsch and Leutwyler [59]. In this sense, it was explored that the
strong, weak and electromagnetic interactions can be described by Yang-Mills vector exchange
theories. Later, particles of the third generation, such as the tau lepton and the bottom quark,
were discovered [60], and neutral current interactions were detected at the CERN, confirming
previous theoretical postulates [61,/62]. All these achievements led to the final formulation of
the SM, and its universal acceptance around the year 1979 as the basis of elementary particle
physics. Further experimental confirmations of not yet detected particles followed shortly after,
e.g. the discoveries of the W and Z bosons [63-66]. Measurements of the width of the Z boson
and the radiative structure of the SM were performed at the experiments of the SLAC and the
CERN. Finally, the Higgs boson was discovered as the last undetected particle of the SM in the
year 2012 [67,/68].

Despite all these successes, the researches in the field of elementary particle physics have not
been finished. Being a renormalizable theory, the SM does not necessarily require extensions
of new physics. But still, it suffers from several chinks [10]. The confirmation of the Higgs
boson has reinforced the gauge hierarchy problem, which will be explained later in more detail.
Altogether, it comprises the problem that the perturbative control of the radiative corrections
to the Higgs mass is lost at energy scales already close to the experimental reachability. The
most popular and far-reaching theories of new physics have been developed with the motivation
to solve the gauge hierarchy problem, among which are extra-dimensional models as the RS
model [1], theories of supersymmetry, and composite Higgs models. The SM and many of its
bottom-up extensions by new physics are effective field theories that are valid on a wide but
still restricted range of energy. The new theories predict consequences for present or future
collider experiments, whereas merging into the widely confirmed phenomena of the SM in the
lower energy range. In this regard, the SM has been forming the theoretical, well-confirmed
basis point for any new theory, and new particles and interactions are expected to appear at
energy scales slightly above the range of the SM. Einstein’s theory of gravity, describing the
fourth fundamental force of nature, is completely omitted from the SM, and until today, it has
been impossible to find a consistent quantized description of gravity. For that reason, the SM
forms a self-consistent model, valid at energies far away from the Planck scale, mp; = \/hc/G, at
which the quantum corrections of gravity would become important, with G as the gravitational
constant. A complete theory of nature should be situated at the Planck scale, instead. Some
approaches for such a unified theory, which can describe all the fundamental forces of nature
in a unified manner, are given by the concepts of String theory, for example. In principle, the
scale of the fundamental theory should be the number on which everything should be scaled
on, and where, naturally, all the phenomena of nature should take place. The length scale
related to the Planck mass lies at Ip; ~ 10733 cm. Comparing it to the scales at which the
nuclear Iy ~ 107! and the weak [z ~ 1076 interactions of the SM are mediated, tremendous
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differences are encountered, as [10]

Wy g : LTy (1.1)

lPl Pl

One may wonder whether such huge hierarchies can be created by nature, or if they rather
indicate the incompleteness of the SM and therefore claim for new physics. It is impossible to
explore in experiments the energy region close to the Planck scale, and this will stay so for at least
the wide next future. To reach those energy regions, artificially created energy densities similar
to the Big Bang would be required, and rough estimations demand for hypothetical collider
rings with a diameter of our solar system. And since the Planck energy scale is experimentally
unreachable, the ambitions of theoretical physicists should focus on more minimal models, as
the extended versions of the SM that are valid at energy scales currently attainable, or at least
in the next future.

Next to the question about the origin of the different length scales of the interactions, and the
suspicious behaviour of the Higgs mass parameters in the UV energy range, there are further big
problems of the SM stemming from the field of cosmology. By observing the fluxes of neutrinos
produced by cosmic rays or emitted from the sun, oscillations between the three flavours of
neutrinos have been detected [69,/70]. These neutrino oscillations indicate that neutrinos are
actually massive particles, which are assumed to be strictly massless in the SM. Furthermore,
the predominance of baryons over anti-baryons in the universe cannot be sufficiently explained
by the SM (e.g. [71]), although in principle it offers a scenario for an asymmetry between matter
and antimatter through charge and parity (CP) violation. And then, there is a remarkable
missing mass problem in the universe, resulting from a variety of observations that indicate
invisible gravitational sources. Models for the structure formation process after the Big Bang
necessarily claim for matter that does not interact with radiation, in order to derive the present-
day, granular structure of the universe with stars, galaxies and clusters. Altogether, there are
many hints for the existence of this non-luminous dark matter, and this kind of matter must
be different to the baryonic type of matter consisting of the SM elementary particles. In fact,
the expected amount of dark matter in the universe is more than five times as much as the
amount of the visible, baryonic matter. Even worse is the dark energy problem, arising from
observations of an accelerated expansion rate of the universe [72,73]. The SM of cosmology, the
A-Cold-Dark-Matter (A-CDM) model, assumes a mass-energy decomposition for the universe,
in which 4.9% are baryonic matter consisting of the SM particles, 26.8% are dark matter and
68.3% is dark energy. In this sense, the total mass content consists to 84.5% of dark matter,
and the total mass-energy content is given to 95.1% by dark matter and dark energy [74}/75].
However, such questions are not part of the thesis. Instead, we are working in the framework of
the RS model [1] that can address the mysterious questions about the different energy scales at
which the SM interactions take place, compared to the fundamental Planck energy scale mp;.
The RS model can provide a dynamical explanation for the gauge hierarchy problem, and further
questions arising in the flavor sector of the SM. The basic ingredients of the RS model will be
explained in Chapter 2 of the thesis, whereas we will summarize the significant formulas of the
SM, and its biggest open questions, in the present chapter.
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1.1.1 Some theoretical aspects of the Standard Model

The theoretical description of the SM of particle physics is based on the principles of quan-
tum field theory and the implementation of symmetries. In this connection, the principles of
quantum mechanics for microscopic processes, and field theory describing the effects of forces
and interactions of nature are combined with the theory of special relativity, which accounts
for high-energetic processes at high velocities. These processes describe the scattering interac-
tions of elementary particles, which by nature take place in the cosmic space and are made by
human hand in collider experiments, as for example at the LHC at the CERN. In the follow-
ing, we mention several theoretical issues that are included in the quantum field theory, taken
from [10,76-79]. A quantum field theory, which describes elementary particles and their in-
teractions, is defined by the action S that is a time-integral over the Lagrangian function L.
For a local field theory, it can be expressed by the four-integral over a Lagrangian density L,
depending on one ore more fields ¢;(x) and their four-derivatives d,¢;(x) |79)], as

4 oL oL
S_/d r L(6i(0),0,6,(z) < O, (5@@)) =0
An extremum principle for the action results in the equations of motion, which determine the
dynamics of a physical system. The above mentioned theoretical symmetries of the physical
system are implemented in the Lagrangian, and the mathematical formalism for symmetries is
the group theory. A group, in this context, is a certain set G, together with an operation -, which
combines any two of the elements of the group a, b to form another group element ¢ = a - b. In
this connection, certain axioms of closure and associativity must hold, as well as the existence of
identity and inverse elements. The interactions of the SM are described by unitary Lie groups,
where the group elements are unitary transformations, acting on the quantum fields ¢, by [10,[7§]

(1.2)

A
,L'EATA et

o =Ug, U'=U"1', where U= <M 4iATA (1.3)

For local transformations, the transformation parameters e* depend on the space-time coordi-
nates x,. The hermitian quantities 7 fulfil the Lie algebra, [T4, T5] = i fABTY | of the group,
where fAPY are the structure constants. In the simplest case of abelian groups, the structure
constants vanish. When implementing an internal symmetry in the Lagrangian £, an invariance
is demanded for the Lagrangian under infinitesimal field transformations as

¢i(x) = ¢(x) = ¢i(x) + 6i(x) ,  where  d¢y(x) = ie T d;(x) . (1.4)
The transformations cause a change
oL oL !
0L =—0¢; + =———=0(0,¢;) =0, 1.5

where 0(0"¢;) = 0,¢; — 0,¢; = 0,(d¢;), which has to vanish in order to maintain the symmetry
invariance. From these considerations, a conserved current follows for the quantum field ¢, by
using further the equation of motion in ([1.2)) [76}7§],

oL
5(8u¢i>

oL
S(Or¢;)

0=06L=c9, { ﬂ;;‘d)j] =  OJ'=0, with J!=—i T ;. (1.6)
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The conserved charges Q4 = [ &z J{!(z) are the generators of the symmetry group, and fulfil
the commutation relations of the group. In the quantum field theory, the commutation relations
classify particle states, and the generators transform the particles into other particles within
a given symmetry multiplet. Also, the conserved symmetry currents satisfy the commutation
relations. These physical currents describe interactions between the particles. In general, sym-
metries are connected with certain conservation laws, as is stated by Noether’s theorem [761|78].

Furthermore, the Lorentz group belongs to the special relativity as the group of transfor-
mations A, acting on the Minkowski-space R3*! according to 7# = Afz”. The elements

of the Minkowski-space are the four-vectors, z# = (2% z!, 22, 23)T, with one time and three

space coordinates. The transformations leave the product of two four-vectors, 2? = z#z, =
Guatx’ = xf — 1%, invariant, from which it follows that GuwAEA, = gps, where the metric
tensor is g,, = diag(l,—1,—1,—1) in a certain convention [10,79]. The generators of the

Lorentz group are the tensors S* = ﬁ[v“, ~*], where the gamma matrices v* fulfil the algebra
{v", 4"} = 4" + 44" = 2¢g". Lorentz transformations can be decomposed into rotations
and velocity transformations. The generators S*” include the angular momentum operators,
J; = %5Z~ijjk, and the “boost” (velocity transformation) operators, K; = S™. To fulfil the
demands from special relativity, a theory must be invariant under Lorentz transformations. So
does the Dirac equation,

("8 —myl =0, (1.7)

which is an important free field equation of quantum field theory [76,/79]. It is invariant under the
spinor representation of Lorentz transformations, which is A 1= exp (—%wuyS‘“’). The solutions
of the Dirac equation are linear combinations of plane waves, according to

d(x) = u(p)e™™ U(@) = v(p)et™” (1.8)

where the four-momentum is p* = (E/c, p)T, and p? = m2c®. There are positive and negative
frequency solutions, where the negative frequency solutions describe antiparticles. In four space-
time dimensions, the algebra of the Lorentz group is isomorphicr'_-] to the product of two special
unitary groups, SU(2) x SU(2). For that reason, the spinor fields appear in two varieties. There
are the left-handed spinors, transforming under the first SU(2) group as a spin—% representation,
and the right-handed spinors, transforming similarly under the second SU(2) group. They can
be represented by the two-component, complex Weyl spinors [10],

hr ~ <2a1) > YR ~ (172) : (19)

Their behaviour under Lorentz transformations can be written in terms of the Pauli spin matrices
as

K N ==172 . 0 1 0 —2 1 0
VYrp — Appbpr =2 Ty 5 with o) = (1 0) , O3 = ( O) , 03 = (0 _1) :

1

(1.10)
Here, & and I/ are real rotation and boost angles. In the Dirac notation, one can write the full
spinor 1 as a combination of two Weyl spinors, as ¢ = (v, t¥g)T. With the notation for the

!There is a bijective correlation between the mathematical structure of the Lorentz group and the product of
two special unitary groups of dimension 2.
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Pauli matrices, o# = (1,5)7, 6# = (1, —&)?, the Dirac equation for the spinor ¥ from ((1.7)) can

be written af] [79]
-m 100\ (Yr\ _
(w 5 _m) (%I;) =0. (1.11)

The Dirac matrices v* in the Weyl representation have a 2 x 2 block matrix form as

0 1 0 —o; (1 0

Then, the gauge principle demands for an invariance under local gauge symmetries, for which
the transformation parameters e*(x) in explicitly depend on the space-time coordinates
x,. The symmetry invariance is achieved by introducing vector-bosonic gauge fields via the
covariant derivatives, D, = 0,+1igA,, where g is a dimensionless coupling constant, and A, (z) =
Z]XZI A;‘(:U)TA contains a sum over the gauge boson fields, equalling the number of group
generators N of the symmetry group. The gauge bosons couple to the matter fields by their
kinetic terms in the Lagrangian, as @Z_Ji'y”DM@/). Gauge transformations of the covariant derivatives
read D, — D, = UD,U T by which the gauge bosons themselves are transformed as [104|76]

A 5A5<1
l]‘ ~~

1 1
A, — A =UAU' - z’;U@MUT ~ A, + 04, | A —ga“gf‘ — fAPCEPAC | (1.13)

Here, we see that the structure constants f45¢ enter the changes of the gauge bosons A, that
are induced by the gauge transformations. These changes cancel the terms that are induced by
the gauge transformations of the matter fields 1, when transforming the whole coupling term as
Viy* D, — YUTU (iv*D,) UTU. On this way, the whole kinetic term is invariant under the
gauge transformations, and a self-interacting theory is obtained. Field strength tensors for the
gauge bosons are built by means of the covariant derivatives, as [10,76]

Fu = =i[Dy, D)) = 0,A, = 9, A, +ig[A,, A)) = F T Fo = 0,A0 —9,A7 —gf*PCATAT

(1.14)
and they covariantly transform, according to F,, — UF,U'. The Yang-Mills Lagrangian
builds the kinetic terms of the gauge fields, Liinboson = —iFWF o and is invariant under

both Lorentz and gauge transformations. All in all, by putting the demand of local gauge
invariance into a theory, a coupling of the matter fields ¢ to the gauge fields A, is predicted. It
causes the interactions between the matter fields through exchanges of gauge bosons, according
to the respective gauge groups. This mechanism forms the fundamental, theoretical basis for
the interactions between elementary particles.

A difficulty arises when considering bare mass terms for gauge bosons and fermions. A bare
gauge boson mass term transforms under the gauge transformations in a non-invariant manner,
as

—m?A A" — —mPA A ~ —mP [A, AN 4 26A,AY] (1.15)

and therefore explicitly breaks the demand of gauge invariance of the theory. To maintain
the gauge principle, a mechanism of a spontaneous gauge symmetry breaking is included. A
scalar field is proposed to the theory, whose potential has a non-vanishing, degenerate ground

2With the notation for the four-derivatives, 9, = (8;, V), 0" = (9, —V).
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state of minimal energy. This means that there are several ground states all corresponding to
equivalent physical theories, which can be transformed into each other by means of a symmetry
transformation. By choosing one particular of these ground states, the vacuum state is no longer
invariant under the full, original symmetry group, which has been broken spontaneously. Then,
a coupling of the gauge bosons and fermions to the non-vanishing ground state of the scalar can
give the mass terms, without explicitly violating the gauge invariance [10L|77].

For a general example, taken from [10], one can consider a real scalar field ®(z) with the
components ¢,(x), a = 1,2, ...,n, following the scalar Lagrangian

2

E:%@@QWNWQ—AF@—%J2. (1.16)

This Lagrangian is invariant under the transformations ® — & = R®(z), where R = e?T and
R'R = 1, corresponding to the Lie algebra SO(N) that consists of N(N — 1)/2 antisymmetric

4
generators T#. According to the Noether theorem, a conserved current, J:‘ = i¢'T* 9, ®,

corresponds to each generator that fulfils 8“J/f‘ = 0 |10]. An infinite number of field configu-

rations, &y = \/Lieim? (0...0 U)T, minimizes the potential of the scalar, the second term of the

Lagrangian in . The actual vacuum singles out one of these infinite number of states, by
breaking the SO(N) symmetry, but leaving invariant all the rotations in the (N —1)-dimensional
plane perpendicular to that direction. K are the generators of the (N — 1) broken symmetries
that form no longer a Lie algebra, whereas (N — 1) angles parametrize the broken rotations.
The field can be expanded away from its vacuum configuration as [10]

0
1 g
v P\

By inserting this expansion into the Lagrangian, one can derive

ot aﬂ+1Q+ffagwg—iﬁ2—54—A3 (1.18)
T QOnPTP T ) TS ST I T UAP '

Here, the phases 6; were absorbed into the definitions of the new fields &;(z), the massless
Nambu-Goldstone (NG) bosons [51,52]. Their number equals (N — 1), the number of the broken
symmetries. The Lagrangian is invariant under (N — 1) constant shifts, &(z) — &(x) + 6;, in
a one-to-one correspondence to the remaining SO(N — 1) phase symmetry of the ground state.
One can write the couplings of the NG bosons in terms of a divergence of the broken currents,
as Line = —1J1(2)0"& (x), allowing to find that the unbroken SO(N — 1) symmetry is linearly

realized on the NG bosons as =(z) — e’ﬁ'ﬁE(x), where =Z;(z) = &;(x). There is one massive
field p(z), the Higgs boson, which receives a mass m = V2 v. The number of the degrees of
freedom in this process remains constant. From originally N scalar fields ¢, (x), there are now
(N — 1) massless NG bosons &;(z) and one massive Higgs field p(x). In a certain gauge theory,
there are the gauge bosons Aﬁ that interact with the currents J}f‘ according to L,y = gAﬁJA“.
Then, the couplings of the NG bosons to the currents can be exactly cancelled by performing
a gauge transformation as JA!, = —é@uéi + f9*Aj ¥ [10]. In this sense, the NG bosons can be
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absorbed by a redefinition of the gauge fields, and each gauge field that corresponds to a broken
gauge symmetry acquires an extra degree of freedom to become massive. The mass terms are
generated by the covariant derivative, acting on the scalar field [10],

N
0 +ig Y  Al(z)T?
A=1

D,® > (1.19)

0 )
[v+ p(z)]
where here the field is situated in its simplest ground state. So, the gauge bosons, associated

to each broken generator, become massive after “eating” the NG bosons, whereas those of the
unbroken generators remain massless.

Perturbative calculations in quantum field theory

On the one hand, the Lagrangians of particle physics consist of the parts that describe free
particle states, the kinetic and the mass terms. On the other hand, they also contain the
parts that describe particle interactions by the couplings of gauge bosons to the currents of
matter fields, governed by a certain coupling constant g. Whereas the parts of the free particles
define the equations of motions via the Euler-Lagrange equations, the parts of the interactions
describe non-linear couplings between the free-particle states. According to the small values of
the coupling constants ¢ in the energy range of the SM, the particle interactions can commonly
be computed by means of a perturbation theory. Theoretically, the perturbative approach is
implemented by an expansion of the Scattering-matrix (S-matrix), relating the initial particle
states |i) at an asymptotic time ¢; = —oo to the final particles states |f) at a time t; = oo,
according to [77]

|f) =Sli) . (1.20)

By considering a description for the time evolution of the state vectors in a quantum mechanical
picture, one can derive the Dyson-expansion for the S-matrix

S = Z%/.../d‘lxld‘lxz...d%n T{H(z1)H(z2).. Hi(zp)} | (1.21)
n=0 ’

which contains a time-ordered product 7T, and the Hamiltonians H; = —L; that describe the

particle couplings. The interactions are extracted from the S-matrix over S = 1 + T, and the

amplitude
(ps--|iT|paps) = 2m)*6W (pa +pp — Y _py) - iM(pa,ps — py) (1.22)

describes the scattering of two initial particles with the momenta p, and pp that interact to
a final state of particles with the momenta py [79]. The expression M(pa,pp — py) can be
calculated according to the Feynman rules. Physical measurable quantities, such as cross
sections and decay rates, depend on the square of this amplitude, and an integration over the
phase space accounting for statistical correlations. On that way, statistical predictions can be
derived that give the probability for a certain interaction to take place at a scattering experiment.
In the experiments, a certain interaction process has to be repeated and measured very many
times to get statistical reliable results.
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In principle, the S-matrix, given as a sum in , describes the interactions to all orders of
perturbation theory, where the lowest order for n = 0 gives the dominant contribution. Higher
orders give smaller and more complicated contributions, since by increasing order of perturbation
theory, the interaction Hamiltonians are coupled to each other to increasing numbers, which
results in a more complex interaction structure. In this connection, the time-ordered product
of operators, connecting different particle states in H; to each other, can be reformulated in
terms of a normal-ordered product by the Wick-theorem. According to the Feynman rules,
these connections of particle states result in vertex couplings and propagators to describe
the processing of particle interactions. This can be illustrated graphically by means of Feynman
diagrams that consist of incoming particles A and B, which scatter and couple to each other,
described by the vertices. Virtual particle states can be produced, having arbitrarily high
momenta according to the uncertainty relation of quantum mechanics. The virtual particles
propagate in space-time, which is described by the propagators. These result, after further
particle couplings described by the vertices, in the outgoing final state particles f. In the
calculations of scattering amplitudes, one has to integrate over the momentum space of all
the undetermined momenta of the intermediate, virtual particles, to account for the statistical
description of scattering by means of overlapping probability densities. In increasing orders
of perturbation theory, such virtual particles are produced in the intermediate states to larger
numbers, forming a higher number of loops that mediate the interactions.

The momentum integrations can give divergent results that commonly occur in the pertur-
bation theory of quantum field theory. In this regard, certain “renormalization” procedures have
to be applied in order to derive physical, measurable predictions [26-35]. In the calculations,
the divergences are absorbed into the bare quantities of a theory, such as masses, charges, and
fields. It is an important attribute of a theory if it is in general possible to perform renormal-
izations at an arbitrary order of perturbation theory. This is true for the theories that predict
only a finite number of possible divergent substructures in the Feynman diagrams. In this case,
similar patterns can be used for the renormalization of the divergent parts for every order of
perturbation theory. The theories of the SM are renormalizable in this sense [57,58|. Instead, in
a non-renormalizable theory an infinite number of divergent substructures can be contained in
the scattering amplitudes, at a sufficiently high order of perturbation theory. Then, the theory
cannot be self-consistent, making it hard to derive physical predictions [76}78,79].

1.1.2 Lagrangian of the Standard Model

In theory, the SM of particle physics is grounded on the local gauge groups

SU(3) x SU((2) x U(1) (1.23)
whose correlated gauge bosons
Gl A=1,.8, Wi, a=1,2,3, B, (1.24)

mediate the interactions between the matter fields to guarantee the local gauge invariance. The
quantum numbers that are correlated to the gauge groups are the color charge c, the weak
isospin T" and the hypercharge Y. The matter fields, named f in the following, can be grouped
into different classes, corresponding to their transformation behaviours under the gauge groups.
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There are the quarks fields ¢ = u,d, transforming as color triplets under SU(3) [40-45,[59],
whereas the leptons [ = v, e are color singlets [46-49]. All quarks ¢ and electrically charged
leptons e can be separated into the two different chiralities, according to f = Prf + Prf =
fr + fr, where the projection operators are Pppr = (1 F7;5)/2. In addition, there are the
electrically neutral leptons v, the neutrinos, that exist exclusively as left-handed fields in the
SM. The different chiralities are important for the transformation behaviour under the gauge
group SU(2) of the weak interaction, which non-trivially acts only on left-handed fermions.
For that reason, the left-handed fermions can be grouped into the weak isospin douplets () =
(ug,dp)T, and Ly = (vp,er)? [46-49]. Instead, the right-handed fermions form the singlets
ugr ,dg ,er. Interestingly, the fermions come with three generations of fields, which are totally

equal in the quantum numbers, but differ strongly in the masses. Altogether, the particle content
of the SM reads [10]

t
quarks QL: (Zz)l ) <§i)1 ’ (bi>1 ; UR - (UR)% ’ (CR)% ) (tR)% 3
3 3 3

VerL Vur Vrr
1 t L . 3 a 9 bl : I ? Y
eptons L (GL)_l (ML)_l (TL )_1 er: (er) 5 , (BR) 5 » (TR),
(1.25)

where the subscripts write the weak hypercharges Y under the U (1) gauge group, respectively.
The kinetic terms, Liin = > _; FiT¥ f, contain the couplings of the matter fields to the gauge
bosons via the covariant derivatives [10L|76}/79], given for the quark fields

D,QL = 9, _i%gh _ a9 p 0
e R N N e B
D o [ Gs \ A A 24’
LR = u—z;)\ G, —z?Bu up , (1.26)
B /
Dydp = |0, — @%AAG;‘ + 2%34 dr |
and for the lepton fields
DLy = [@—igaan‘ijig—/BM] Ly,
2 2 (1.27)

Dyer =10, +19'B,] er ,

to maintain the gauge invariance. These covariant derivatives contain the generators ¢® and \*
of the non-abelian groups SU(2) and SU(3), respectively. Defining the respective field strength
tensors

Gh, = 0,G) — 9,G) — g, [*PCGRGY
W, = 0,Wy = 0,Wyi — ge™ W, Wy | (1.28)
B, = 0,B, - d,B, ,
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the gauge fields fulfil the following kinetic terms
1
= ZGA G — ZW“ Wt — B, B (1.29)

abc

The structure constants fA8¢ €% of the groups SU(3) and SU(2) predict a self-coupling of
the respective gauge bosons Gf and W7. Until now, the Lagrangian does not contain any mass
terms, either for fermions or gauge bosons, as their simple inclusions would explicitly break the
electroweak gauge symmetry. For that reason, the SM fields are coupled to a scalar doublet under
SU(2), the Higgs field, having the hypercharge Y = 1, and fulfilling the Lagrangian [50-55]

Liiiges = (D" ®)1(D,®) + 120Td — \(dT)? . (1.30)

For the parameter choices p? > 0 and A > 0, the Higgs potential has a degenerate ground
state with an amount of |[(0|®|0)] = v/v/2 # 0 [10,[7679]. By writing the Higgs doublet as
® = (¢, ¢, with a charged and a neutral component, the non-zero ground state, (0|®]0) =
e@/yv/2 (0 v)T, is invariant under a global phase rotation in a. With one particular of
these ground states, the electroweak gauge symmetry of the Higgs Lagrangian SU(2) x U(1)
is spontaneously broken down to the remaining U(1)ey, electromagnetic (em) gauge symmetry.
The charges ) are the quantum numbers of the electromagnetic symmetry, and the relation
15+ % = ( holds between the quantum numbers of the groups, where T3 is the third component
of the weak isospin. This relation fixes the quark charges to @, = 2/3, Q4 = —1/3, and the
lepton charges to Q; = —1, @), = 0, respectively. Usually, the Higgs field is expanded around its

simplest ground state as
1 —i¢™"
d=—— . 1.31
V2 (u +h+ iqﬁ3> (1.31)

Via the covariant derivative in the Higgs Lagrangian, the coupling of the gauge bosons to the
constant vacuum expectation value (vev) v in the expanded Higgs field creates the mass terms
for the gauge bosons,

Litiggs > (D'®)1(D,®) = [(9, — i> cr“W“ —15 P73

(1.32)

U2

T 42
by breaking the electroweak gauge symmetry only spontaneously. A redefinition of the elec-
troweak gauge bosons to the mass eigenstates, according to

PV 4 aWH) - (W= iW2) + PWHEWS + g2 BB, — 209 W B, | |

1 , : :
Wf = ﬁ(W;}:FZWE) , A, =cos0,B,+sin Hij‘ , 4, = —sinb,B,+cos Hij’ , (1.33)
is sensible, which is governed by the weak mixing angle 6,,, where sin 6, = ¢'/+/g? + g2, and
cos B, = g/+/ 9>+ g’ In fact, those redefined fields are the measurable gauge bosons. In the

mass basis, one obtains the following results for the mass terms

g2U2

‘CHiggs > T

1
(W“ W+ G Z“Zu) : (1.34)
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with the W and Z boson masses my = % and my; = 5;_2;—, whereas the photon state A,

remains massless. The interactions of the matter fields with the physical gauge bosons are
usually described in terms of the following current notation [10,76-79]

Line = gW,L I + W I + Z,J5) + €Ay b, (1.35)
where
J{;IL/Jr = i (vpyter + ugytdyr)
V2
Jy = 1 (ery"vr + dy*ur) |
V2
Jh = ! [%7“ <1) vy + eyt (—1 + sin20w> er, + ery” (sinzew) eR
cost,, 2 2
(1.36)

1 2 2
+upyt (5 - §sin29w> ur, + ugy" (—gsin26w) UR

_ 1 1 - 1
+dpy* (—5 + gsingt%) dp, + drpy* <§sin20w) dR] ,

2 - 1
JE =eyt(=1)e+ uy” <+§) u + dy* (_§) d.

Each term holds for all three fermion generations, where the fermions are still the gauge eigen-
states. Altogether, the kinetic terms for the fermions and gauge bosons show invariances under
large global symmetries, as for example under global chiral family-symmetries as [10]

UB)xU(3) xU(3)xU(3)xU(3) . (1.37)

Those symmetries correspond to unitary transformations according to L; — L} = U;;L;, where
U is a 3 x 3 unitary matrix, and there is one for each set of fermions with the same quantum
numbers Qp, Ly, ug, dg,er [76,[78,/79]. This large symmetry structure is broken by the Yukawa
interactions, connecting pairs of fermions with the Higgs field,

Ly = — (QPOY A + Q' (i02®)Y T ul, + LPOY ™ el 4+ hoc.) (1.38)

Again, the fermions of the three generations are grouped into vectors. These terms can create
mass terms for the fermions that are compatible to gauge invariance, similar to the masses of the
gauge bosons, by a coupling to the vev of the expanded Higgs field. The couplings are induced
by arbitrary, complex matrices Y, which generally define a mixing between the different gauge
states of the fermions. However, one can perform the following bilinear transformations of the
Yukawa matrices [76,|78],

Y,=UM,V,, Y,=UMV,, Y.=UMV,, (1.39)
where U;, V; are unitary 3 x 3 matrices, and

Mu = dlag(ylu Ye, yt) ) Md = diag(yd7 Ys, yb) ) Me = diag(y87 Yu, yT) ) (140)
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are real diagonal matrices. After the following field redefinitions, L), = U.Ly, and €, = V.ep,
the leptonic part of the Yukawa couplings becomes diagonal. The unitary matrices V,, and Vy
can be absorbed by a redefinition of the fields, as v}y, = V,ug and d = Vudg, whereas the
matrices U, and Uy cannot be simultaneously absorbed by field redefinitions. Instead, one can
derive

Lyviiawa = — |QOVETMEAE + QP (i0?®* )M u + LIOM e} + hc.| | (1.41)

where the up-type quark term is diagonal in the quark states, but the down-type quark term
involves the Cabbibo-Kobayashi-Maskawa (CKM) mixing matrix

Vexkn = Ul U, . (1.42)

This mixing matrix induces a coupling between the quark mass eigenstates in the charged current
interactions, according to
p+ 1 —m'yymn_p g’ — 1 Jm/yrtmn _uon'

Jw = E (UL CKMY dL> ) Jw = E (dL Vekmy UL) - (1.43)
Independently from the up-type quark terms, the down-type quark terms can be diagonalized
as well. Then, via a coupling to the vev of the Higgs field, one can obtain the mass terms for
the fermions, where the fermion masses are defined as

v
\/éyl )

and y; are the elements of the diagonal matrices in . Originally, the unitary CKM-matrix
is determined by 9 free parameters, but each quark field can absorb one phase after a phase
rotation, according to ¢; — €?q;, where ¢; = ur, ug, dr,dg. In addition, a global phase rotation
can be performed, so that the number of free parameters can be reduced to 4, which are three real
parameters and one complex phase in the “standard parametrization” [80]. In the “Wolfenstein

parametrization” | there are the four Wolfenstein-parameters used to describe the CKM-matrix
as [81]

m; = (1.44)

1—)\%/2 A AN (p —in)
Vokm = - 1—\?/2 AN? : (1.45)
AN(1 —p—in) —AN? 1

where the expression holds up to the order A3, and the Wolfenstein-parameters are of the order
one.

The full Lagrangian of the SM is invariant under the combined operation of three discrete
symmetries, which are charge conjugation (C-symmetry), parity transformation (P-symmetry)
and time-reversal (T-symmetry) [10}76,78,79]. The C-symmetry transforms particle states
into their antiparticle states, where for the matter fields applies 1, — o9b% = ¢, and g —
—09% = —p, whereas the P-transformation transforms the chiralities of the matter fields into
each other, as ¥y — g and ¥r — 91, and the T-symmetry reverses the time evolution of a
considered process. In the SM, violations of the combined CP-transformations are related to
the complex phase of the CKM mixing matrix. By performing the transformations ¢, — o217
and 1¥r — —o%% in a general Yukawa Lagrangian, one can show that an invariance under
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L] SU(Q)L X U(l)y
o mr — 0

o Anp > my,my

fi i

Figure 1.1: Electroweak precision observables test four-fermion interactions at lower energies.
Based on the three indicated assumptions on the right-hand side, the significant radiative cor-
rections to these processes, induced by new physics, are the “oblique” corrections, given by
vacuum polarizations that affect the gauge boson propagators [82]. These can be parametrized
sufficiently in terms of the S, T and U parameters. The sum in the graphic indicates a tower of
KK gauge bosons that can mediate the four-fermion interactions in the RS model, which will be
explained in Chapter 2 of the thesis.

CP is achieved for the case that the Yukawa couplings are real [10]. Since in the SM the
parametrization of the CKM-matrix owns at least one complex phase, there is a source of CP-
violation, accordingly. The complex phase is related to the existence of three generations of
particles. For two or less generations of particles, the CP-violating phases can be completely
absorbed by field redefinitions. The kinetic terms of the SM fields are invariant under CP-
transformations. The complex phase of the CKM-matrix constitutes to be the only source for
CP violating phenomena in the SM. In this sense, the study of the CP behaviour of particle
processes can be a useful tool to test the structure of the SM, and to search for new sources of
CP violation, induced by new physics.

Altogether, the full Lagrangian of the SM depends on 18 open parameters, which are the three
gauge couplings g,, ¢’ and g, corresponding to the three described interactions, the 9 masses of
the different fermions or equally their different Yukawa couplings strengths, four parameters of
the mixing of the quark states described by the CKM-matrix, and two parameters in the Higgs
sector, for example A and p [10,76,78,79]. These parameters have been experimentally fixed to
a great precision resulting in the present consistent formulation of the SM.

1.1.3 Electroweak parameters by Peskin and Takeuchi

M. Peskin and T. Takeuchi introduced a suitable formalism for calculating in general the oblique
radiative electroweak corrections to four-fermion interactions that are implied by new-physics
theories, to confront the predictions with electroweak precision measurements [82-85]. Around
that time in the year 1990, e*e™-collider experiments were studied thoroughly, and many suitable
electroweak precision observables were introduced to be tested at the experiments. Among these
were, for example, decay widths and asymmetries measured at the Z-pole, ratios of cross sections
in deep inelastic neutrino scattering experiments, or measurements of atomic parity violation.
The predictions from the electroweak theory could be tested to a great precision by means
of these observables. And, the nature of the Higgs sector was much more unclear at that
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time. It was a challenge to experimentally distinguish between the various proposed models
for the mechanism of electroweak symmetry breaking, among which were, for example, also
the nowadays excluded Technicolor models. Indirect methods were demanded for comparing
the predictions for electroweak precision observables with experimental results. In this context,
Peskin and Takeuchi have introduced their three parameters. Nowadays, their formalism is still
suitable for testing a large range of new-physics models, and in fact, it provides the most severe
tests of the RS model considered in this thesis. In this regard, we now shortly discuss the original
derivation of the parameters.

The formalism is grounded on three basic, underlying assumptions that apply to a large
range of new-physics models [82]: The first assumption restricts the electroweak gauge group to
SU(2) x U(1), and excludes the existence of additional, hypothetical gauge bosons as predicted
by some extended models with higher gauge symmetries. The electroweak observables probe the
exchanges of electroweak gauge bosons between the lighiﬂ SM fermions, as illustrated in Figure
[I.Il The second assumption states that the couplings of new-physics particles to the light SM
fermions are suppressed, compared to the couplings to gauge bosons. As a consequence, the
“oblique” corrections by vacuum polarizations, which modify the gauge boson propagators in
the four-fermion interactions, form the dominant loop corrections, compared to corrections by
vertex and box diagrams. The latter scale with the masses of the external, lighter fermions,
and it is assumed that my — 0 as a good approximation. The third assumption states that the
intrinsic scale of the new physics, given by the masses of the predicted new particles, is much
larger than the masses of the W and Z bosons, Axp > my,, myz. Due to the precise experimental
confirmation of the SM in the electroweak energy range, any effects of new physics can only be
present at higher energies. In this sense, the Peskin-Takeuchi parameters give a general treatment
for radiative corrections induced by vacuum polarizations that are exclusively caused by heavy
particles of new physics. The formalism is based on preceding work accomplished by Kennedy
and Lynn, who have introduced a general parametrisation for all the radiative corrections to
electroweak processes [83],84]. Peskin and Takeuchi have adapted this former work by applying
suitable approximations with regard to the three discussed assumptions.

The matrix elements of the charged and neutral-current interactions, mediated by electroweak
gauge bosons, can be formulated in terms of the current notation [82],

2 2

Myc = 2QQ' Gy + % [Q(I, — 5°Q) + (Is — $°Q)Q'] Gza + %(13 — 2Q)(I, — Q)G yz

62

252

Mce = 5 LT Gww .

(1.46)
Here, the functions G;; denote the coefficients of the metric tensor ¢g"” in the gauge boson
propagators, where the remaining terms of the propagators are neglected, according to the

assumption my — 0. The effects on the propagator coefficients G of the vacuum-polarization
amplitudes I1;; [82], defined by

ig"11(¢%) + (¢"q” terms) = /d4x e~ J(x)J5(0)) (1.47)

3The top quark was exempted from that consideration, because the lepton collider experiments, at which the
electroweak observables were measured, could not produce it directly.
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are described by the Dyson equations

Gaa=Daa+Dag g4 Gaa, Gza=Dyzz lza Gaa, (1.48)
Gzz=Dyzz+Dyz 1z Gzz Gww = Dww + Dww llww Gww . '

The Dyson equations can be solved for the propagator coefficients, and by inserting the solutions
into the matrix elements in , the effects of the vacuum polarizations can be included to all
orders of magnitude, in principle. Kennedy and Lynn have shown that with a proper redefinition
in terms of their “starred” parameters, the matrix elements of the neutral and charged current

interactions ((1.46]) can be re-expressed as [82]

2

Zy
* I 2 * ]/ 2y

e

1
Mnc = equ—QQ/ +
(1.49)

2
6* ZW*

= =7, — T .
252 +q2 — M2,

Mcc
One recognizes that the forms of these expressions are similar to the forms of the tree-level
amplitudes in , except that all the coupling constants and gauge boson parameters are now
replaced by the starred parameters. These starred parameters are the “running”, i.e.energy-
dependent, couplings €2, s, the “running” masses M3, M2%,, and “running” wave function
renormalization constants Zy ., Zz,, all being functions of the vacuum polarization amplitudes
I1;;. In this sense, the oblique corrections affect the weak-interaction observables only via the
starred parameters by Kennedy and Lynn. If restricting on the oblique corrections that are
caused solely by heavy new-physics particles, the vacuum polarization functions II;; can be
expanded around ¢? = 0 of the gauge boson momenta. Neglecting terms of the order of ¢* and
higher, one can find [82]

55 (¢%) =~ ¢*1155 (0) 137 (%) =~ ¢*II3%"(0) o)
P (¢%) = TIRF(0) + ¢*TI5 F(0) | NP (¢%) = I (0) + ¢TI (0) .

The first constant terms in the upper two expansions vanish by Ward identities, and then, the
expansions depend on 6 parameters, which are II){(0), IL;%7(0), TI357(0), TI5Y7(0), TIYF(0),
;Y7 (0). Using the expansions for the vacuum polarization amplitudes in the the starred pa-
rameters by Kennedy and Lynn, three of the parameters can be fixed by including precisely
measured quantities of the weak interaction, like o, Gr and sin 6,,. With the remaining three

open parameters, the following three, UV finite, combinations can be determined [82]

as = 4¢? [HgP(O) - Hgg(m] ,

62

ol =557 [T (0) — I135°(0)] (1.51)
Z

ol = 4¢? [P (0) — TP (0)]

where the Peskin-Takeuchi parameters S, T and U are introduced. With these three new weak
interaction parameters, the new-physics contributions to processes of the weak interaction can
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be parametrized, based on the three assumptions given before. The parameters have different
physical significances. The parameter S is a measure of the total size of the new-physics sector,
whereas the parameter T' measures the violation of the custodial iso-spin symmetry induced by
the new-physics sector. The parameter U turns out to be suppressed compared to the first two
parameters. As well, the parameter U is of less significance, because most of the electroweak
interaction observables Zy,: depend solely on the parameters S and 7', according to the linear
relation [82]

Texpt (9, 1) = Tsna (M, mp) + a5 + b, T (1.52)

In this relation, the first term gives the SM part of the observables, which depends on the Higgs
and top quark masses. In this sense, the Peskin-Takeuchi parameters are defined in such a
way that for known Higgs boson and top quark masses, they are equal to zero for a pure SM.
This allows to test for the existence of new physics by means of experimental results for the
parameters, after the Higgs and top quark masses are determined. Experimental results for the
various electroweak observables can be displayed in a two-parameter plane in S and T, in which
each observable is given by a broadened band due to correlated experimental errors. The overlap
of different bands has to be determined by a statistical maximum likelihood method, in order
to derive the experimental results for S and T (and U in a three parameter analysis) [82]. The
current experimental results, determined for these parameters, are (6]

Sufree = 0.05 £0.11 | Tutree = 0.09 £0.13 , U=001+£0.11,

(1.53)
Su—o=0.06+0.09,  Ty—g=0.10+0.07 .

They were determined by two different manners, for a floating U parameter from a three pa-
rameter analysis, and with the constraint U = 0, respectively. One observes that these results
are in a good agreement with the SM, whereas, taking into account the large error values, there
might still be some space for the existence of new physics, as well.

Custodial isospin symmetry and the Peskin-Takeuchi parameters

The Higgs Lagrangian of the SM comprises an internal, global symmetry, the custodial symmetry.
The Higgs field can be decomposed into 4 real fields ¢;, ¢ = 1,...,4, and its potential depends
on the product ®'®, and therefore on the square of these four fields [87],

V(®T®) = V(] + ¢35 + ¢5 + 63)

LV + @3+ 63+ W+ 2 +0%) = V(69T + ¢76T + 65 + B2+ 2hw +0?) |
(1.54)

This expression is invariant under rotations of the four fields. These rotations can be described
by the global symmetry group SO(4) that is isomorphic to the group product SU(2), x SU(2)rg,
as both fulfil the same Lie algebra. After electroweak symmetry breaking, one of the four fields
exhibits a vev, and can be redefined as ¢, = h+wv, including the Higgs boson h. As a consequence,
the Higgs potential is invariant under the group SO(3), describing rotations of only three scalar
fields. The group SO(3) is isomorphic to the group SU(2)y, which is the custodial symmetry,
and the diagonal part of the group product SU(2);, x SU(2)g. The custodial symmetry emerges
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also in the parts of the Higgs Lagrangian that couple to the SM particle fields. The easiest
example is a Yukawa coupling of the Higgs field to one generation of quark fields, given by

ﬁyuk < yuQL@uR + deLq)dR +h.c. . (155)

Assuming that the quarks would have equal masses, so that y, = y4 = vy, the Yukawa Lagrangian
would, in principle, exhibit an invariance under the global symmetry product SU(2), x SU(2)g.
After electroweak symmetry breaking, the mass terms,

ﬁyuk ~ y(aRuL + CZRdL) + h.c. s (156)

remain invariant under the custodial symmetry SU(2)y [87]. For that reason, the mass dif-
ferences between the two fermions in the fermion doublets of the SM cause a violation of the
custodial symmetry. This emerges in contributions to the T parameter.

The contributions to the S, T,U parameters that would be induced by a single, new fermion
doublet (N, FE) with the masses my, mgp were calculated in the review paper of Peskin and
Takeuchi [82]. By evaluating the vacuum-polarization diagram of the new fermion loop created
in a virtual gauge boson line, one can find the results [82]

o] pa L ((AW;LV)’ U%i<(mg)2), (1.57)

6 127s%c my 15w \ my

by assuming that my, mg > myz, and Am = |my — mg| < my, mg. This result allows to
discuss several, significant properties of the S,T, U parameters. One can see that both the
parameters T and U scale with the mass difference (Am)? of the fermions in the new SU(2)
doublet, but U is suppressed compared to T by a factor (m%/m3;). In fact, the parameter U
plays a fairly unimportant role. In most models of new physics, it is predicted to vanish, or to
have a very small value, at least. All the neutral-current and low-energy observables depend
on the parameters S and T only. In contrast, the parameter T is divided through the lighter
mass m%. The mass splitting (Am)? is a measure of the size of the custodial symmetry violation
induced by the new fermion doublet. It should be noticed that each extra fermion doublet,
putted into the theory, additively contributes to S and T [82]. In this regard, the parameter S
is a measure of the total size of the new sector, whereas T is a measure of the total violation of
the custodial symmetry that is induced by the new-physics sector [82].

In a more hidden manner, also the mass terms of the gauge bosons of the SM show an
invariance under the custodial symmetry [87],

1
Liigss 3 Du(@)oD"(@)o € 7 |g? [WAWH + WEWH] + (6Wy, — ¢'B,)| ()3
(1.58)

2
'—0 .
= %(@)3 (W WH 4+ W WH2 + W WH]
where (®)2 = v?/2 is the square of the Higgs vev. For ¢’ = 0, this Lagrangian is invariant under
the global custodial symmetry SU(2), under which the gauge fields transform as a triplet [87].
One can see that the inclusion of the field B, breaks the custodial symmetry by the term
—2gg'W2B*. The masses of the W and Z bosons, as given in (1.34), fulfil the ratio at tree level
2

myy
=" 1. 1.59
P m?% cos?6,, (1.59)
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Radiative corrections, induced by gauge fields, give small contributions to this ratio, and con-
tribute softly to a violation of the custodial symmetry. The p parameter is linearly correlated
with the T parameter, via p—1 = T [82]. In this sense, any violation of the custodial symmetry
in the Higgs sector results in contributions to the p and T parameters.

1.2 Open questions of the Standard Model

The SM of particle physics, relying on the principles of quantum field theory, offers an elaborate
theory, which has passed stringent experimental tests. It has proven its ability to give predictions
for unexpected phenomena of elementary particle physics that have been confirmed later exper-
imentally. The strong, weak and electromagnetic forces of nature are very successfully described
by the model, relying on the group structure SU(3) x SU(2) x U(1). As stated before, the SM
forms an effective field theory, which is valid in a specific range of energy up to a certain cut-
off A. In the hitherto experiments, the electroweak energy range around several hundred GeV
has been explored, which is the energy range where the SM is valid. A quantum field theory with
a fundamental energy scale M can be considered at some energies £ < M, and all observable
quantities, predicted by the theory, can be expanded in powers of E/M [88-90]. In general, this
expansion can be performed for the whole Lagrangian, as £§1 = . ¢;Q;, which is an infinite
sum over all the local operators @);, allowed by the symmetries of the theory, multiplied by
coupling constants g; that are referred to as Wilson coefficients [88-90]. By a rough analysis of
the mass dimensions (for natural units &~ = ¢ = 1), the fundamental action S of a theory has
to be dimensionless. One can write the effective coupling constants g; in terms of dimensionless
coefficients C;, divided by the negative power of the mass dimensions of the fundamental energy
scale of the effective couplings, —v; = [gi], by g; = C;iM~". The dimensionless couplings C; are
assumed to be of order one, C; = O(1). According to the naturalness principle [91-94], only an
increase of the symmetries of the theory would legitimate other magnitudes. The most general
Lagrangian in four space-time dimensions at an energy scale much below the fundamental scale,
E < A < M, can be written as follows [90]

4 o)
Loaran =3 Y 0NQ+ Y G0+ Y 0. (1.60)
=1 3 k

m=1 n

where C}, C and C,, are dimensionless coupling constants, whereas Q);, @k, @, are operators.
The first two parts with the operators of mass dimensions < 4 give the important contributions,
which lead to re-normalizable predictions of the theory. The remaining part with the operators
of higher dimensions > 4 gives contributions that are suppressed by powers of the cut-off energy
scale A. The SM Lagrangian is of mass dimension 4 and forms the middle part of the expansion.
This part does not depend on the cut-off energy scale at all. The first term forms the origin
of several hierarchy problems of the theory, which consist of missing explanations for drastic
differences in the magnitudes of theoretical quantities. These hierarchy problems account for the
main motivations for new theories beyond the SM. Different choices are sensible for the cut-oft
energy scale A. Since gravity exists undeniably as the forth fundamental force of nature, despite
the three forces of the SM, a pure SM would definitely loose its validity at the Planck energy
scale Apjanek ~ 101 GeV, at which gravity becomes non-negligibly strong in the SM processes.
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However, due to several open questions of the SM, and by the spirit of research, one would
expect the existence of new physics at energy scales below the Planck scale.

1.2.1 Hierarchy problems

It has just been discussed that the different terms in the expanded effective Lagrangian in
have differing sensitivities on the cut-off energy scale A, at which the energy range of validity of
a theory is supposed to end. Only the terms of the first part, with the operators of dimension
< 4, come with powers of the cut-off scale, and show a very strong sensitivity on the UV energy
range, therefore. For the gauge structure of the SM, only two possibilities are allowed for these
terms,

Lics = CoA* + CLA*DTD | (1.61)

where ® is the Higgs field. Other terms are not compatible with the demand of gauge invariance.
A high cut-off scale as A ~ mp; would cause dramatically high expressions for the terms. We
start with a discussion of the second term, which is the most interesting one in our context.

The gauge hierarchy problem

The electroweak gauge symmetry of the SM SU(2) x U(1) is broken by the vev of the scalar
Higgs field. Its magnitude is proportional to the experimentally determined masses of the gauge
bosons, as my ~ v, myz ~ v. From these relations, one would expect that the mass parameter
of the Higgs field = v/\v is situated in the energy range of the masses of the electroweak gauge
bosons, as well,

—p? ~ —(100 GeV)? . (1.62)

The parameter X of the quartic Higgs self-couplings (®7®)? is naturally predicted to be of order
one, because the quartic Higgs self-couplings have a mass dimension 4. However, considering
the mass term in the Higgs Lagrangian, £ = —u?®®, and baring in mind the above discussion,
one rather finds that

—p? ~ A (1.63)

since ®® is of mass dimension 2. The decomposition in the effective Lagrangian in (1.60]) gives
thus £ = —p2®'® = C,A2®T®. It has just been discussed that the cut-off A can lie in the range
of the very high Planck energy scale, A ~ mp; ~ 10* GeV, if considering a pure SM. Then, C

is obtained as )

G ~o(E o O (1072834 1.64
2 ™~ ) 102 | ~ ( )a (1.64)

which is up to 33 orders of magnitude below order one. The definition of naturalness puts several
demands on the dimensionless coupling C. Following the naturalness criterion by Dirac [91},92],
a natural coupling would just be of O(1). The criterion by t’'Hooft is slightly weaker, by claiming
that a value Cy < 1 would be allowed only if the limit Cy — 0, so —u? — 0, would increase the
symmetry of the theory in some way [93]. For example, for vanishing fermion masses, the chiral
symmetries and gauge symmetries would be present, explicitly. But, for the case of the Higgs
field, there are not any of such symmetry limits that would allow for a very small coupling C’.
For all these reasons, the theory, in its current incarnation, is considered as highly unnatural,
and a strong fine-tuning of Cy down to a value of 10728734 is demanded.
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Figure 1.2: Two of the diagrams that form the leading corrections to the bare masses of particles.
The bare Higgs mass gets corrected by a fermion (top quark) loop, and the bare fermion mass
gets corrected by a loop consisting of a Higgs boson and a fermion line.

This discussion holds for the bare Higgs mass parameter p without encountering loop cor-
rections. In fact, u? could be much smaller than A2, if the bare scalar mass is of the order —AZ,
and the value is cancelled to —u? in a dramatic way by radiative corrections. Nevertheless, a
very high amount of parameter tuning would be demanded for such a cancellation, because the
one-loop corrections to the Higgs mass diverge strongly. Using the cut-off regularization, where
the infinities of loop-integrals are expressed in dependence of a cut-off A., the amplitude for the
vacuum polarization by fermions in the Higgs propagator, as illustrated in Figure reads for
example

2

_ yf d'p  Te[(p+F+mp) P+ my)]
Msm, = — N/ )4 p—l—k) —mep —mf}

_ v Ac* dpE 2 (=p% + As(x))
N/ / P (1.65)

ldx [—Af + (2A:(z) +1) In (M> + ] ,

vj

Al(ﬂf)

where y; is the Yukawa coupling, N, is the color factor, A, is the cut-off for the momentum
integral, and A;(x) = mfc + miz(r — 1). One can observe that the expression quadratically
depends on the cut-off A, in the first term. In this regard, when adding these radiative corrections
to the bare Higgs mass, both can quadratically scale with the Planck scale, and one could
tune the single contributions in such a way that they exactly cancel to give a result of ~
(100 GeV)?. In this case, one would have to determine parameters over 16 positions in order to
achieve the required theoretical description. This is considered as highly unnatural, as well. If,
however, the SM would be replaced by some new theory, valid at higher energies, the loops in
the Higgs propagator would be quadratically sensitive to the masses of the new particles. On
the contrary, the amplitude expression for the vacuum polarization by the Higgs boson in the
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fermion propagator, as given in Figure on the right-hand side, reads

[(p+ k)2 = mi] [p* — mj] (4m)2 (p}, + As(x))’
Ag(x) + Ac
327r2m / dzx In (T())—l—,

where Ay(x) = mj(l — x) + mjz®. One observes that the expression only logarithmically
depends on A., and includes the bare fermion mass m ¢, compared to the corrections to the Higgs
propagator. The dependence on A, can be absorbed by a redefinition of the physical fermion
mass, and the chiral and gauge symmetries allow for a small, bare fermion mass, my = ysv/ V2.
In that way, fine-tuning problems are prevented, in contrast to the Higgs case. This is similarly
true for the gauge boson masses. In this sense, the Higgs field seems to play a peculiar role in the
SM. Whereas successfully describing the masses of the other particles in the electroweak energy
range, it exhibits a strong sensitivity on the UV energy range, as well. The aforementioned
points are referred to as the gauge hierarchy problem. After the experimental confirmation of
the Higgs boson at the LHC in 2012 in the expected electroweak energy range [67,/68], the gauge
hierarchy problem seems to be more pressing than ever.

In this connection, one can also ask about the origin of the huge hierarchy between the
electroweak energy scale and the Planck scale of gravity, as

(1.66)

m2
= ? = )\4—‘2” ~ 10" GeV? <
9

L M2~ 107 Gev? ? (1.67)
Ggrav
Why are the magnitudes of the strengths of the three SM forces and the gravitational force so
much different? The gauge hierarchy problem does not query the consistency of the electroweak
theory itself, but it certainly reinforces the question whether new physics could be situated at
energies much below the Planck scale. Solutions to the gauge hierarchy problem demand for new
theories at energies of several TeV, in order to avoid the fine-tuning problems in the calculation
of the Higgs mass.

Furthermore, there are also terms in the expanded Lagrangian in that are divided

by the cut-off scale to certain powers, with operators of higher mass dimensions, which show a
suppressed relation to the UV energy range. Gauge and Lorentz invariance restrain the operators
of mass dimension 5, made up of SM fields, to one single term that generates a non-zero Majorana
neutrino mass, which violates the lepton number, however [90]. On the contrary, there are many
allowed terms made up of dimension 6 operators, which can be tested by precision measurements,
excluding a cut-off scale up to A ~ 1 — 10 TeV [90,95]. But, slightly above that scale, new
physics could be situated, in fact. Based on this motivation, most theories of new physics
predict phenomena in this energy range little above the SM. In fact, the LHC experiments at
the CERN have been executed to explore this interesting energy area.

The flavour puzzle

The fermion masses are generated by the Yukawa couplings, which have a natural magnitude of
order 1, times the Higgs vev, and a factor of v/2. Even with a detailed experimental confirmation
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of the SM, it remains mysterious why the experimentally determined spectrum of quark and
lepton masses covers 5 orders of magnitude. From the electron mass at ~0.5 MeV to the top
quark mass at ~175 GeV, the Yukawa couplings show hierarchies up to

— ~ 1070 (1.68)

Currently, no symmetries or mechanisms are present to explain such hierarchies. Apparently, the
gauge forces of the SM do not distinguish between fermions that belong to different generations,
because these have the same quantum numbers.

Moreover, it is worth to question why there exist these three generations of quarks and
leptons, and what gives rise to the electroweak flavour changing interactions, mediated by a
charged W boson and parametrized by the CKM-matrix. Using the parameter A =~ 0.23 of the
Wolfenstein parametrization, the hierarchical pattern of the CKM mixing matrix behaves in
good approximation as

1 oA\
Vexm~ | A 1 A2 . (1.69)
A A2 1

Whereas the mixing between the same generation of quarks is always the largest, and nearly of
O(1), the mixing between the first two generations is of the order O(\), and the mixing between
the second and third generation is of the order O(\?). The smallest mixing occurs over two
generations, which is of the order O(A\3). The origin of this interesting pattern is not described
within the SM. Moreover, flavour changing interactions, mediated by the neutral Z boson, are
completely forbidden at tree level in the SM, and suppressed by a partial interference at higher
orders, which is called the GIM mechanism [56]. Whereas the leptons of different flavours
cannot mix with each other, a neutrino oscillation has been confirmed experimentally [69,70].
This mixing is described by the PMNS-Matrix [96},97].

These questions in the fermion sector are part of the still unresolved mysteries of the SM,
and demand for explanations.

The cosmological constant problem

The largest impact of a high cut-off scale, A ~ mp;, is given by the first term in the effective

Lagrangian in ([1.61),
CoA* ~ Cjy 10%4776 GeV* | (1.70)

which causes the most dramatic hierarchy problem of the theory. The term does not contain any
operators, and it effectively describes a shift by A* in the vacuum energy density. This shift is
unobservable in particle physics experiments, because theoretical predictions are always related
to energy differences between the vacuum and certain excited states, where the absolute vacuum
energy density cancels out [79]. But, a vacuum energy gravitationally couples according to the
gravitational field theory, where it is part of a source term that predicts the gravitational field.
Einstein predicted this source to be the cosmological constant [15], which affects the expansion
rate of the universe after the Friedman-le-Maitre model [98]. In fact, an accelerated expansion
rate has experimentally been measured via the red-shift of emitted spectral lines in the light
from distant galaxies, and the dilation in the light decay of supernova luminosity curves [72}|73].
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By means of these observations, a very tiny upper bound on the cosmological constant follows,
as [79]
4 —29 8 —11 4 —44 4
AT <107 =5 ~ (107 GeV)" ~ 107" (GeV)" . (1.71)

cm
With a natural coupling for Cy of a size O(1), this term lies about 120 magnitudes below the
value that is obtained for a Planck-sized cut-off scale, given in [1.70] The impression manifests
itself that the SM cannot be the last theoretical statement, and especially in its connection to
gravity there is a huge, remaining lack of explanation.

Following the experimentally confirmed accelerated expansion rate of the universe, it is com-
monly concluded that some kind of dark energy has to cause for a non-vanishing but small
cosmological constant, given in ([1.71). This dark energy is included in the A-CDM model,
mentioned before, having an amount of 68.3% of the total energy in the present-day observable
universe [74,75]. The nature of the hypothetical dark energy is unknown and subject to current
theoretical studies. Some proposals implement new scalar fields in the universe, which also give
contributions to the cosmological constant, and by combining those with the vacuum energy
derived from quantum field theory, one can reproduce the measured value in .

Also, there are modified theories of gravity that can explain a degravitation of the vacuum
energy density if considering cosmological distances [99-103]. In these approaches, Newton’s
constant GG is promoted to a covariant differential operator,

Ga(0y) = G(Hg) F(Ly) (1.72)

which is acting on the energy-momentum tensor that describes the vacuum energy,

GA(O)(Tagho = G(1/A)F (AN (Tag)o (1.73)
where G(k/\?) = ﬁ, and F(A/N\?) = 14?1@?\2 Describing an essentially flat universe,

according to cosmological observations, one can follow the assumptions that the vacuum energy
can be modelled on macroscopic scales by an almost time -independent, Lorentz-invariant, energy
process, as (Tnz)y >~ T, cos(k. - X)nas. Here, T, is the average density of the vacuum energy,
and k. = 1/). is the three-dimensional characteristic wave-vector, with k, = k, = k, ~ 1/,
and |A.| > 1, due to the homogeneous distribution of the vacuum energy throughout the whole
universe. The parameter VA ~ 103 m gives the scale where the de-gravitation process sets
in, and it is assumed that |o| < 1, and /& < V/A, to perform a formal series-expansion of
Gy, for more details see [103]. In this scenario, the differential operator G (OJ) applies instead
of Newton’s constant for small characteristic wavelengths, whereas for energy processes with
a characteristic wavelength much larger than the macroscopic filter scale, \. > V/A, a strong
de-gravitational effect occurs, according to

lim GA(O)(Tpp)y =0. (1.74)

Ac—>+00
For that reason, the vacuum energy density with a wavelength as large as the visible universe,
Ao ~ 10% m, effectively decouples from the gravitational field. This scenario allows to reproduce
the observed accelerated expansion rate of the universe, with the high value for the vacuum
energy as predicted by the quantum field theory. In this scenario, the implications for the
orbital dynamics of a binary-system and generic n-body systems can be computed by using
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post-Newtonian perturbation methods [102,[103]. In this way, the dominant corrections to the
general relativistic results can be derived for the predictions of gravitational wave emissions.
This could provide intriguing possibilities to test for modified gravity in the context of future
measurements of gravitational waves.

1.2.2 Further questions
Unification of the Standard Model’s forces and gravity

Theories of new physics have to consider the region of higher energies above the electroweak
energy scale. Despite the Planck energy scale at which gravity becomes strong, there are further
suggestions for the scale at which new physics could emerge naturally. The electroweak theory
provides a unified description of the weak and the electromagnetic forces, and in this sense, it
is obvious to ask whether the complete group structure of the SM with the three gauge groups
SU(3)xSU(2)xU(1) could actually be described in a unified manner by a single larger symmetry
group. The simplest choice for such a larger symmetry group is the group SU(5) [104], and in
this scenario, the couplings g¢,, ¢, and ¢’ of the SM are connected to the unified coupling g

by [79,[105]
5
95 =93 =9 = \/;g : (1.75)

Within this framework, one can extrapolate the values of the three couplings of the SM forces
from the energy scale my upwards. They come close together at very high energies, around
~ 10'¢ GeV, though they do not actually meet. Nevertheless, it is remarkable that this energy
scale lies already close to the scale where the gravitational attraction of elementary particles
becomes comparable to the strengths of their strong, weak and electromagnetic interactions.
Maybe, it might be reasonable to hope that the unification of the SM forces is in some way
related to a unification of gravity with the three SM forces. However, the minimal unified model
with a SU(5) gauge symmetry, as well as further more extended models, are nowadays excluded,
because a proton decay is predicted by these models [106},/107].

Before, it has also been discussed that the naive unification of the principles of quantum field
theory, predicting a high value for the vacuum energy, and gravity, describing the expansion rate
of the universe with a cosmological constant, leads to the tremendous cosmological constant
problem, and to the question about the origin of the dark energy, accounting for the observed
accelerated expansion rate of the universe. Moreover, after the successful quantization of the
electromagnetic force in connection with the other two microscopic forces of the SM, it has not
yet been possible to find a quantized description of the gravitational force for their microscopic
interactions. For sure, it is understood that the unification of quantum field theory and grav-
ity cannot be implemented in a straightforward way, and important concepts have still been
missing from the current understanding [79]. In this context, another mystery in the relation of
elementary particle physics and gravity is the dark matter problem.

Dark matter

Many astrophysical observations of the cohesion and dynamics of galaxies, and models of the
structure formation process of the universe provide indications of invisible gravitational sources.
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In spiral galaxies, for example, observations indicate that the rotation velocities of the outer stars
remain constant, rather than declining for longer distances away from the centre (e.g. [108]).
This could be explained by the existence of a big halo of dark matter around the spiral galaxies,
including ten times more matter than the visible matter localized in the centre. A further
example is the detection of the “bullet-cluster”, which is the name for two crossing galaxies that
consist of stars and gas matter. Using the effect of gravitational lensing, one can determine
the mass centres of the two crossing galaxies, and against the expectations, the galaxies seem to
cross nearly without collisions. The mass centres are lying in the two centres of the shining stars,
rather than in the gas dragging behind, due to its electromagnetic interaction, where one would
expect the mass centres for the visible matter to be situated. On the contrary, by assuming high
densities of dark matter particles in the galaxies that interact only very weak and by gravitation,
one can draw the conclusion that the mass centres are lying in the crowds of the stars, because
dark matter clouds can cross nearly without collisions, as observed (e.g. [109,(110]). Moreover,
observations of the cohesions in galaxy clusters have shown that the velocity dispersions of the
stars, following the virial theorem, indicate a much higher mass emergence than what is observed
by the visible matter [111]. Furthermore, the modelling of the structure formation process of
the universe after the Big Bang between nucleosynthesis and late matter abundances needs kind
of matter that cannot interact with radiation, as the visible matter does. The observed cosmic
microwave background gives a relic radiation map of times very shortly after the Big Bang. It
shows a remarkable homogeneous black-body radiation spectrum with a temperature of 2.726 K,
and temperature anisotropies of millionths degrees [112]. Following this map, one concludes that,
at very early times of the universe, the dominant element was radiation, and growing density
perturbations have led to the corned structure of the present day universe consisting of galaxies
and clusters. Without the inclusion of dark matter, the structure formation process could not
have happened, according to simulations (e.g. [113]), because ordinary matter is affected by
radiation, and density perturbations would have washed out. Instead, dark matter is needed for
having formed the potential wells for the ordinary matter to built structures. Moreover, there is
an intriguing connection is this context, the weakly interacting massive particle (WIMP)-miracle:
Considering the synthesis of the early, expanding universe, particle creation and annihilation
processes must have happened, until approaching a thermal equilibrium state with a constant
particle number density, due to a large expansion rate of the universe. Including dark matter
particles with a self-annihilation cross section in the range of what is expected for particles
that interact weakly, with masses of ~ GeV - TeV, one determines a present-day dark matter
fraction of ~ 25%, coinciding with the expected amount of dark matter that follows from other
observations [74,[75]! This remarkable connection indicates that dark matter could plausibly
consist of stable, weakly interacting, massive particles, the so called WIMP-particles. Many new-
physics theories predict dark matter candidates with the necessary properties and masses, like
supersymmetry with the lightest super-symmetric particle, solutions of the strong CP problem of
the SM with the axions, and extradimensional models with a KK parity that include a lightest,
stable KK particle.

In this regard, many experimental efforts have been made for detecting any dark matter
particles. For example, experiments have been searching for the recoil of dark matter particles
at nucleons (e.g. [114]), or in particle collisions where dark matter particles could possibly be
produced out of SM particles (e.g. [115,/116]). Due to the very weak interaction properties,
dark matter particles could only be indirectly detected in the detectors via missing transverse
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momentum in the collision plane. Until now, all the measurements confirm the SM and lack
any signals of dark matter. So, the simplest dark matter hypotheses may not form the correct
answers. More involved models with an elaborated, complete dark sector, which consists of
several dark matter particles and dark forces mediated between the dark matter particles, are
currently under investigation [116}/117]. Last but not least, one should mention that it is com-
monly accepted to explore new theories beyond the SM, whereas the dark matter conclusions
usually assume a one hundred percent validity of Einstein’s theory of general relativity. The
A-CDM model parametrizes the Big Bang cosmological model basing on the input assumption
of existing dark matter and dark energy, and it has been argued that, in this way, it might be
rendered non-falsifiable. Attempts with modifications of the general relativity might also explain
the dark matter problem. Apparently, all the effects of dark matter appear by their gravitational
interactions, therefore allowing for solutions that assume deviations from the general relativity
on cosmological scales.

The dark matter problem is certainly one of the most pressing open questions of modern
basic researches, no matter in which physical field the correct answer is hidden.

1.2.3 Theories of new physics
Supersymmetry

It has been discussed that several open questions of the SM ask for theoretical extensions and
new-physics phenomena at energies as low as several TeV. In this regard, the most popular
extension is given by the theory of supersymmetry (SUSY), offering a consistent framework
for calculations, in which the low energy SM predictions are safely reproduced. Early work
in this context was accomplished, e.g. by [118-124]. In the SUSY framework, the Poincaré
symmetry group of space-time, consisting of the momentum generators P* of the translations,
and the generators M*"” of rotations and velocity transformations, generated by the angular
momentum J and the boosts K, is extended by the SUSY transformations, which are generated
by the supercharges Q4, QBB . These 2-dimensional representations of the Poincaré group are
spinors carrying a spin 1/2. In principle, one could consider a higher number of such sets with
A, B =1,2,..., N. The generators of the SUSY transformations obey respective commutation
relations with the generators of the Poincaré symmetry group of space-time [125],

[Qu P']=0,  [Qa,M"™]=(0")2Qs,  {Qa,Qs}=2Pu0y. (1.76)

Therefore, the induced SUSY transformations have to be considered as part of the space-time
transformations. In fact, one can show that the result of two SUSY transformations corresponds
to a space-time translation. Moreover, the generators (), convert bosonic states into fermionic
states, and vice versa. An N = 1 set of SUSY employs two collections of fields, the chiral super-
multiplets consisting of one left-handed Weyl spinor and one complex scalar, and the gauge super-
multiplets containing the gauge bosons and their spin 1/2 SUSY partner fields [126,/127]. The
fields and their partner fields are connected by the SUSY transformations. Since the generators
of all the internal symmetries (gauge symmetries etc.) commute with P*, M* and @Q,, the
SUSY transformations do not change internal charges, and super-partners have to be charged
equally. Moreover, an additional internal symmetry can be implemented, the R-symmetry, which
predicts a conserved supercharge. The SUSY-particles and their partner fields are oppositely
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charged under that supercharge. The supercharge has to be conserved in the decay of SUSY-
particles, which predicts a decay chain that ends up in the production of a lightest SUSY-particle
that cannot decay further. If this lightest SUSY-particle is predicted to be electrically and color
neutral, it offers an appealing candidate for a dark matter particle. For that reason, the SUSY
theories with a realized R-symmetry naturally predict the existence of particles that behave like
dark matter. Furthermore, the R-symmetry demands that the number of fermions has to equal
the number of bosons, and that the particles within one SUSY multiplet must have equal masses.

When implementing the SM particles into the simplest set of SUSY, the quarks and leptons
are chosen as the fermionic components of the chiral supermultiplets. In this way, the squarks
and sleptons are added to the SM, as spin zero super-partners [10}/125,128]. The gauge bosons
are part of the gauge super-multiplets, which include the gluinos, the winos and the bino as new
spinor super-partners to the theory. In addition, it is necessary to have two scalar Higgs bosons
in order to reproduce the Yukawa interactions of the SM. In this case, the Higgsinos are the
super-partners, which form a vector-like pair of spinor doublets. A lightest SUSY particle can
be realized by a mixture of the Higgsino, sneutrino, and the zino and photino, the partners of
the Z boson and the photon after electroweak symmetry breaking.

In fact, a theory that predicts gauge boson and fermion particles with equal masses is in
contradiction to all experimental paradigms, and for that reason, the SUSY cannot be imple-
mented as an exact symmetry of nature. Nevertheless, it might be broken spontaneously, which
would allow for small differences between the masses of the observed SM particles and their
super-partners. By including a mechanism that can describe, in some way, a slight breaking
of SUSY, tremendously interesting results can be derived. In a unified theory for the strong
and the electroweak interactions of the SM along with SUSY, one can find that the renormal-
ization of the coupling constants is improved in such a way that the three couplings meet with
an impressive accuracy at an energy scale close to 106 GeV [79]. In addition, the cosmological
constant problem can be softened in such a theory to a discrepancy of 50 orders of magnitude
between the determined and predicted size of the vacuum energy (in comparison to 120 orders
in a pure SM). And, moreover, the gauge hierarchy problem can be solved in a SUSY theory,
because, in every order of perturbation theory, the loop diagrams involving the super-partner
fields cancel out the diagrams of the SM counterparts with the slightly differing masses. For
example, in addition to the diagram of the top-quark loop correction to the Higgs mass, given
in Figure [1.2] one would encounter a similar diagram where sfermions are exchanged, which
implies a quadratic divergence similar to that in the formula . Adding the two amplitudes
together, the Higgs mass correction in this scenario would depend on

Mem, ~ [—yF+yZ ] AE + .., (1.77)

with y, as the Yukawa couplings of the sfermions. For small enough mass differences between
the observed quarks and leptons and their scalar super-partners, one can predict a physical
Higgs mass of the correct size. If such postulates were true, the scalar super-partners of the SM
quarks and leptons should be light enough to be experimentally discovered at present collider
experiments. Certainly, this was one of the main motivations for the construction of the LHC
experiments.
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Composite Higgs models

A second class of promising new theories for the gauge hierarchy problem assume the Higgs boson
to emerge as a bound state of a strongly interacting sector, rather than being an elementary
field. In these frameworks, new, asymptotically free gauge interactions become strongly coupled
at a scale A ~ few TeV. This scale is dynamically generated by dimensional transmutation.
Above that scale, no elementary scalars exist, and in that way no hierarchy problem either. In its
original form, the so-called technicolor theories (e.g. [129,130]) predict heavy resonances that
result from the strongly coupled sector. Unfortunately, the predicted Higgs boson is much heavier
than the measured one, and furthermore, the electroweak precision tests of the S parameter
exclude a wide range of these models [82].

Nevertheless, if assuming the Higgs boson to be a pseudo NG boson of the enlarged global
symmetry group G, these problems can be mitigated [51}/52,|131,/132]. Then, the approximate
global symmetry group G is broken down to H by new, strong gauge interactions. A bare Higgs
mass term causing the fine-tuning problem in the SM is forbidden by some symmetry, and the
Higgs potential is solely generated by radiative corrections, according to the Coleman-Weinberg
formalism [133]. This formalism states that, without a bare Higgs mass term, the physical
Higgs mass is generated through radiative corrections, however, resulting in a Higgs potential
with a non-vanishing vacuum expectation value. In this scenario, the strong constraints from
electroweak precision tests can be avoided. The mass of the composite Higgs boson is not
sensitive to virtual effects above the composite scale, similar to the mass of the pion in QCD,
which is UV stable whereas being a composite state.

For example, a minimal realization of such a model considers a global symmetry group
G = SO(5) x U(1)x, which is spontaneously broken down to H; = SO(4) x U(1)x at the scale
f [134]. The group SO(4) is isomorphic to SU(2), x SU(2)r, which means that both fulfil the
same Lie algebra. The electroweak gauge group of the SM SU(2);, x U(1)y can be embedded
into the group structure SU(2), x SU(2)r x U(1)x, and the coset SO(5)/SO(4) implies 4= dim
(G)-dim (H;) real NG bosons forming a complex doublet H under SU(2)r, the composite Higgs
boson.

In a more extended framework, one can consider the dynamical symmetry breaking G — H;
at the scale f, and the subgroup Hy € G is gauged by external vector bosons. This symme-
try breaking implies n =dim(G)-dim(#;) Goldstone bosons, and no= dim(H)-dim(#) of the
Goldstone bosons can be absorbed to give a mass for the vector bosons of Hy [134,/135]. The
unbroken gauge group is ‘H = H; N Hp, and the remaining n — ny pseudo NG bosons include
the Higgs doublet. The SM gauge group Ggys is embedded into the unbroken subgroup H;, and
is unbroken at tree level. The SM fields are elementary fields, and are external to the strong
sector. Their couplings to the strong sector break the global symmetry G explicitly.

The Higgs potential vanishes at the tree level as a consequence of the Goldstone symmetry.
The effective Higgs potential is generated at the one-loop order, by exchanges of virtual SM
fields, which can break the electroweak symmetry. In this connection, the electroweak scale v
is determined dynamically, and can be smaller than f. The mass scale of the resonances of the
strong sector is given by m, ~ g¢,f, with 1 < g, < 4. The strong dynamics can be integrated
out, and their effects can be parametrized by form factors. The Higgs mass is generated at the
one loop order my, ~ gsyv, with gsar < 1, as a generic SM coupling. In the limit £ = (v/f)* — 0,
where f — oo, the Higgs boson would thus stay light, and all other resonances would become
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infinitely heavy [134].

After having mentioned two of the most popular versions of new physics, SUSY and composite
Higgs models, the next chapter introduces a third class of promising new theories that include
a very small, extra spatial dimension to the SM. The RS model, in particular, as one of these
new theories forms the framework for the subsequent parts of the thesis.



Chapter 2

The Randall-Sundrum Model

2.1 Theories of extra dimensions

Our perception as well as all physical researches indicate that three spatial dimensions and one
time dimension exist. Nevertheless, the mathematical use of very small and indiscernible extra
dimensions provides a fruitful tool for theoretical approaches in physics. Extradimensional the-
ories were elaborated already 100 years ago, at times at which only two of the four fundamental
forces of nature were known, the electromagnetism and gravity. G. Nordstrom introduced a
fourth spatial dimension in his attempt to unify the theory of electromagnetism with his scalar
theory of gravity, at times before Einstein’s theory of relativity had been published, or much
less confirmed. Nordstrom considered a five-dimensional vector field, in which he combined the
electromagnetic vector field with his new scalar gravitational potential. In this way, the electro-
magnetic field and the hypothetical scalar field of gravity could be understood as unified into
one single field. In this regard, our four dimensional space-time was considered as a surface of
a higher five-dimensional space-time. Nordstrom detected that the five-dimensional field equa-
tions of his framework could be separated into the electromagnetic field equations, the Maxwell’s
equations, and the equations of his new, proposed gravitational field [136]. Shortly afterwards,
T. Kaluza followed these ideas, and published a unified description for the theory of electro-
magnetism and Einstein’s theory of general relativity [137]. He introduced a five-dimensional
metric tensor, in which he included the four-dimensional metric tensor of our space-time, the
electromagnetic vector potential and an other scalar field. Furthermore, he used the “cylinder
condition”, claiming that not any component of the five-dimensional metric tensor should depend
on the extra-dimensional coordinate. The shortcomings of Nordstrom’s and Kaluza’s theories
were that both of them could not provide any mechanism to hide the extra dimension, or to
explain the origin of the “cylinder condition”. Finally, several years later O. Klein explained
how an extra spatial dimension can be escaped of detection and perception [138]. He proposed
that an extra dimension could have a “compactified” behaviour, being of a limited length but
periodically recurring, similar to a two-dimensional surface that is coiled up to a cylinder, as
illustrated in Figure 2.1 When watching the surface from a distance far away, the second di-
mension can not be perceived any longer, and the surface rather appears like a one-dimensional
line. For radii just small enough, compactified extra dimensions could exist but would escape
from detections, in principle. This plausible compactification mechanism for extra dimensions
from the KK theory has been used in numerous subsequent theories, e.g. in the String theory,

35
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Figure 2.1: Sketch of the idea of a compactified extra dimension. It appears like coiled up on a
small radius, and from a distance far away it cannot be perceived any longer, similar to the two
dimensional surface of a cylinder coiled up to an apparently one dimensional line.

or the RS model.

2.1.1 Large extra dimensions

In the year 1998, a framework was published by N. Arkani-Hamed, S. Dimopoulos and G. Dvali
that uses multiple and in principle larger compactified extra spatial dimensions to find a
solution to the gauge hierarchy problem, and to explain the weakness of gravity in relation to the
other forces of nature. In this Arkani-Hamed-Dimopoulos-Dvali (ADD) model, it is declared that
gravity is the only fundamental force of nature that can mediate through the higher-dimensional
space-time, the bulk. The other forces, and all the elementary particle fields, are assumed
to reside on a four-dimensional subspace, a brane. In this regard, the fundamental, higher
dimensional Planck mass mpj44n), defining the higher-dimensional gravity constant, forms the
fundamental energy scale of the theory. In principle, it can lie as low as the energy range of
the SM, around several TeV, which is much below the usual, effective, four-dimensional Planck
mass mp; ~ 10 GeV. In this way, a gauge hierarchy problem is avoided, and the apparent
weakness of gravity can be explained, as only the effective, four-dimensional behaviour of gravity
appears weak compared to the other SM forces. The strength of gravity depends on the length
distance between two points at which it is measured. For distances r < R, where R is the
compactification radius of the extra dimensions, a sizeable deviation from the known gravity

potential is predicted [139],

mime 1

;) C Al
Mpjgny T

V(r) (r<R), (2.1)

as gravity can mediate through the whole extra-dimensional bulk. However, for distances much
larger than the extra-dimensional radii r > R, the extra-dimensions cannot be perceived, and the
gravitational potential follows the usual 1/r-behaviour in the four space-time dimensions [139],

mi1me 1
Vi)~ — = (r>R). (22)
MPZJELR)R" r
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n 1 2 3 4 5 6 7
Rem] [ 10" 102 1077 10795 107" 107! 10-127

Table 2.1: Sizes of the extra dimensional radii in dependence of the number n of extra dimensions,
as predicted by the ADD model with the formula (2.4)), for a higher-dimensional Planck mass
of mpi(4+n) ~ 1 TeV.

By comparing the last equation with Newton’s gravitational potential, a relation between the
higher dimensional Planck mass m pj44,) and the four-dimensional Planck mass mp; follows

Mg, ~ Mg, ) R" . (2.3)
From the four-dimensional point of view, gravity seems to be diluted compared to the three SM
forces, and this is connected to the fact that the SM forces cannot propagate through the extra
dimensions, compared to gravity. Yet, their strengths should be of comparable sizes, if looking at
the higher-dimensional behaviours. The higher-dimensional Planck mass mpj44,) may lie close
to the electroweak energy range, whereas from the effective four-dimensional point of view, the
four-dimensional Planck mass mp; has the known high value of ~ 10! GeV. The last formula
can be used to determine the sizes of the extra-dimensional radii in dependence of the number
n of extra dimensions and the higher dimensional Planck mass mpj44n) ~ mgew, as predicted
by the model,

1T 142
ev) . (2.4)

mgew

R~ 10%_17cm X <

In Table 2.1] the sizes of the extra dimensional radii, obtained from formula ([2.4), for a higher
dimensional Planck mass of mpjuqn) ~ mew ~ 1 TeV are listed, in dependence of the number
n of extra dimensions.

Clearly, the existence of only one large extra dimension n = 1 is empirically excluded. This
case would imply a radius for the extra dimension as R ~ 10'® cm, which is about the size of
the solar system, and would imply deviations from the known gravity law over distances of such
a size. But, the existence of n > 2 extra dimensions implies radii as R < 0.1 mm, and these
cases might, in fact, be of interest, as measurements of the gravity law over small distances are
searching around this scale for deviations from the 1/r behaviour. From the observations, the
case of n = 2 extra dimensions can be excluded for radii down to R > 44 pym to 95% confidence
level (CL), implying a lower bound on the higher dimensional Planck mass as mpjain) > 1.9
TeV [140]. Also, the existence of extra dimensions could cause signals of missing energy in
collider experiments, where hypothetical force-mediating particles of gravity, which couple to
the SM particles, could escape into the bulk and carry away energy [139,/141]. Intriguingly,
extra dimensions could also enable direct productions of micro black holes at the LHC [142].
But, the strongest constraints result from astrophysical measurements, as for example from
measurements of the heat of Neutron Stars. The heat would be increased for existing extra
dimensions, because additional decays of the hypothetical gravity force-mediating particles would
contribute to the heat energy. The case of n = 2 extra dimensions is excluded up to a Planck



38 2.1. THEORIES OF EXTRA DIMENSIONS

mass of mpjuqn) < 1700 TeV, and one can only reach mpy4in) ~ TeV for a number n > 4 of
extra dimensions [143].

Possible shortcomings of the ADD model are that, whereas solving the gauge hierarchy
problem, it introduces a new hierarchy concerning the magnitudes of the unnatural big radii
R of the extra dimensions compared to the higher-dimensional Planck mass. According to the
formula , one could demand R ~ 1/mgw to cure this problem, but this would require a
large number n of extra dimensions, accordingly.

2.1.2 Universal extra dimensions

Shortly after the publication of the ADD model, the idea of universal extra dimensions was
established [144]. In this scenario, several compactified extra dimensions are added to the SM,
and in contrast to the ADD model, it is assumed that all particle fields can universally prop-
agate into the extra dimensions. In general, particle fields that extend into compactified extra
dimensions, and therefore live in a higher-dimensional space-time, imply very interesting phys-
ical consequences. For one extra dimension, compactified on a simple circle S*, the periodicity
condition

x5 = x5 + 2TR (2.5)

applies. According to this condition, every five-dimensional particle field, as the simplest example
of a five-dimensional scalar field ®(x),) with a mass M, can be expanded into an infinite Fourier

series, as
o

(I)(I“,J}5) = Z X2<x5)¢n(xu) : (2'6)

n=—oo

Every mode in the expansion consists of a four-dimensional KK particle field and a profile func-
tion that describes the dependence on the extra dimension. A more convenient compactification
in the sense of particle physics is the S'/Z, orbifold compactification. In this connection, the
physical domain runs from x5 = 0 to z5 = 7R, and a discrete symmetry is imposed, the Z-
symmetry, by identifying x5 <> —x5 in addition to the periodicity condition. This is illustrated
in Figure 2.2 The endpoints do not transform under the Zy-symmetry, and are called the fixed
points of the orbifold [145]. At these fixed points, four-dimensional subspaces, so-called branes,
can be localized. If considering the action of a five-dimensional scalar field |145],

Ssp = / &’z [(0M D) (0yDP) — M*DD] | (2.7)

one can substitute the KK Fourier tower of the five-dimensional scalar, and integrate over the
fifth dimension. One requires that for every four-dimensional Fourier mode ¢,(x,) in the
expansion, the action for a four-dimensional scalar applies [145],

Sop = / 5" [0#nButn — m242] (2.8)
n=1

so that the single modes describe distinct, four-dimensional, scalar particles, the KK particles.
The requirement results in conditions that are imposed on the profile functions x%(z5):
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X5=0 X5=7TR

Figure 2.2: Sketch of the S'/Z, orbifold compactification of an extra dimension [145]. The
physical domain runs from z5 = 0 to x5 = 7R, by identifying x5 <> —x5, apart from the discrete
Zo-symmetry that is imposed. The endpoints of the orbifold are the fixed points and do not
transform under Z,.

1) The five-dimensional action has to be invariant under the Zy-symmetry. For that reason,
the field ®(z,, z5) has to follow an intrinsic parity transformation

Q(z,, —x5) = PO(z,, 75) , P=41, (2.9)

so that the field has to be even (4) or odd (-) under the Z;-symmetry. An odd field has to fulfil
Dirichlet boundary conditions at the branes, which can be translated into boundary conditions
for the profiles as

(@) =0,  a=0,7R. (2.10)

An even field has to fulfil Neuman or mixed-type boundary conditions at the branes, as
8x5xﬁ(x5)’x5:0 R 0 , or at least 0x5xﬁ(9§5)‘x520 R = EXO () r;=0,7R. (2.11)

2) The profiles x¢(x5) have to form a complete set of functions on the extra dimension,
fulfilling an orthonormality condition,

1 TR

ﬁ o dxs Xﬁl(%)xﬁ(l‘s) = Omn (2‘12)

which results from a matching of the five-dimensional kinetic terms of the action to the four-
dimensional kinetic terms of scalars.

3) In addition, the mass terms have to match to those of four-dimensional scalars, requiring
an equation of motion for the profiles

Oz, Xi(ws) — M5 (ws) = —mpxp(ws) - (2.13)

Detections of KK particles could provide measurable signals for the existence of a com-
pactified extra dimension in particle scattering processes. With the help of the three kinds of
conditions, one can determine the KK spectrum that is dictated by the KK profiles. The general
solution to the differential equation in reads

X2($5) =C etV mn—M?as + Cy etV M —M?zs , (2.14)



40 2.1. THEORIES OF EXTRA DIMENSIONS

where the periodicity condition implies that

e:ti\/m%—M2 x5 ; e:l:i\/m%—M2 (z5+27R)

2.15
o iV/mi-M? 2R L . 2 — M2 =2 (218)
’ n R :
Therefore, the single KK modes have the masses
n2
m2 —M2+§7 (2.16)

where the lightest mode for n = 0 has a mass M, whereas the higher modes have heavier
masses, ascending with multiples of n/R. Also, one can see that m,, < M is not possible. The
Zy-symmetry demands further that

Xo(—xs5) = +1-x0(z5) , = Chy=+Cy, (2.17)

depending on the parity of the profiles x?(x5). One can write the KK decomposition in terms
of profiles that are even (+) and odd (-) under the Zj-symmetry, for what it follows from
the previous steps that y¢*(z5) = 201(:03( 335) and x¢ (z5) = Qchsln( x5) With the
identification for the four-dimensional fields, ¢ (z,) = L\/%) [On(x,) £ ¢_n(x,)], and by respecting
the normalization condition in (2.12), giving C; = 1/v/2, one can find then

nrs

O(zy, x5) = \/_ Po(x,) + Z \/_ [¢+ T,) cos( 7 ) + ¢, (x,) sin <?)} . (2.18)

where
¢, (x ) 0, if Po=+1, or

¢ (x,) =0, if Pp=—1, (includin (2.19)
@ ) g do(xy)) -

The KK decomposition on an S*/Z, orbifold is reduced by a factor 2 compared to the decompo-
sition on a simple circle, given in ([2.6)). Further, it projects out the zero mode for a field that is
odd under the Z5 parity. The KK decompositions illustrate that an infinite tower of new fields
with separate masses is predicted for five-dimensional fields. The procedure can be generalized
to the fields with other spin, in which the four-dimensional KK fields in the expansions are
adapted accordingly. In principle, we can consider the described setting as an extension of the
SM, where all fermions and gauge bosons are allowed to spread out into the extra dimension,
resulting in specific towers of KK particles. The lightest KK modes, the zero modes, form the
equivalents to the SM particle fields, and moreover, there can be additional, five-dimensional,
particle fields, as long as these fields are odd under the Z; symmetry and do not have zero modes.
The mass scale Mgk of the lightest, additional KK modes, in addition to the SM fields, in this
framework is scaling with the inverse radius of the extra dimension, according to Mgk ~ R~
In general, the extra dimensions are assumed to be compactified on radii much larger than the
Planck length, but smaller than those of the ADD model.

The five-dimensional gauge symmetries predict gauge bosons that can be separated into a
four-dimensional vector component and a scalar part, Ay = A, + As. Both parts are separately
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expanded in KK decompositions, where the KK particle fields have the respective spins. The
scalar parts As have to be odd under the Zy-symmetry to avoid the presence of additional,
light scalars by the zero modes. Also, the quantity F; = 0,45 — 054, in the five-dimensional
kinetic Lagrangian of the gauge bosons, Luosons € 3 FunFMY = 1(F,, F* + F,5F#5), must own
a well-defined Z, parity, where 0, is even, and 05 is odd. This is fulfilled for Z;-even vector
components A, and Zj-odd scalar components Aj, respectively. After electroweak symmetry
breaking, the KK modes of the scalar decompositions form the third degrees of freedom of the
massive KK gauge bosons of the vector decompositions, as the terms

F25 3 0, As05 A" ~ Y~ AN AL 0, itk (w5) (2.20)

mix the fields A and A" [145). This is similar to the non-physical components of the Higgs
field in the SM that form the longitudinal polarization states of the massive gauge bosons.
Following the mass dimensions for the five-dimensional ﬁeldsﬂ five-dimensional gauge couplings
g5 have a dimension [g5] = —1/2. By considering, for example, a zero-mode gauge boson coupling
to two KK fermions,

TR
/d%/ Rdx5 gsUTM A0 5 /d4x g4\I/(m)7“AELO)\IJ(”)5mn , (2.22)
one can define the dimensionless couplings by

91 = gsxo " (5) | (2.23)

where the zero-mode profile X(?“(xg,) ~ 1/v27R is constant in the extra dimension to the lowest
approximation. The Kronecker delta d,,,,, in the formula stems from the normalization condition
for the fermion profiles, which has been applied. Instead, for a general coupling of KK fermions to
a higher-mode KK gauge boson, the expression includes the integral over the extra-dimensional
coordinate including the profiles of the coupled KK particles,

TR
B = [ dos xl o) (st (as) (2:24)
—T
In the expression before, this integral has resulted in the normalization condition for the fermion
profiles. In general, in extra-dimensional models, the overlap integrals are crucial ingredients of
the effective, four-dimensional couplings. These can modify the interactions of the SM equiva-
lents, the zero modes, in an interesting manner. In this way, for example, a GIM mechanism can
be achieved to explain the suppressed flavor-changing neutral currents of the SM, or a natural
explanation mechanism can be found for the mass splitting of the zero-mode fermions.
A five-dimensional Lie algebra, connected with the commutation relation,

{Tae, I} = 2nmw (2.25)

'In d # 4 space-time dimensions, the mass dimensions of the fields are

(@) = [A,] = EW=2/2 (9] = EUd-D/2 (2.21)

following from the demand that the action has to be dimensionless. So, in five dimensions, the bosons have a
mass dimension 3/2, and the fermions have a mass dimension 2.
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can only be fulfilled by irreducible four-dimensional representations, in contrast to the SM,
where the representations of the four-dimensional Lie algebra can be reduced into two two-
dimensional representations. For example, one can choose a representation in terms of the
4 x 4 Dirac matrices, I', = v, I's = —i75 [145]. As a consequence, the left- and right-handed
zero-mode fields, implied for a doublet fermion under the five-dimensional SU(2) symmetry,
transform equally under SU(2), so that vector-like KK fermions are predicted by the theory.
The important property of the SM SU(2), gauge transformations, to exclusively act on left-
handed particles, is missing generically, and has to be implemented in some way. The chiral
fermion content of the SM can be achieved by proposing two different fermion fields for the
doublets and singlets. The zero-mode chirality parts, which are not compatible to the SM, are
projected out by means of the Z-symmetry. In this regard, chiral fermions exist only for the
zero modes, and for every KK mode n > 1, the fermion content is doubled compared to the SM.

The presence of the integrals over the extra-dimensional coordinate when deriving the four-
dimensional, effective theory allows for a natural explanation mechanism for the mass differences
of the SM fermions. For example, we can consider a five-dimensional fermion field ¥, and add
a Zs-odd bulk mass term, as

L~V (i0y T + e(zs) M) ¥ (2.26)

where €(z5) = +1 (—1), for 1R > x5 > 0, (—7R < x5 < 0) [145]. The five-dimensional mass is
just an arbitrary, five-dimensional parameter, for which the Z>-odd behaviour is allowed and even
necessary because an even mass term would explicitly break the Zs-symmetry of the Lagrangian.
It could be generated by a coupling of the fermions to the vev of a Zs-odd bulk scalar, inducing
a spontaneous breaking of the Zs-symmetry. Such a mechanism will be investigated in some
parts in the last section of the thesis. The odd bulk mass term characterizes the form of the
fermion profiles x/(x5) via the equations of motion,

[=0us + e(ws) M X (w5) = i (ws)  [Ous + e(as) M xIR (25) = maxd=(as) . (2.27)

We consider f and f" as two different fermion fields, where f is a SU(2); doublet and f’ is a
singlet. The zero modes of the right-handed doublet and the left-handed singlet are projected
out by means of the Zs-symmetry. One can derive the following solutions for the profiles of the
zero modes (for m,, = 0)

XgL (x5) = NeMes Xéc;*(xg)) — Ne M'zs | (2.28)

Considering a five-dimensional Yukawa Lagrangian that couples to a brane-localized Higgs sector
[145],

TR
L~ / dos 8(xs — TR)AFLFadsn | (2.29)
—nmR

with a five-dimensional Yukawa coupling Asp. By integrating over the extra dimension, one can
compare the Lagrangian to the four-dimensional form of the SM, given by Ap hfLf. A relation
follows between the four-dimensional and five-dimensional Yukawa couplings [145]

Mp X Asp eM—MITR (2.30)
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For natural, five-dimensional parameters, the four-dimensional masses of the two different quarks
mg, and m,, that scale with A\sp can have exponentially large differences in the magnitudes. For
example, taking A\sp o, = Asp g and M’ ~ —M for each quark, and further M,, = —3/(7R) and
M,, = —1/(7R), one finds [145]

Mo g2anmR o 1 (2.31)
Me 100

This is implied by the overlaps of the zero-mode fermion profiles with the exponential behaviour
in the integrals over the extra-dimensional coordinate.

In principle, the general setting for the universal extra dimensions can be implemented for an
arbitrary number § of extra dimensions [144]. Experimental tests of particle processes through
LHC data, and electroweak precision tests performed at the Z pole, tests of the magnetic mo-
ment of the muon and of flavor changing neutral currents, can give exclusion bounds on the
compactification scale R of the extra dimensions [146,/147]. In the subsequent sections of the
thesis, similar tests will be considered in the context of the RS model, which will be introduced
in the following.

2.1.3 A warped extra dimension - the Randall-Sundrum model

A framework to solve the gauge hierarchy problem by extending the SM with only one small
and compactified extra dimension was published by L. Randall and R. Sundrum in the year
1999 [1]. The approach considers the four-dimensional Minkowskian spacetime 7, together
with a compact S'/Zy-orbifold, which can be parametrized by an angular coordinate ¢ = f—;”,
where ¢ € [—m, 7|. The parameter r. is the radius of the extra dimension, prior to orbifolding.
The lower part of the extra dimension [—, 0] is physically equivalent to the upper part [0, 7],
apart from the Z-symmetry, where the periodic identification in the coordinate ¢ = ¢ + 277,
applies. The four-dimensional space along the fifth dimension is extremely warped by a negative
energy density, in contrast to the models presented before. As an effect, a large hierarchy of
scales is caused between two objects that are situated at different positions along the extra
dimension. To respect the four-dimensional Poincaré-invariance in the four-, the z* -directions,
the ansatz for the five-dimensional metric reads [1]

ds? = GyndzMdeN = e’z"(‘ﬁ)nwda:”dx” +r2dg? . (2.32)

The orbifold has two fixed points at ¢ = 0 and ¢ = 7, at which four-dimensional subspaces are
localized that only extend into the x,-directions,

g =Gut o=m),  gula") =Gl ¢=0). (2.33)

In this original framework, only the gravitational force can extend into the whole five-dimensional
space-time, the bulk. The four-dimensional field content of the SM is assumed to be exclusively
localized onto the brane at ¢ = 7, similar to the ADD model. The classical action for this set-up
has the form [1]

S = /d%; ({/_Z d$ V=G [-A+2M°R] } + v/~ gvis [Luis = Vais] + /= ghia [Lnia = Vhid]> :
(2.34)
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Figure 2.3: Sketch of the RS model. It considers an S'/Z, orbifold that forms a slice of AdSs
space with a negative energy density, bounded by two fourdimensional branes. An exponential
warping of scales is induced along the extra dimension from x5 = 0 to x5 = 7r., indicated by the
dashed curve and the mass relation. The model does not require any large hierarchies between
the fundamental parameters k, r. and M.

A negative, five-dimensional vacuum energy density A resides in the bulk, and constant vacuum
energies V' are localized on each of the branes, acting as gravitational sources even in the absence
of particle excitations. Here, M represents the fundamental mass scale of the higher-dimensional
theory. The five-dimensional Einstein’s equations for this framework read [1]

1 —G
\% -G (RMN - iGMNR) 4M3 |:A C¥MN + ‘/ws\/ —Gvis gVIS(su 51/ (¢ 7T)

+VhidV —Ghid ghldfs“ Oy (Cb)} )

neglecting the brane-localized Lagrangians. By using the five-dimensional metric, one can cal-
culate the Christoffel symbols of the model, and one can determine the Ricci tensor and the
Ricci scalar for a local basis on a Riemann manifold. These can be inserted into the Einstein’s
equations, resulting in the following differential equations

(2.35)

6 , A 3 1
T—gal(cb) =05 EU"(@ = 1, [Viiad (@) + Vaisd (9 — 7)) (2.36)
The first of the two equations gives the solution
(6) = ol 5 (237
o(p) =re SYIVER )

which is consistent with the orbifold symmetry, and demands a negative sign for A in order
to obtain a real root. Such a warped space, caused by a negative energy density, is called an
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“anti-de Sitter (AdS) space”. By defining the curvature scalar k = @/ﬁ, one derives the
following result for the exponential of the warp factor [1]

o(p) = kre|¢| . (2.38)

Then, from the second derivative of the solution, o”(¢) = 2kr. [0(¢) — 6(¢ — )], one can obtain
the following energy densities on the branes

Viid = —Viis = 24M°k | A= —24M>K* . (2.39)

The curvature term in the five-dimensional action determines a relation between the fundamen-
tal mass M and the four-dimensional Planck mass mp; after having integrated over the extra
dimension. The result is [1]

M3

m%, = M?r, / dp 72l = = [1 — 7] (2.40)

—Tr

which indicates that mp; depends only mildly on the radius r. in the limit of a large kr.. On
the contrary, the scale for the particle fields that exclusively reside on the visible brane at ¢ = 7
has a strong dependence on the choice for kr.. In this connection, the action for the Higgs field
with a mass parameter vy reads

Syis D / d*a/=gus (982D, H'D,H — N|H|* — v3)*] | (2.41)
where g% = e 2T g, (whereas gnia = Gu). After a canonical renormalization of the wave-

function, H — €¥"<"H one can find
Sefr D / d*z\/—g [0 D, H'D,H — N(|H|” — e " ™0)?] . (2.42)

By comparing this effective action with the equation before, one derives the intriguing result for
the relation between the five-dimensional and the four-dimensional Higgs mass parameters vy
and v [1],

v =e "y, (2.43)

The relation states that the mass parameters on the visible brane at ¢ = 7 are scaled down
by an exponential warp factor e *"<™, compared to mass scales on the hidden brane at ¢ = 0.
Equivalent relations hold for any mass parameters m on the visible brane,

Myis = € " mypg (2.44)

By setting e*"<™ to the order of 10'®, TeV scale masses are obtained on the visible brane, which
correspond to mass parameters of the order of the Planck mass ~ 10 GeV on the hidden
brane. According to this scaling behaviour, the visible brane is usually denoted as the TeV
or infrared (IR) brane, whereas the hidden brane is denoted as the Planck or ultraviolet (UV)
brane. Possible gravity force mediating particles, the gravitons, would reside close to the hidden
brane, where the high scales hold. Then, the weakness of gravity can be explained by the small
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overlap of the graviton wave function in the fifth dimension with the visible brane, where the
SM particles are assumed to reside on. The crucial point is that the fundamental scale for the
SM particles can naturally be of the order of O(T'eV') on the visible brane. In this relation,
also the UV cut-off scale of the theory can be set to this energy range,

kre

Arp = Apye " ~ several TeV , (2.45)

for Ayy ~ 101° TeV. In this way, the apparently huge hierarchy between the Planck and the
electroweak scale is resolved. The weak scale can dynamically be generated by the background
metric for a slice of AdSs space, according to the formulas and (2.43)), for a fundamental
mass scale M ~ mp;. In this sense, the framework is working with natural choices for the
parameters, as

lSkSM%mpl, chNll, (246)
without introducing any larger, new hierarchies, compared to the ADD model [139]. Further-
more, the RS model predicts KK resonances with larger mass differences, whereas in the ADD
model the implied KK resonances of gravitons have mass differences of only a few eV. In this
regard, it should be possible to individually detect the single modes of gravitons via their de-
cay products [1]. But, the radius r. of the extra dimension has to be stabilized to insure the
relation €™ ~ 10'°. This can be achieved by the “Goldberger-Wise mechanism” [148,/149] by
introducing a scalar field in the bulk. This bulk scalar has quartic interactions that are localized
on the branes, and the minimum energy configuration, resulting from this setting, can yield an
appropriate compactification scale r..

2.2 The minimal Randall-Sundrum model

In the following, we will present a description of the actual frameworks of the RS model that will
be investigated in this thesis. In most parts, we will work with the most natural and upgraded
version of the RS model, in which all particle fields according to the bulk gauge symmetry,
including the Higgs boson, extend into the extra dimension (bulk-Higgs RS model). Initially,
the Higgs sector was strictly localized onto the IR brane, based on the motivation to solve the
gauge hierarchy problem. But, in principle, the setting with a bulk Higgs field can also resolve the
gauge hierarchy problem. Though the Higgs field can extend into the whole extra dimension, the
Higgs profile is exponentially augmenting from the UV brane to the IR brane, with a maximum
positioned onto the IR brane. The derivation of the correct Higgs mass demands for a very
slight amount of fine-tuning, such as around 1 in a 1000 [2]. The electroweak symmetry breaking
potential is localized onto the IR brane, and we do not consider quartic Higgs interactions in the
bulk. For the bulk-Higgs framework, we will consider a minimal implementation for the bulk
gauge symmetry. In addition, we will present two alternative versions of the RS model, one with
a brane-localized Higgs field (brane-Higgs RS model), and another one with an extended
gauge symmetry implemented in the bulk (custodial RS model).

In this sense, we are working with a version of the SM that is extended by a small and
warped extra dimension. The extra dimension has a curled up and microscopic behaviour,
and is chosen to be an S'/Z, orbifold that can be parametrized by a dimensionless coordinate
t € [¢,1]. The orbifold is bounded by two four-dimensional branes localized at the fixed-points
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at t = e = ¢ ™ ~ 10715 (UV brane) and ¢t = 1 (IR brane), similar to the framework of the
original RS model [1]. The metric of the model reads

2 1
ds* = E—Q <77W v Ve ) = ¢ 2y datde” — r?de? (2.47)
KK

The dimensionless coordinate ¢ |150H152] is related to the coordinate used in the original publi-
cation of the model ¢ € [—m, 7| by the relation

t = eekrlél | (2.48)

where both the radius r of the extra dimension and the curvature constant k are situated close to
the Planck scale, k ~ 1/r ~ mp;. The transformation properties from the ¢, or x5, coordinates
to the t coordinate are illustrated in Appendix [A.T] In this framework, the KK mass scale, the
mass scale of the lightest KK resonances, is determined by the relation Mg i = ke. Usually, one
defines the quantity L = krm ~ 33—34 as the “size” of the extra dimension, which is stabilized by
the ” Goldberger-Wise mechanism” [148]. According to the metric of the framework in (2.47)), we
observe that the quantity L dictates a correspondence of the high Planck scale at the UV brane
with the TeV scale at the IR brane, which is needed to solve the gauge hierarchy problem [1].
We consider a minimal amount of particle fields which are similar to the SM particle fields, so
that we extend the SM gauge group,

SU(3). x SU2), x U(1)y (2.49)

to five dimensions [150]. Also, we include a five-dimensional Higgs field, so that all particle
fields of the setting can propagate into the extra dimension. The calculations are performed
with an effective, four-dimensional description of the RS model that is valid at momenta lower
than the warped-down UV cut-off Ay ~ 10M g [153]. Due to the microscopic, curled up, and
periodic behaviour of the extra dimension, we can expand the initial five-dimensional particle
fields into the KK decompositions [137,]13§]. Every KK mode in the decompositions consists
of a four-dimensional particle field together with a profile function that defines the behaviour
along the extra dimension. The KK decompositions of the five-dimensional particle fields can be
inserted into the original, five-dimensional action of the model, while integrating over the fifth
dimension in order to derive an effective four-dimensional action. In this connection, the profile
functions of the fields have to fulfil particular normalization conditions, as well as differential
equations in dependence of the extra dimensional coordinate (equations of motion), to match
the resulting four-dimensional action with the action of the SM.
The original, five-dimensional action reads |24|154]

omr [Ldt €
S = /d4l’ e 7 t_4 [»Cgaugc + LHiggs + Lfcrm] ) (250)

with

1 1 1
Loange = —ZG’MGMN" — ZF&NFMN“ — ZBMNBMN , (2.51)
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and?
EHiggs - gMNDMCI)TDN(I) - [1'2|(I)|2 - Vioranes )
o (2.52)
Viranes = ked(t — €)kmyy | ®|* + kS (t — 1) | —kmygr|®* + ?)\|<I>|4 ,
and
Liom = Y f (iTYV o — My) f = [QY;P®d + QY edu + LY e + hoc.] . (2.53)
f

Here, ;—jr = /G is the square root of the determinant of the five-dimensional metric, and G%ns
b=1,....8, Fi;n, a=1,2,3, and B)sy are the five-dimensional field strength tensors of the groups
SU(3)., SU(2)r and U(1)y, respectively. The initial, kinetic terms for the fermions in the
action are modified compared to the SM, due to the curved space along the extra dimension
[1550157]. In this connection, the Dirac matrices in the curved space I'M = EA'44 have to be
included that are related to the Dirac matrices in the flat space v = (7#,ivs) by the fiinfbein
EA = diag(%, £, L, L, L) [157). Primarily, the covariant derivative, V; = Dy 4 wyy, includes a
second term with the spin connection wy;. Nevertheless, this term does not give a contribution
to the action in the RS model, because the metric is diagonal [155]. Then, the kinetic terms
obtained for the KK fermions are similar to the SM. Also, the kinetic terms for the bulk Higgs
field depend on the five-dimensional metric tensor, and therefore on the warp factor of the curved
space.

In the following, we begin with a more detailed description of the sectors for the gauge fields
and the Higgs field. Then, in the subsequent section, we will give a description for the fermion

sector.

2.2.1 Gauge sector and spontaneous symmetry breaking

The original parameters in the Higgs potential in have the mass dimensions [Myy] =
2kmyv] = 1, [Mg) = [2kmyg] = 1 and [A;g] = [F£A] = —2 of the fundamental energy scale,
which varies along the extra dimension [2,154], corresponding to the Planck scale at the UV brane
and the warped-down Planck scale, lying around several TeV, at the IR brane. Accordingly, a
possible |®|*term on the UV boundary would be suppressed by negative powers of 2 of the
Planck scale, and is neglected here. Similarly, such a term in the bulk would be suppressed by
an intermediate scale between the Planck and the TeV energy scales. However, the inclusion
of such a term would result in a significantly more involved structure of the Higgs sector, and
we refrain from including it, similar to the framework discussed in |154]. The mechanism of
the spontaneous symmetry breaking of the electroweak symmetry is induced by the IR brane-
localized potential, which is forcing the Higgs field to adopt a position-dependent vev v(t) in the
bulk. As usual, one can expand the five-dimensional Higgs field around this vev [2]

L _i§0+<x7 t)
e\ \/Lﬁ [v(t) + h(z,t) + i3z, t)]

Airk

O(z,t) = (2.54)

2Here, the dimensionless quantities myy = MQ’{! ,MIR = ]‘/2[? and A = are defined from the dimensionful

parameters Myy, Mrr and A\rg, where [Myy]| = [Mjgr] = 1 and [A;g] = —2, respectively.
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where h(z,t) is the physical, five-dimensional Higgs scalar. For convenience, we have extracted
the factors #, so that the remaining components in the decomposed Higgs field, as the Higgs
boson and the vev, have a mass dimension 1. The Lagrangian of the Higgs sector,

2mr Lar Te? v e !
te = ([ 5 |G @800.8) - M (00D 00) ~ w2 o (2.55)

—§<t — E)k’QmUv|(I)|2 + (S(t — 17) [MIQ{KEQm[R‘(I)‘Q — 27’)\64‘q)|4}) s
reads, by keeping only the terms for [v(t) + h(z,?)], and after a partial integration, as
2 2

Cino =7 ([ 7 |@h02.0) @) = "= 000) 4 o)

+t2 M i [0(t) + 2h(z,1)] O, (%38,5 (tv(t))) + 2 M3 o h(w, )0, (tlgat (th(x, t)))]

— 2 myy [v(e) + h(z, )] + M2 emrg [v(1) + R(D)]* = X [o(1) + A(1)]*

1
- My [t—Q

€

(v(t) + 2h(z, 1)) B, (tv(t>)+t12h(x,t)at (th(a:,t))} ) .
(2.56)

Demanding that the terms that are linear or quadratic in h(z,t) should cancel on the UV and
IR branes yields the boundary conditions [2]

0 [0 = move() . B (O)]lecy = mase(1) — v 0(1)°
e o (2.57)
O [th(z,t)]|,_. = muvh(z,e) , O [th(z,t)]|,_;- = mrh(z,1) — M}(Kv(l)Qh(x, 1) .

By means of a variational principle with respect to the vev v(t), applied onto the Lagrangian,
one obtains the following equation of motion for the t-dependent vev [2}/154}157-159],

1 u? v(t)
o) (t—3 8t[tv(t)]> — 2o o(t)=0, & (£ +1t0, - 5°) — (2.58)
introducing now the bulk-Higgs localization parameter 32 = 4 + Z—; So, in order to determine a
formula for the Higgs vev v(t), one has to solve its defining differential equation (2.58)) subject
to the boundary conditions (2.57). The general solution reads [2]

v(t) = N, (¢ —r,t' 7)) (2.59)
where
Q—B—TI’LUV 2)\ [I—Tv]g
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Usually, one assumes that S must be a real and positive number and obeys to the Breitenlohner-
Friedman bound p? > —4k? [160]. Moreover, it does not necessarily have to be larger than 2.
Unless 3 is very close to zero, or myy is extremely fine-tuned to the value (2 — (), the coefficient
r, o< €28 in is extremely small, and can be set to zero for all practical purposes. In this
case, we obtain

v(t) = v(1) 7 v(l) = \/A?;K (mir — (24 08)) , (2.61)

by dropping terms of the order of € ~ 10~ and smaller. The solution predicts the vev to be
peaked towards the IR brane. For that reason, the RS model with a bulk-Higgs field can also
resolve the gauge hierarchy problem [157,/161]. For varying choices of 3, the Higgs vev is plotted
in Figure 2.4, We can observe that in the limit of larger values for §, it approaches to an IR
brane-localization. Such a brane-localized Higgs scenario will be discussed later. The constant
value for the Higgs vev v(1) on the IR brane should be a real number, and A > 0 is required by
vacuum stability, so that an upper bound follows on the parameter j3,

0<ﬁ<mm—2. (262)

The relation between the parameter v(1) and the physical value vgys of the Higgs vev in the SM
can be determined, for example, by the mass terms for the W and Z bosons [2],

1 2.2
g2 [dt v g {W;(x,t)W“(x,t) +

L) t 4 Zu(x, t) 2" (x, 1) | (2.63)

. 2cos20yy

To the lowest order in v?/M% -, the five-dimensional gauge coupling is related to the gauge
coupling g of the SM via g = g5/v/27r [162], and the profiles of the zero-mode W and Z bosons

are constant in the extra dimension, XEW’Z] (t) = 1/v27 + ... . Then, the relation between the
vev parameters follows,

or [Ladt T
) 7" s

€

_ A2 T4
= Mick L(1+8)2)\

v3 v(1)? (2.64)
where 0 = m;r — 2 — . The remaining parameter vy, which we will write as v in the following,
coincides with the SM parameter vgys to the lowest order in an expansion in powers of v?/M% .
The first order correction can be determined from the shift of the Fermi constant in the RS
model, which will be given later in (2.221f). With this result, one can obtain the following

expression for the t-dependent vev [2]

L(l + 5) {18
—7r .

v(t) = vy (2.65)

One can choose the following KK decomposition for the Higgs field

M, t) = 3 XEOR() | (2.66)
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Figure 2.4: Plot of v(t) and xg(t) for different values of 3, and L = 33.5, Mgy = 5 TeV. For
higher values of 3, one can observe that the functions approach to an IR brane-localization.

where the zero mode h(®)(z) corresponds to the Higgs boson of the SM. The profile functions
have to obey the normalization conditions

o [ldt
f 7 an(t)XZ(t) = Omn 5 (2‘67)

in order to ensure that the kinetic terms of the effective, four-dimensional Lagrangian are canon-
ically normalized. To obtain canonical, four-dimensional mass terms for the KK Higgs bosons,

the equations of motion 159

2 3 I hy\2 h _ 292 2¢, h\2 2X2(t)_
(2.68)
apply further for the KK Higgs profiles. The general solution to the equations of motion reads
XE(t) = Not [Js(znt) — 1, Ya(znt)] (2.69)

and by applying the UV boundary condition, one finds again that r, oc €2 is negligibly small
in most areas of the extra dimension, except of the region ¢ ~ e. Including the normalization
condition, one can further derive

I tJs(xnt)
- JE ‘ (2.70)
\/;\/Jg(xn) = Jp1(zn) Jo-1(an)

The boundary condition on the IR brane determines an eigenvalue equation for the masses of
the scalar KK modes, reading

Tndpy1(Tn)
Jﬁ(xn)

where 0 = m;r — 2 — [ has been introduced before. The parameter ¢ is important in finding
the solution to the gauge hierarchy problem in the bulk-Higgs RS model, since it determines
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the amount of the Higgs vev, and the mass of the zero-mode Higgs boson as the lightest Higgs
resonance. A little hierarchy problem remains, however, because a natural parameter 6 of O(1)
would imply a Higgs vev and zero-mode mass of the order of the KK mass scale Mg, which
cannot be less than a few TeV, empirically. Instead, one has to assume that

5:mm—2—ﬂ<<1 (272)

in order to obtain a realistic Higgs vev and zero-mode mass, my,v < Mgk [2]. With this
adaptation, one can expand the relation (2.71]) in a power series of §, and finds

2 2
9 mj, ) 20
_ 414 B)8 |1
T, (1+5) 258 242G+

With My = 2 TeV, for example, one needs (1 + 3)§ ~ 1072. In this sense, we see that the
enormous amount of a fine-tuning, needed in the SM to compute the physical Higgs mass, is
drastically reduced in the bulk-Higgs RS model. For that reason, the model can be considered

as a suitable approach of new physics to the gauge hierarchy problem. An approximate solution
for the zero-mode Higgs profile, given in (2.70)), for m;, < Mk, reads

o=t B [ s (o e o () - e

where we have skipped terms with powers of e. This approximate solution will be used in
the subsequent calculations of the thesis. As a last step, one can relate the parameter A to
the physical value A4 of the Higgs self coupling. For that purpose, one can consider the four-
dimensional, effective Lagrangian for the zero-mode Higgs field to the lowest order in v?/M% .,

7| (2.73)

4L

1 2 L
Litige 2 50, (@)W () - %h@ (2)2 —v==(14B)2AhO (z)3
T

—Z(1+8)2AO )t (2.75)
T

which has been obtained by an integration over the extra dimension. By comparing it to the

corresponding SM Lagrangian

mp o 5 AsM 4
ESMB—Th _,USMASMh —Th s (276)

where m} = 2\gp0%,,, one can derive from either of these terms the following relation to the
leading order [2]
4L

PVIVESD YR ?(1 + B)%\ . (2.77)

The relation between Agpr and Ay receives higher-order corrections in v?/M% ., depending on
which of the three couplings is used to perform the matching [2].
The electroweak gauge fields are described as the gauge eigenstates in the Lagrangian .
As usual, one can perform the following field redefinitions for the mass eigenstates after elec-
troweak symmetry breaking |154]
1

W= (T ia) . AumswdlbaB . Zu=edh s, QT
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where .

Sw= e, Gy = e (2.79)

Vi + 97 92+ g5
Here, g5 and g; are the five-dimensional gauge couplings belonging to the groups SU(2). and
U(1)y, respectively. To the leading order, they are related to the four-dimensional gauge cou-
plings of the SM by the relation g5 = \/ﬁg4 [162]. We define the five-dimensional gauge boson

masses as M.
My = % . My =" (2.80)
Cw

From the four-dimensional point of view, the five-dimensional gauge bosons can be decomposed
into a four-dimensional vector part with the Lorentz index p and a scalar part, where we choose
[3,/150]

Ay = A, + ktA, (2.81)

with A = W+, A, Z G. Both parts individually decompose in the KK decompositions. For the
vector parts, the decompositions read [3,(150]

u(x,t) \/_an A” : Wa( £(z,1) \/_an (x) (2.82)

where similar expansions can be chosen for the Z-bosons and the gluons. In the bulk-Higgs
RS model, the decompositions for the scalar parts are included in the definitions of Goldstone
bosons and new, physical scalars, as will be presented in the next section. The profile functions
of the KK gauge bosons form complete sets of even functions on the orbifold. The normalization
conditions,

dt
Al () A (1) =
2 [ O = . (28

apply, with [A] = A, W, Z,G, in order for the action to be compatible to the four-dimensional
kinetic terms of the SM fields. To obtain canonical, four-dimensional mass terms, the profiles
have to follow the equations of motion [154.|157-159,/163],

2

1 Mz
0F = 50— e R+ 4 @) | ) = 0, with [A] = W2
t 2ME

(2.84)
62——@ + () } X2 @#) =0, with [A]=A4,G,
which define the profiles and masses mi of the KK gauge bosons. In order to ensure the existence
of zero modes, Neumann boundary conditions are chosen for the profiles at the branes [154]
8, YA (¢t )‘t:ﬂ =0, (2.85)

with [A] = A, W, Z,G. Due to U(1)en-gauge invariance, the zero-mode photon has to be massless,
m{ = 0, resulting in a constant profile function along the extra dimension [162],

1
X (t) = Nl (2.86)
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Figure 2.5: Plot of Dgy(e, 1) from (2.90) in dependence of x,, = m,,/Mk.

This applies also for the case of the zero-mode gluon. Instead, for the zero-mode profiles of the
massive gauge bosons, one can solve the equations of motion by applying an expansion in powers
Of m%/V/MI%Kv

- 1 m¥, [t? (1 L2842 1 1 1
o= = (155 [5 (5 m0) + - T+ a -t ])
(2.87)
where terms of the order of €2 and smaller are neglected, and for the Z boson profile, one has
to replace W — Z, accordingly. In the profile here, the relation m?, = m3%, has been applied
that holds to the lowest order between the physical mass of the W boson and the parametric
mass mwy = ; \9/52%, predicted by the IR boundary condition. Higher order corrections to that

relation can be derived by determining the W boson profile up to the order O (m, /My ), and
by applying the IR boundary condition on that result, where one can find

s o (i [ 2L(4BP  (1+AB+A 1
= W(l 2M {<2+6>(3+2B> (2+ B)? +2L]+ > (2.88)

For the Z boson mass, one has to replace my, — myz, and my — my —”(95\/1’5)”
For the higher KK states n > 1, the general solution for the profiles of the gluons or photons,
defined by the second equation of (| , reads

X)) = t[CrI(wat) + CoYi ()] (2.89)

which is a combination of Bessel functions. From the UV boundary conditions, we find that
Cy = —=CyYy(exy,)/Jo(exy,), so that the IR boundary condition gives

Doo(e, 1) = Yo(wn) Jo(exn) — Jo(mn)Yolex,) =0 | (2.90)

which determines the mass eigenvalues z,, = m,, /Mg for the KK gluons or photons. The
remaining constant Cy, defined by the normalization condition in ([2.83]), drops out here. Now,
we can numerically solve for the roots of Dy(e, 1), and we get:

Doole, 1) =0, = 1z, ~ 245, 557, 8.70, 11.84, ... . (2.91)
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These roots can also be observed from Figure where the course of Dyg(e, 1) is plotted in
dependence of x,. The lightest KK mass state of the RS model, which is the KK gluon or
photon, lies at m; ~ 2.45 Mgg, accordingly [162]. This result is valid independently of the
Higgs localization in the extra dimension, because the gluon and the photon do not directly
couple to the Higgs field, and the differential equation in the second row of does not have
any dependence on the Higgs field.

The extended scalar sector of the bulk-Higgs RS model has been studied for example in
[154,(157,|158,/163], and below we follow the presentation from [154]. In the RS model, one has
to enlarge the usual gauge-fixing Lagrangian of the SM in order to remove all the mixing terms
between the four-dimensional vector gauge fields and their scalar correspondents. For the W
bosons, the following form can be chosen, in this connection,

Leor = —g {(%T/V“Jr S (M?(Kt O (WT;F> + MW% 90+)}

oW — M2t O W, +M@f | (2.92)
o in(() )

or

The terms for the photons, Z bosons and ¢* [154] are skipped here, as these terms are not
explicitly needed in this thesis. The Goldstone bosons of the model are defined as those linear
combinations of scalar fields that are multiplied by the gauge parameter &,
Wi t
G* = Mzt 0, (—t) + Mww ot . (2.93)
t ur
Then, the gauge-fixing Lagrangian adopts a form similar to the SM. By means of a variational
principle, one obtains the following equations of motion for the fields W;* and ¢* [154]

2 2
O + MI%[/?}(t) Wi+ MWM&& (L¢i> —£0,G* =0, (2.94)

v2r v2r v(t)

t 2
Oyp™ — M2 t0, (t° o [t@i}) — My M3 L)t Oy (U( ) Wti) + 2 p*

2
t v(t v2t (2.95)
+ fMWwGi =0.
v
These equations allow to define the new, charged physical scalar fields,
oF = Myx <Wti + (My) ™" 0, {%wib , (2.96)

following the demand that their mass terms in (2.94) should be independent of the gauge. In
order to check the definitions, one can add Mz t0; (t71(2.94)) to My 2@ ([2.95), and one can

ur

use the relation p? = k*(3? — 4) from equation (2.60)). In this way, one derives the equations of
motion for the charged Goldstone bosons G* [154], as

+ 2
0,GF — M2 tO, (atf ) + 5M5Vﬂ(;i =0, (2.97)

v2r
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which can be compared with the equations of motion for the gauge boson profiles in . One
can identify the mass term for the KK modes in (2.84)) with minus times the term with the box
operator in . Then, one can observe that the Goldstone bosons and their KK excitations
have similar profiles as the gauge bosons, and their masses are related by

(mg)? = &(my)* . (2.98)

This confirms that the Gauge-Goldstone equivalence theorem is fulfilled [154]. The equations of
motion for the charged physical scalars ¢* can analogously be derived by adding My (2.94) to

Miicg, | 25 (2.95)] , vielding [154/157,158,163

My

t 2
Oyg™ — My 0, (871770, [t'72P6%]) + M&V”(Q) o= =0. (2.99)
vir
We choose the KK decompositions for the charged Goldstone bosons and physical scalars as
follows

Zm (OGED (), ¢F(a,t) = Z mg X4 ()™M (x) . (2.100)

MWv

Similar to the SM, the Goldstone bosons G (z) form the longitudinal degrees of freedom of
the W bosons and their KK excitations. The profiles follow the same equations of motion as the
gauge boson profiles in equation ([2.84]). The equations of motion for the profiles of the physical
scalars read

it o) + 199 (t—l—”a [tﬁ qf’i(t)]) My vt oy _ g (2.101)
M2, Xn t L A M2, ot X T '
where the boundary conditions [154]
Wl =0 (2.102)
t=e¢,1

are chosen to ensure that the decompositions of the scalars do not have zero modes. Such zero
modes are excluded empirically. The profiles have to fulfil the normalization conditions

o [tdt + o [tdt . +

T e X% (t)X?’GL (t) = 5mn ) _ e Xd) ( )Xﬁ (t) - 5mn ) (2'103)

L J. t L J. t
in order to derive proper kinetic terms for the four-dimensional scalars =™ (z) and Goldstone
bosons GF™(z). We can invert the KK decompositions for the Goldstone bosons and scalars
in equation ([2.100|) by using the equations of motion to obtain the KK decompositions for the
fields ¢* and W;*

:i o LS 0620 0) = 299, (1 () 6 0)]

1
S
L Vrm

(2.104)
@(t) MW ¢i

Wit =
t 'UT'MKK m¢i

0 (XG0 G+ + 0 )]
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In this sense, a framework with a bulk-Higgs field results in different physical predictions for
the scalar field content, compared to a brane-Higgs framework. One combination of the fifths
components of the gauge fields A; and the Goldstone bosons in the decomposition of the Higgs
field ; remains physical, and gets an explicit, gauge-independent mass term. In this way,
additional physical scalars are predicted in the bulk-Higgs RS model, whose corresponding KK
modes are physical fields and do not decouple in the limit of the unitary gauge where & — oo
[164]. In addition, a second combination of the A,’s and ¢;’s provides the longitudinal degrees
of freedom for the vector gauge bosons in the KK towers, and disappears in the unitary gauge,
which are the “unphysical” Goldstone bosons. Altogether, taking into account the Z-bosons,
photons, and the corresponding scalar fields, three KK towers of physical scalars are predicted,
which do not contain zero modes, and four KK towers of Goldstone bosons are predicted, where
three of which contain zero modes.

2.2.2 Fermion sector

The Lagrangian defines the fermion sector of our system, where in the sum the index f
runs over f = Q, L,u,d,e. Here, Q = (U, D)T and L = (V, E)T are doublet fields under SU(2),
and wu,d, e are singlet fields, where each of which are three-component vectors in generation
space [154]. The five-dimensional Lie algebra can only be fulfilled by irreducible four-dimensional
representations, causing the left-handed and right-handed KK fermions to identically transform
under the five-dimensional SU(2)-gauge transformations. This is the reason why one includes
SU(2), doublet and singlet fields of both left-handed and right-handed chiralities in the model,
in contrary to the SM [150,155,156]. Only the left-handed doublet fermions and the right-handed
singlet fermions have even Zs-parities, and have zero modes in the KK decompositions. So, the
SM fermion content is guaranteed in the lower energy range. In the following, we use a compact
notation, where we collect the left- and right-handed components of the up- and down-type
quarks and leptons into the six component vectors [2,5]

re? [ Fa(z,
./TA(ZE,t):\/t; <f:(<x:))) , (2.105)

with F=U,D,E,and A=L,R, F=U,D,FE, and f = u,d,e. The KK decompositions for the
fermions are chosen as follows [2,/5]

=\ Sl
(2.106)
€ = (Snan @
Fale,t) = /5o AP0 =Y (Cf((?)af> i (@)

The index n of the KK decompositions labels the different mass eigenstates in the four-dimensional,
effective theory, so that n = 1,2, 3 refer to the SM quarks and leptons, whereas n = 4, ..., 9 la-
bel the six fermion modes of the first KK level, and so on. The profiles have to follow the
normalization conditions [150]

1
/ di Fgmﬁ(t)ff(ln) (t) = Omn A=L R, (2.107)

€



58 2.2. THE MINIMAL RANDALL-SUNDRUM MODEL

in order to obtain four-dimensional kinetic terms for the KK fermions that are compatible to the
SM. The functions Ci/*/! (t) and il (t), with F' = Q, L, and f = u,d, e, are diagonal, 3 X 3 ma-
trices in the flavour space [150]. The three-component vectors i) describe the flavour-mixings
of the five-dimensional interaction eigenstates into the four-dimensional mass eigenstates, gen-
erated by the Yukawa interactions [150]. For the zero-mode fields, with n = 1,2, 3, the rescaled
vectors i/l = ﬂaLF’f ] obey to single normalization conditions

albMglhdl — 1 (2.108)

where the vectors belonging to different n are orthogonal to each other. In order to obtain
canonical, four-dimensional mass terms, the fermion profiles have to fulfil the following equations
of motion [2}5]150]

d n n n

ZFL (1) =~ F (1) + M0 F(8)

J (2.109)
— 2T (6) = —anF () + MO FF (1)

where x, = my, /MK are the mass eigenvalues, and

M(t) = - (CF 0 > L VR s (Y?DT Y?D) (2.110)

t\0 —c; V2 Mk : 0

t
is the generalized mass matrix for a scenario with a bulk-Higgs field [2]. At this point, we
introduce the matrices cpr, which contain the dimensionless c-parameters cp, = +Mp;/k and
cf, = —M;y;/k. Without loss of generality, these matrices can be taken to be diagonal [150].
The five-dimensional Yukawa matrices Y?D have the mass dimension -1/2. The dimensionless
Yukawa matrices Y ; are defined by [2]

_V k(l_"ﬂ) Y5D (2'111)

= 2+vp

which are assumed to have a non-hierarchical structure in contrast to the SM. Their entries are
random complex elements of the same magnitude, bounded by a maximally allowed entry v, so
that

[(Y)ii| < ws (2.112)

applies. The observed hierarchies in the zero-mode fermion sector are explained by a geometrical
realization of the Froggatt-Nielsen mechanism, as it will be explained in the next section [150,153|
154/157,165-167]. In brane-Higgs or very narrow bulk-Higgs scenarios, the upper bound on the
entries y, should not be greater than 3, following the demand that the one loop corrections to the
Yukawa couplings have to remain perturbative [2,/153}|159]. Instead, for a bulk-Higgs framework
with a small 5 parameter, the bound can be slightly relaxed to higher values [154]. However,
there is no firm theoretical reason why v, should take values very close to the perturbativity
bound, and in this sense, we choose the values y, = 1,2, 3 in our subsequent numerical analyses.
The boundary conditions for the fermion profiles imply that the profiles that correspond to KK
decompositions without zero modes vanish on the two branes [2,5,150],

o0 DFYE) =0, (1 0)FM(t) =0, (2.113)
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for t; = {e,1}. From these conditions and the equations of motion, one can derive the ap-
proximate zero-mode fermion profiles, valid up to the order v?/Mz - [155/156,|168|, as follows

teF F(CFZ)CAI,?

%
M I+cy, —cy, 1+2cy, ~f | 24B+cp, Y i A p ,
MZK [_ ”(14‘20%-) (t i -t e Ch) Flep)a; +1 " TQJF(CF]')@J']

v m CF. —cp, cr. ~ 24-B4cr, Yiij ~f
F](%O)(t) — | Mxx [v(HggFi) (tH Fi—tTorel e FZ) F(er)al —t s %F(ij)aj]
tcfiF(Cfi)dzf
(2.114)
where we have defined the abbreviations
1 + 2C F? ~ 2 —I— 5 Y i
Fleppy) = 1 ]] Vi = 2+ 5)¥yss (2.115)

1 —elt2ars 2+ B+er +cyp)

F(cipy) is usually named the “zero-mode profile” [150,155,156]. Using these approximate
profiles, the IR boundary conditions determine the following eigenvalue equations

F L?TeHAF

my,al, = okdi a, my, Qb = %Yjﬁ&{i : (2.116)
where we define
Vil = F(er,)YyiF(cy,) - (2.117)
These can be combined to the equalities |150]
02 o~ o n V2~ ~
(mfenl — EYjﬁYjﬁT> ak =0, (m§n1 — EijfTYjﬁ> al =0. (2.118)

To the lowest order, the mass eigenvalues my, are the solutions to the equation
2 V2 ettt

One can see that the ai*! are the eigenvectors of the matrices ?;ﬁ?;ﬂ and ?;HT?S’CH (with
n=1,23and F = U D,E; f = u,de). Moreover, they form the columns of the unitary
matrices Uy and W appearing in the singular-value decomposition |150],

Y =U AW (2.120)

2 2 2
>\u - L—dlag (mua me, mt) ) Ad = idlag (mda ms, mb) ) /\6 = idla‘g (m€7 my, mT) .
v v



60 2.2. THE MINIMAL RANDALL-SUNDRUM MODEL

With the help of the redefinitions (2.105)), (2.106)) and (2.111)), the Yukawa interactions of the
Higgs boson with up- and down-type quarks and leptons can be written in the form [2,5]

Logr=— > > gh.hO@) " (@) £ (x) + hec. (2.122)
f=u,d,e mn=1
where
2 ! m 0 Y .
G = ( \J/F;) / dt ,/ﬁx'é(t) Fit) (Y} Of) F)

2 2 1
= L(liﬁ)( Zf )T / dt x;(t) [ai*%(t)YfC,{(t)ag+agjsg(t)y}s5(t)a5] .

(2.123)

The function xg(t) denotes the zero-mode Higgs profile along the extra dimension, as given in
. In the calculations of the Higgs processes in this thesis, only KK diagonal Higgs couplings
to fermions with m = n will contribute. In general, even the diagonal Yukawa couplings are
complex numbers, in contrast to the SM. A second term is induced in the Lagrangian of the
Yukawa interactions [5],

Lif ==Y > [Re(gh) B@)f™ (@) " (@) + i Im(gf,) B (@) F @)y f ™ (2)]
f=u,d,e n=1
(2.124)
given by the imaginary part of the Yukawa couplings g/ . This term creates contributions to
Higgs processes with an odd behaviour under the CP symmetries that are not present in the
SM.

2.2.3 Higgs sector on or very close to the IR brane

In this section, we describe the basic ingredients of a framework with a brane-localized Higgs
field in the RS model. We consider the five-dimensional Lagrangian [150]

orr [ dt e

7] Ta (Lw,B + Ltiggs + Lar + LEp + Leermion) (2.125)
where the kinetic terms of the gauge bosons are similar as before
Lwp = GEMGHN (—iW;’gLW&N — }lBKLBMN> , (2.126)
and the brane-localized Higgs Lagrangian reads
Litiggs = gé(t — 1) [G"™(D,®)'D,® — V(®)] , V(®) = —p2®Td + \(®Td)? | (2.127)

with the Yukawa terms

k . _ _
Lvuawa = 50(t = 1) QY P®d+ QY edlu+ LY Pe+hc] . (2.128)
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The Higgs field can be decomposed as

1 —iV2¢" (z
(z) = — oo : (2.129)
V2e \v+ h(z) 4 i3(z)
where the factor % is extracted to obtain a canonical kinetic term for the Higgs boson,
1 1 pre’ 2 A 4
Lhiggs = [ dt 6(t —1) 58’%8“}1 + T( + h)? — Z(U +h)*) . (2.130)

Then, the vev is v = & ~ 246 GeV, and ot = (p' Fip?)/V/2 is defined as usual. We see that
the Higgs mass parameter p can have a high value at the Planck scale, and gets suppressed in
the Lagrangian, whereas the parameter A is of O(1). Then, the covariant derivative, acting on

the Higgs field, reads

Do L —iv2 (Oup™ + My W)
g V2e Iuh+ i (0u® + Mz Z,)

where the gauge boson masses are defined as before. Again, we can decompose the five-
dimensional gauge boson fields as Ay = A, + ktA;. In order to remove the terms that mix
the vector gauge bosons and the scalar components Wi, Z, and A, one has to include the
following gauge-fixing Lagrangian [150]

2 Ay ’

> + terms bi-linear in fields , (2.131)

t4
Lop = ———
GF 2564

2
(2 e [T D (2]

ko(t —1 Wt
+ 2 (aﬂwj —¢ [%MWW + M3 4 t0, (%)D

X (8“Wu —¢ [%_DM{,W + Mt (%)] )] :

For the consistency of the theory, it is important that one can integrate by parts in the action
without encountering boundary terms. Otherwise, the Lagrangian would not be hermitian. The
o-function terms on the IR brane give rise to discontinuities of some fields at that border of the
extra dimension, which jeopardize this feature. To define the model in a proper way [150], the
O-functions have to be considered via the limiting procedure

(2.132)

d(t—1)= lim §(t—1+80). (2.133)

0—0+
In this way, the discontinuities are moved into the bulk, and proper boundary conditions at the
branes can be assigned to the fields, consistent with an integration by parts. All calculations are
performed at a small but finite §, and, at the end, the limit 6 — 0" can smoothly be performed,
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giving rise to well-defined jump conditions for the fields and their derivatives at the IR brane.
This is indicated by the notation f(17) = limg o+ f(1 — 0) for a function that is discontinuous
at t = 1. The KK decompositions for the gauge bosons can be chosen as [150]

[A],u(x, 1) \[Z XAl [A],(, t) \/_Z M oA(t) , (2.134)

where [A] = A, Z, W*. Again, [A]" are the four-dimensional mass eigenstates, and the profile
(4]

functions xr ' (t) form complete sets of even functions on the orbifold, fulfilling the normalization
condition 27 [ ' e i (t)xL,A}(t) = Omn, as before. The scalar fields in the decomposition of the
Higgs field can be expanded into the same basis of four-dimensional, scalar mass eigenstates as
the scalar components of the gauge bosons [150],

My xV (17) M

+ _ W Xn +(n) Z Xn n)

ot () = ; e (@) Z N mZ () | (2.135)
The masses of the scalars ga[(z]) are \/qu[lA] that are related to the masses of the four-dimensional

vector fields ml by gauge invariance. From the five-dimensional action, the equation of motion
for the gauge boson profiles follows as [150}/162,/169]

[A]\2
o (o] ) =~ 0+ S e
where the boundary conditions at the branes read
M2
a0 =0, andan) = —Tg;gxww . (2:137

From these relations, one can derive the mass eigenvalues mi . Altogether, the theory with a
brane-localized Higgs field contains a tower of massive gauge bosons7 accompanied by a tower
of massive, unphysical scalars, and one Higgs field with a mass my, = v/2\v [150]. Similar to
the SM, the unphysical scalars provide the third degrees of freedom for every KK gauge boson
in the unitary gauge.

One can introduce the four-dimensional gauge coupling ¢ that is related, at the lowest order,
to the five-dimensional gauge coupling by ¢ = gs/v2nr [162]. The zero-mode photon and
gluon fields have flat profiles, ng’g] = \/%7, whereas the profiles of the heavy gauge bosons get

corrections that scale with v?/M2% . To the first order, these profiles read [150]

m2 1 mt
(W.Z] 2 (W, Z]
1 1——+8(1-2L—2nt) | +0O . (2138
+4M§(K( p it n))+ (M;‘(K)] (2.138)

Again, from the IR boundary condition, one can derive the physical masses of the gauge bosons
in dependence of the parametric masses m¥, = ¢g*v?/4 and m% = (¢° + g'?)v?/4 [150],

2 2 m%WZ] 1 vt
m =m 1- (L—1+—)+O( ) : (2.139)
2] 2] 2MF 2L Mg

1
Xw,z)(t) = NG
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From Figure before, one can recognize that the vev and the zero-mode Higgs profile
become localized close to the IR brane in the limit 8 > 1. In this limit, one can identify 1/3
with the width of the Higgs profile [2], and the regulator n used in a brane-Higgs scenario.
Considering the Yukawa coupling terms, one can derive the matching relations between the vev
v(t) and the Higgs profile x2(¢) of the bulk-Higgs scenario and the corresponding distributions
s/° (t—1) and 5,{/ P(t — 1) in the brane Higgs scenario [2]. For a bulk-Higgs model, the Yukawa
coupling terms read, as given before,

bulk )+ 20, hnl(x)xh(1) 1 0 Y7
b Z/ a 5 Fult, )I(Y?E&k ' ).FR(t,:c)Jrh.c.,

(2.140)
where the five-dimensional Yukawa matrices Yggulk have a mass dimension of -1/2. In a model
with a brane-localized Higgs sector, the Yukawa coupling terms read, instead,

brane t_ 1 +h’( )6Z(t_ 1) T k 0 Y?D
e Z / v Fultealg (yam g ) Faltn) +he.

(2.141)
using similar redefinitions as in the bulk Higgs model in (2.105)), and the KK decompositions
for the fermions from (2.106)). Here, the five-dimensional Yukawa matrices YJEZD have a mass
dimension of -1. In order to match the two expressions onto each other, one has to rewrite the

functions v(t) and x§(¢) in terms of functions of a unit area, which can be mapped onto the
normalized distributions §7(t — 1) and o, (t — 1) [2],

\/7\/1+ 5Bt 1)
2+

\/>\/—1+ [ Bm2 . ]51/%_1) -
2+ AMZ(1+B)(2+B)(A+8) ] " ’
with
5,0t —1) = (2+ )t
s - 2 i (2.143)
6,/ (t—1) = (2+ p)t**” {1_—4M?<K(’1+6) (t2 4+B)+ } .

The relations between the Yukawa matrices in the two different scenarios for the Higgs localiza-
tions can be determined by considering the bilinear fermion terms of the Yukawa interactions,
resulting in [2]

2/ 2+

Equally, one could have used the hf f-couplings, where in this case the above relation would
receive corrections of O(m?2 /M2z ). It would be wrong to conclude that the Yukawa matrices
Y vanish in the limit § — oo [2]. Rather, the dimensionless Yukawa matrices should be
considered as fixed quantities that are related to the observed quark masses and mixing angles

Y= Yt - (2.144)
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of the SM. Then, it follows that the dimensionful Yukawa matrices YD, must scale with

VB/k = /i/k |170]. Since § = /4 + p?/k? is naturally of O(1), the limit of a very large 3 is
not particularly natural [2]. For large /3, one encounters instead

%N N% or k<<u~%. (2.145)
For a large parameter /3, the parameter k is needed either to be significantly smaller than the
Planck scale, and yet 1/r should be smaller by an order of magnitude, or one has to assume
that p and Mg lie significantly above the Planck scale. The latter choice would be especially
unnatural for the parameter Mg, which is naturally situated at the warped down Planck scale
around several TeV. For that reason, the first possibility appears more plausible. In addition,
increasing the parameter [ by lowering the curvature parameter k does not significantly affect
the relation Ay &~ Arrp® [2].

Nevertheless, the “narrow bulk-Higgs scenario” forms an interesting, intermediate scenario
between a bulk-localized and a strictly brane-localized Higgs scenario of the RS model. For
example, the fermion loop-contributions in Higgs processes significantly differ between a narrow
bulk-Higgs scenario and a brane-Higgs scenario. For the Higgs production through gluon fusion
and the Higgs decay into two photons, the results in both scenarios, in good approximation,
have equal amounts but an opposite sign [2]. It has been explained that the difference is created
by a “resonance effect”, where in the narrow bulk-Higgs scenario, very heavy KK modes with
masses of the order of the inverse Higgs width 1/n give an unsuppressed contribution to the
loop amplitudes [2,[5,[151}/152,171,|172]. Between the results of both scenarios, not any smooth
interpolation can be found, as the effective field theory description of the RS model, valid up to
the position-dependent UV cut-off

) _ € = ATev

= mpi =
breaks down in the intermediate region. So, with the help of the cut-off, one can distinguish
between different scenarios for the Higgs localization. From the four-dimensional point of view,
the operators, generated by the Yukawa interactions, have an amount of Iva| for a Higgs local-
ization near or on the IR brane. By comparing the amount of the Higgs width n with the size
of these operators, one can distinguish between brane-Higgs and bulk-Higgs incarnations in a
sense that the high momentum KK modes of the theory can or cannot resolve the shape of the
Higgs profile, and do or do not contribute in scattering amplitudes [2]. For the case

AUv(t) ~ mple_U (2146)

n <K vl¥l , (2.147)
Atev

the Higgs profile cannot be resolved by the high momentum modes of the theory. This is even
true for a possibly non-zero width of the Higgs profile. Such a scenario is referred to as the
brane-Higgs scenario. The relation should be considered as a condition on the Higgs
width, or regulator n, at a fixed, physical UV cut-off Ar.y. In a brane-Higgs scenario, one can
perform the limit n — 0, which strictly localises the Higgs sector onto the IR brane. In the
contrary case, all the momentum KK states can resolve the features of the Higgs profile for a
Higgs width as [2]

Y,
n > %fv' . (2.148)
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Then, higher momentum modes can give sizeable contributions to amplitudes. Such a scenario
is referred to as the bulk-Higgs scenario, and will be considered in most parts of the thesis. And,
a third, intermediate scenario can be considered for a narrow Higgs profile, fulfilling [2]

v]Yy| v]Yy|

<KL —F. 2.149
Arev 7 Mgk ( )

In this case, whereas the lower momentum KK modes cannot resolve the effects caused by the
Higgs profile, the very high momentum modes can resolve the Higgs width and may give strong
contributions to amplitudes. For that reason, such a framework is different compared to the
brane-Higgs scenario, in which none of the KK modes can resolve the Higgs profile. There is no
smooth transition region between the two scenarios, because the effective field theory approach
is not valid there. The relation (2.149) shows that the limit 7 — 0 would put Az.y to infinity,
which cannot be allowed in a theory that is not UV complete. In such a case, the solution
to the gauge hierarchy problem also would no longer be maintained. Power corrections, as
represented by higher-dimensional operators in the effective Lagrangian of the RS model, scale
like (M gk /Atev)” for a brane-Higgs field. On the contrary, they can be enhanced up to O(1) in
the intermediate region of the scenarios, scaling like (Mgx /nATev)™ in this case [2]. Then, the
effective field-theory approach breaks down and the analytic control of the theory is lost. For
that reason, the narrow bulk-Higgs scenario really forms an independent incarnation of the RS
model.

In the brane-Higgs scenario, the equation of motion for the fermion profiles has the same
form as in the bulk-Higgs scenario, given in , except that the mass matrix reads [5]

1 Cp 0 v 0 Yf
My(t) = - + —90(t -1 , 2.150
=7 (% )+l ><Y} i (2.150)
where the bulk mass parameters are again defined by cip 5 = £Mpy/k. For the zero-mode

profiles, for which z, < 1, the C and S profiles from the KK decompositions in (2.105)) are
given by [150]

Le Le (t”C[F’fJ — 61+20[F,f]t—C[F,f])
CIES () = | = F(c e S ~ 42,0 | —F(c ’
s 7 o = ) (1+ 2cmp)
(2.151)

that come along with the rescaled vectors from (2.108]). In the ¢-coordinate, the S profiles
are multiplied with sgn(¢) in order to imply the Z;-odd behaviour. The profiles coincide with
the fermion profiles of the bulk-Higgs scenario, given in , if skipping the terms that come
from the Yukawa interactions. In this connection, the functions F'(c) are the “zero-mode profiles”
from . In the following, we summarize the implications for the masses and mixings of
the zero-mode fermions in the minimal RS model with a brane-localized Higgs field, as derived
in |[150]. On the IR brane, the profiles of the zero-mode fermions read

Le Le T
FS1(1) = 4/ 2= F Sy = 44/ 22 2 2.152
Gl (1) = - (ctrgy) s Syp(17)  Flew) (2.152)

In reference [150], it was shown how the equations of motion can be integrated over an infinites-
imal interval around |¢| = 7 in the ¢-notation, leading to the IR boundary conditions for the
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profiles S and C. Again, by defining Yﬁ?j = F(cr,)YyiF(cy;), and using the zero-mode fermion
profiles on the IR brane, these IR boundary conditions can be recast to the following eigenvalue

equations [150]
VI iy

v
that define the mass eigenvalues m,, as the solutions to the equation

2my, .
\/_—mag = yoMal (2.153)
v

2
v e eff
det [m21 — EYfffo H=0. (2.154)

The vectors % and @/ are the eigenvectors of the matrices Y?HY;HT and Y;HTYjﬁ, and they form
the columns of the unitary matrices Uy and W appearing in the singular-value decomposition,
Yjﬁ = Uf)\fW}, similar to the bulk-Higgs case. For the up- and down-type quarks, these
include the matrices [150]

2 2
Ay = i— diag(m,, m., m;) , Ag = £ diag(ma, ms, ms) . (2.155)
v v

Again, the relations between the original, five-dimensional fields and the SM mass eigenstates
involve the matrices Uy and Wy, and in this connection, the CKM mixing matrix is given by
Veokm = UlU,. These relations were presented before for the bulk-Higgs scenario, including
the rescaled Yukawa matrices Y s in this case.

The hierarchies between up- and down-type quark masses can by reproduced, in a very
natural way, by assuming a hierarchical structure for the zero-mode profiles as

[F(ca)l < |F(ea,)| < [Feas)] - (2.156)

In the RS model, in fact, such a hierarchy can be derived for very small differences between the
bulk mass parameters c4,, due to the behaviour of the zero-mode profile F'(¢) [150]. In case of
—1/2 < ¢ < 1/2, the zero-mode profile can be approximated by F(c) =~ /1 4 2¢, whereas for
—3/2 < ¢ < —1/2 it has an exponentially small behaviour as F(c) ~ —/—1 — 2¢c ¢ *"%/2, With
the hierarchical structure of the profiles, the hierarchies between fermion masses and mixings
result without further assumption from the Frogatt-Nielsen mechanism [173]. The products of
the masses of up- and down-type quarks are given by [150]

)

3
v
mumem; = ~—Jdet(¥,)| T] IF(cq) Fle)
1= gyt 11 1Ptee

(2.157)

3
v

magmsmy = —=|det(Yy)| |F(cg,) Flcg,)| -
sl 1L e

Due to |F(ca,)| < |F(ca,,,)|, one can consistently evaluate all the eigenvalues to leading order
in hierarchies, and obtains [150]

_ o et (Yl e o ldet(Ya)l
w \/§ |(Mu)11| |F( Ql)F( u1)| ) \/i |(Md)11| |F< Q1)F( d1)| 5
me = ST o, my = 2 LMl o e 2.158
= 5 @] FC@IFlen)l s ma= e () Flew)] , (2158)
my = E’(Yu)33”F(CQ3)F(CU3)| ) my = E’(}/d)%HF(CQs)F(Cdg)‘ .
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Here, (M,);; denotes the minor of Y,, which is the determinant of the square matrix formed
by removing the i row and j** column from Y,. So, simply explained, the different four-
dimensional fermion masses are effectively induced by overlaps of the zero-mode profiles F'(c),

as
m‘]i ~ |F<CQ1)F(C%)| ) (2159)

and the observed quark mass hierarchies can be reproduced for O(1) differing c-parameters.
Furthermore, to the leading order, the elements of the matrices U, and W, can be evaluated
as [150]

F(eq;) . . F(cq;) . .
_ Flegy) 1= _ ig; ) Fleq;) 1S
(Uq)ij - (Uq)ij F(CQ]-) ) 5 (Wq)ij = (U)q)ije Fleq,) ‘ B (2.160)
Flog) » 7Y Fleg) » "7
and the coefficient matrices u, and w, read [150]
1 (Mg)2r  (Yg)i3 1 (Mqg)iy  (Yo)z
(Mg)1n (Yq)s3 (Mq)1,  (Yo)is
_ (Myq)3 (Yq) _ (M) (Ye)3
U= =Gmh b @m0 Wem | Tonn L oo | (2.161)
(Mq)§1 . (Yq)§3 1 (Mq)13 _ (Yq)32 1
(Mq)h (Yq)§3 (Mq)ll (Yq)33
The phase factors e entering W, are given by
ei¢j = sgn [F(CQj)F(qu)] e_i(Pj_Pj+1) , (2 162)

pr = arg(det(Y,)) ,  po=arg((My)u), p3=arg((Yy)ss),

and ps = 0. To the leading order, the matrices U,, and therefore also the CKM mixing matrix,
do not depend on the right-handed profiles F'(c,,) [167]. The Wolfenstein parameters of the
CKM matrix are given by

|Vus| 1 ‘/;b _ . V*dvub
= , A==, — i = ol b 2.163
SV £ Vadl? | Vs Pm= "y, (2.163)

and can be derived as follows |150]

(Ya)2s  (Yu)2s
A — |F(CQ2)|3 (Ya)ss (Yu)33

N |F(CQ1)|2|F(CQ3)| [(Md)Ql . (Mu)z1]2 ’
(Mg)11 (Mu)11

(Ma)in (M)

\ = |F(CQ1): '(Md)m (M)

_ (Ya)ss(Mu)s1 — (Ya)as(Mu)a1 + (Ya)13(My)1n

—if = :
oz _ (] [ Mgz _ (M)
(Ya)33(Mu)u1 [(YZ)?Z - (Yuﬁi] [(M;i)ﬁ - (Muﬁﬂ

(2.164)

The zero-mode quark profiles, induced by the different bulk mass parameters, can be expressed in
dependence of the quark masses, the Yukawa matrices and the Wolfenstein parameters, and one
chosen profile, for which one can choose, for example, F(c,,) as given in Appendix [150].
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Then, the hierarchical structure between the profiles, induced by the c-parameters [167], is
implied for the left-handed profiles as [150]

Flea)| _ Fleg)l 2 Flea)l s
Flea)l ~ " TFlea)l " [Fleg)l T

The values for the right-handed profiles are fixed by the observed quark-mass hierarchies [150]

(2.165)

[Flew)| mu 1l |Flew)]  me 1
|F(cu)|  me A3 |F(cu)|  my A2
’ t ’ t (2.166)
[F(ca)|  ma 1 [Fca,)] ms 1 [ F(cas)|
[Fleus)l  me A3 7 [Flewg)l  me A7 [Flew)l  me

With these results, the structure for the flavor mixing matrices U, and W, can be deduced,
which naturally imply hierarchies for the entries of the CKM mixing matrix likeﬂ [150]

1 A A 1 023 0.01
Uua~Veku~ | A 1 X2~ 023 1 005] . (2.167)
B2 1 0.0l 0.05 1

So, in the RS model, especially the left-handed fermion profiles show a natural hierarchical be-
haviour for different c-parameters. This can be used to explain, in a very natural way, the origin
of the different fermion masses by overlaps of different fermion profiles. Similarly, hierarchical
entries are induced for the CKM mixing matrix [167,|168].

2.3 Extension by a custodial bulk gauge symmetry

In this section, we describe the framework of the RS model, in which an extended bulk gauge
symmetry is implemented to maintain a custodial symmetry on the IR brane, the custodial
model [151,|174-176]. This model can allow for much smaller KK masses implied by reduced
constraints from electroweak precision tests, and therefore it has been of particular interest for
phenomenological searches, e.g. at the LHC [2/4]. As mentioned before, also the implementation
of a Higgs field in the bulk allows for reduced constraints on the KK mass scale in a setting
with a minimal bulk gauge symmetry [154]. In this sense, the bulk-Higgs framework and the
custodial model are the two phenomenologically most interesting versions of the RS model.

In the minimal RS model, the effective Lagrangian, equivalent to , includes the cou-
plings of the zero-mode W;’(O)—boson to the Bﬁo)—boson, and further to the full KK tower of
B -bosons in addition to the SM,

1
1
Liin Higgs > / dt o(t — 1)5 Z [g?, (Wl}(m)W“l(”) + Wi(m)W“z("))
6 " (2.168)

4 <g§W3<m>Wu3<n) — 2g5g, WA BH) - g2 pOm) Bu(n))} _

3In reference |150|, the default values for the quark masses and CKM parameters are collected that were used
to obtain these estimates.
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According to the discussion in Subsection , the coupling of the zero-mode W,i(o)—bosons to
the tower of W™ in the Lagrangian is symmetric in the three different 1Wi-fields, and maintains
the custodial symmetry. On the contrary, the couplings of the zero-mode Wi(o)—boson to the
tower of B,Sn)—bosons is violating the custodial symmetry in a much stronger manner compared
to the SM [145]. The p-parameter, related to the ratio of the charged and neutral current
interactions, receives strong contributions.

In this connection, contributions are caused by the KK gauge boson states in the oblique
electroweak corrections to effective four-fermion interactions. In contrast to the SM, the S and
T parameters already get contributions at tree level by the contributions to the five-dimensional
gauge boson propagators, to the gauge boson masses and to different observables like G, a, p,
as well as the weak mixing angle [82/154]. Due to the enlarged custodial symmetry violation,
especially the corrections to the T parameter demand for a high value of the Mg mass scale
[150,177]. The calculations of the S,T,U parameters at tree level, in the minimal RS model with
a brane Higgs and a bulk Higgs and the custodial RS model, and the bounds implied on the KK
mass scale Mk, will be presented at the end of this chapter.

2.3.1 Gauge sector and spontaneous symmetry breaking

The request to avoid the strong violation of the custodial symmetry, as it arises in the minimal
RS model, gave reason to create the custodial RS model, in which a bulk gauge group as
[151],174-176]

SU(Q)LXSU(2)RXU(1)XXPLR, (2169)

is implemented, whereof Ppp is a discrete symmetry [176]. We consider this model with a Higgs
sector localized onto the IR brane [151],

2mr [t dt €
Lyange = T/ T (Lrrx + Lhiges + Lar) - (2.170)
The kinetic terms of the gauge fields are
kMALN [ Lra g | 1
Lipx=G"TG _ZLKLLMN 1 kN — ZLXKLXMN ; (2.171)

and GMY is the five-dimensional metric tensor. As always, the five-dimensional gauge bosons
can be decomposed into a vector component and a scalar component, Ay = A, + ktA;, where
both components individually decompose into the KK expansions of four-dimensional vector
bosons and scalars. The IR brane-localized Higgs Lagrangian [151],

Liiges = gé(t —1) [G:/Tr (D, ®)(D,®)] — V(cb)} : (2.172)

considers a Higgs bi-doublet, transforming as (2,2)y under SU(2), x SU(2)g. The SU(2).
gauge transformations act on the bi-doublet from the left-hand side, whereas the SU(2)g-
transformations act from the right-hand side. Therefore, the covariant derivative reads

D,u® = 9,® — igrs LETE® + igrs ®RVTS (2.173)
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with T} p = 0¢/2, and where gr5, grs are the five-dimensional gauge couplings, belonging to
the groups SU(2), and SU(2)g, respectively. In this model, the Higgs bi-doublet induces a
spontaneous gauge symmetry breaking on the IR brane, as [151]

SU2) x SU2)r B SU2)y , (2.174)

where a custodial symmetry SU(2)y is maintained explicitly. After the symmetry breaking, the
Higgs bi-doublet can be decomposed around the vev v & 246 GeV as [15]]

:L(Hhm—w%) —iV2e*(x) )
Vac\ —ivBg (a) v h(e) +igt())

with the scalar fields = = (¢! F i9?)/+/2. Similar to the SM, one can redefine the charged
gauge bosons as

®(z) (2.175)

1 1
Ly = 7 (L, FiL2) , RS = 7 (R, FTiR2) . (2.176)

Furthermore, by redefining new fields as

Bl D) e
Vi g% + 912% dr JL Ry ) 7

where g, = gas /v/2mr, one can find that there is one five-dimensional mass term for the gauge
boson A, that adopts the following form on the IR brane [151]

2 2 2
915 T 9r5)V° 34 Fpa 1 ——
Lonass = 0(t — 1) (915 + 9is)V” < ) A AR = §(t—1) §M§ Ao Ak (2.178)

whereas the field V), remains massless. With only one five-dimensional mass parameter for the
massive gauge bosons, M ;, the mass Lagrangian on the IR brane remains invariant under the
global custodial symmetry transformations SU(2)y. In order to obtain the SM field content in
the zero modes, the custodial symmetry has to be broken by the U(1)-gauge bosons that are
part of the definition of the Z boson and photon fields. In the custodial model, the BZ bosons
are defined on the UV brane, at the other boundary of the extra dimension. In this connection,
the symmetry breaking

SU@2)r x Ul)x D U1y (2.179)

is induced on the UV brane, where a breaking as SU(2)r — U(1)g can be achieved by means of
odd orbifold boundary conditions, and a spontaneous symmetry breaking as U(1)g x U(1)x —
U(1)y appears via a vev. Then, one can define the following new fields

Zy\_ 1 gr —gx\ (R
v | = —— , (2.180)
BM A /g%2 + gg( gx 9r Xm
including the gauge boson B}, of the group U(1)y. In this connection, the hypercharge gauge

coupling is gy = —Z22—_ After that, one can obtain the neutral, electroweak gauge bosons in
R X

a way similar to the SM, by

(ZM> _ 1 <9L _9Y> (L:J)’w) (2.181)
Ap VIi+gi \9y 9L By)
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OLE(,t) e = 0| LE(2,0) = 0 || HA;(2,) [ = —(2Mge) ' M3 A (2, 1) | AF(z,1) =0
Ry (2,0) =0 | Rf(2,0)=0 | OV (2,) s =0 Vi 1) =0
hZu(x,1) |ime =0 | Z(2,0) =0 | 0, Z,(%,t) [=1- = —(2Myre) ' M3 Z,(z,1) (z,1) =0
Z(2,0)=0| Zi(2,0)=0| 0,2%(x,t) e =0 ZH(z,1) =0
&A,Ax, t) |t=e =0 At(xa 0) =0 8tAH(:c,t) ’tzl =0 At(ma 1) =0
Table 2.2: Boundary conditions for the gauge bosons at the UV and IR branes [151].
and one can define v L
sin , = ——, cosfl,=———=. (2.182)
Vi + gy Vi + gy
In addition, the fields V3, and X, can be rotated to the photon field Ay, and a state Z% as
(Zﬁ) — L ( 9JL9R —gx g% + g?%) (VJ\%I) (2.183)
An 9irx \9xV9i + 9% ILIR Xm)’

where g3 5 = \/920% + 929% + 9%9%. Furthermore, the field Zy, = A3, is defined as a linear
combination of Z,; and Z},. The boundary conditions for the five-dimensional gauge fields at the
two branes are summarized in Table They are chosen in such a way that the correct particle
spectrum of the SM is obtained for the zero modes. By means of these boundary conditions,
one can distinguish between two basis sets of fields, the UV and IR bases. In these basis sets,
the respective boundary conditions adopt easy expressions. Instead, a transformation of the
conditions into the respective other basis set results in relations that mix the different fields,
instead. The transformations between the two basis sets are given by the following rotations |151]

ZM _ Zyr _ [(Cz —Sz
() =me () - me= ()
| N (2.184)
AM o LM _ Cw —Sw
(Gy) =mo (72) - me= (0 )
along with the angles
Sy =sin 0y = = 3% = = = gYQ/gXQ, swzsinewz%,
V(G + o)k +9%) Vit Vi + 9% 2155)
2 2 2 )
_ JLRX 91, + 9y _ ar
cw = cos Oy = = , cw = cos Oy = —— .
V(g +d2)g:+9%) | 9Ltk Vi + g%

In order to perform the KK decompositions for the gauge fields in the custodial model, one can

introduce the vectors B
- " A3
ZM == ) M = V]\% )

P (2.186)
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combining the fields that get mixed by the UV boundary conditions. To work with profiles that
obey definite Neumann- (+) or Dirichlet- (-) boundary conditions at the UV brane, the rotation
matrices are included into the KK decompositions [151],

- % S A HAD (z) | Al Z - Lot () |
Zaa,1) = RT AU AT Zia Z —at W@, (2187)
Wu :L‘,t \/— Z _)W ) ) Wt:t( Z_at _‘W I/V(n)< ) )

where vZ(t) = (xZ(t),xZ (t))T, and X,V () = (x5(¢), Xf(t))T. The boundary conditions for the
profiles can be deduced from the conditions presented in Table The normalization conditions
for the vectors apply

Lty

— O = [AI=W.Z, (2.188)

L

€

in order to obtain the correct mass terms for the KK modes. The photon profiles obey the
standard normalization condition. Likewise to the brane-Higgs scenario, presented before, one
can expand the four-dimensional Goldstone bosons @(x) and ¢*(x) in a basis of mass eigen-
states, and define a gauge-fixing Lagrangian in order to remove the mixing terms between the
Goldstone bosons, the scalar parts of the gauge bosons and the vector components of the gauge
bosons [151]. These parts are skipped here. By inserting the KK decompositions into the
five-dimensional action, one can derive the following equations of motion for the gauge boson
profiles [151]

10 aR ag] = e gy sy L Mip gy (28
t t A]X = MIQ(K [A1X 27rrM12(K (A X ) .

where P,y = diag(1,0), and [A] = Z, W, A, with My = My = My, and M4 = 0, in order to
obtain proper kinetic terms for the KK modes. The appropriate boundary conditions at the IR

brane read
L
Rig O (1) o = ——
[A} tXn ( ) ’t—l 27TT M?(K
where for the photon profile the right-hand side is equal to zero. At the UV brane, the boundary
conditions read

PRy (1) . (2.190)

(P9 +Py) X)) = (00)" (2.191)

with Py = diag(0, 1). One can see that both for the W and Z bosons, the equations of motions
and the IR boundary conditions are governed by the same five-dimensional mass parameter
Mj;. For that reason, when calculating the oblique corrections, parametrized by the Peskin-
Takeuchi parameters, the leading corrections in the zero-mode masses and profiles, and the

4These conditions can be derived, e.g. by using the ¢-coordinate and by integrating the equations of motion
over an infinitesimal interval around |¢| = = [151].
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five-dimensional propagators, are equal, and cancel each other out. As a consequence, small
new-physics corrections are induced to these parameters. Using an expansion in powers of
v?/M% -, one can determine the zero-mode gauge boson profiles as

Xo <t) o Lt?m%,  sinfy M4
2V2r M} ;. cosfz KK

m2

(2.192)

1 m3 1 1 1
_w 7= — s [ (L +1og(t) — 3) — 5 + 5] vt
Xo (1) = T eme, 0 +0 4
W sSmvw MKK
2V2r M3, cosby

The first rows of the IR boundary conditions determine the analytic expressions for the masses
of the zero-mode W and Z bosons. To the first order, one can determine [151]

i 2 ~ 2 4
2 ~9 mz Mg ( 1 ) v
A= OMZ . 2MZ 2L ME
) (2.193)

W L 1 4
_ o~ [A] v

2M7 o \ cos?0p 2L

where [A] = W, Z, and the parametric masses are mj; = M;/v/2rr, and my = grv/2 =
cos Owmy, and myz = \/g: + g% v/2 = cos Ozmj. As stated before, one can observe that the
L-enhanced correction terms in the formulas for the masses of the W and Z bosons scale with
the squared of the same parametric mass m%. This is due to the restored custodial symmetry
on the IR brane, which creates the first equal terms in the mass formulas. The second correction
terms are different, but of smaller magnitudes compared to the first ones. The origin of these
terms are the differing mixing angles of the rotation matrices Ry, arising from the fact that the
custodial symmetry is violated on the UV brane. As a consequence, the L and R gauge boson
fields get mixed by the IR boundary conditions, creating the smaller, differing contributions to
the W and Z boson masses. Altogether, the dominant equal terms cancel each other out in
the calculation of the p and T parameters, and provide the custodial protection mechanism,
which will allow for smaller My masses as a consequence, as we will show in the last section
of this chapter. On the contrary, in the minimal RS model, there are two different parametric
masses myy and my in the IR boundary conditions and the mass relations, which generate large,
L-enhanced contributions to the p and T parameters.

2.3.2 Fermion sector

To implement also a custodial protection mechanism for the Zbyby-vertex, a discrete symmetry,
the Ppr-symmetry, is imposed, which interchanges between the two SU(2) groups [166},176]. As
a consequence, the left-handed bottom quark has to be part of a SU(2), x SU(2)g-bi-doublet
with the isospin quantum numbers 757 = —T% = —1/2 [151]. In this way, the quantum numbers
of the other fields are fixed uniquely. The charges of the groups U (1), and U(1)x are connected
by the relations Y = =T34+ Qx and Q = T} +Y. Moreover, the right-handed down-type quarks
have to be embedded in a SU(2)g-triplet in order to get an U(1)x-invariant Yukawa coupling.
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The same representations under SU(2);, x SU(2)g are chosen for all three quark generations.
Then, the multiplet structure follows for the quark fields with an even Zy-parity [1511|166]:

(+) (=)
up 'z Ap s ¢ c
Q= wn°’ ] » Uur= (“z%(+)2>2 )
dp” 1 ug 2 ), °3
3
AL, (2.194)
Th=Tir® Tar = U;g(_)g @(Dg)_% U}({)% Ag)g>2 .
') e
Dp 1 .

Also, there is a second set of multiplets comprising the components of the fields of the opposite
chirality. Altogether, there are 15 different quark fields in the up-type quark sector and 9 in the
down-type quark sector. The boundary conditions at the two branes are chosen in such a way
that there are three light modes in each sector to be identified with the SM quarks. In addition,
there are 9 new and exotic fermion fields with an electric charge of 5/3, which do not have zero
modes. The superscripts specify the type of the UV boundary conditions that apply for the
respective fields. Whereas the fields with a (4) sign obey mixed boundary conditions that allow
for a light zero mode, their corresponding Z,-odd parts fulfil Dirichlet boundary conditions and
do not have zero modes. On the contrary, the fields with a (—) sign correspond to heavy, exotic
fermions with no counterparts in the SM, fulfilling Dirichlet boundary conditions for the Z5-even
fields to avoid the presence of zero modes. These fields are new compared to the minimal RS
model. The KK expansions consist of groups of 15 and 9 modes of similar masses in the up-
and down-type quark sectors, respectively. Furthermore, there is an additional KK tower with
heavy, exotic fermion fields, with 9 excitations of similar masses for each KK level.

For the implementation of the lepton sector, we will distinguish between two different realiza-
tions. The first possibility is to consider a lepton sector similar to the quark sector (custodial
model I), with a multiplet structure as [3]

(+) (=)
v (G ¢
s ( o /%>1> o s (”R(HO)O ’
0

€L -1 YL o

) (2.195)
R 1
Gon=Ton®Tin = | N7y | @ (B NGy 0i)))
7O
R -1

In this set, there are fifteen different lepton states in the neutrino sector, and nine in the charged-
lepton sector. According to the boundary conditions, there are three light modes for each sector
that can be identified with the SM neutrinos and charged leptons. In addition, there are 9
new and exotic lepton states with an electric charge )y, = +1 without zero modes. For every
KK mode, there are fifteen and nine modes in the neutrino and charged-lepton sectors, and in
addition, there is a KK tower of exotic lepton states having nine excitations for every KK mode.

As a second possibility, one can consider a more minimal lepton sector (custodial model
IT). In this realization, the left-handed neutrino and the electron are combined in an SU(2)



CHAPTER 2. THE RANDALL-SUNDRUM MODEL 5

doublet, similar to the SM, and the right-handed electron along with a new, exotic, neutral
particle Ny are combined in an additional SU(2)g doublet,

Vgr)o egﬂ 1
L=\ . L% = . (2.196)
er 1/ _

(=)
Nr o
so that these states transform as (2,1) and (1, 2) under the extended gauge group, respectively
[3]. The electric charges and the weak isospins are indicated by the subscripts. The boundary

1
2

[N

conditions at the branes are chosen in such a way that the zero modes of the fields VF_), e(j)
and e%ﬂ correspond to the light leptons of the SM, without having a right-handed neutrino,

whereas the additional, new lepton field N é_) has no zero mode. The zero modes of the charged
leptons get a mass by electroweak symmetry breaking, induced by the Yukawa interactions |3,

1
Ly = % / dt o(t — 1) %(Ye)ij (Lt ®eLy + Liy®eLy) + hec. | (2.197)
where ¢ = i0?. The mass of the zero-mode neutrino can be explained by means of higher-
dimensional operators, similar to the SM. Per KK level, there are 6 lepton states and 6 neutrino
states, respectively.

In general, the fermion content of the minimal RS model can be obtained by omitting the
exotic fermion fields that carry a superscript (—). In the following, we present the KK decom-
positions for the quark fields. An analogous discussion holds for the leptons of the custodial
model I, and the decompositions for the custodial model II can be implemented in a similar
way. Similar to the gauge boson sector, an one to one correspondence to the quark fields of the
minimal RS model can be achieved by introducing the following vector notation [151]

c

u - — — /
d=5)., a=|v|, D=d, d= D, ., A=), A= A (2.198)
u U D A

Then, we can also use a combined notation by including the respective doublet and singlet fields
into the larger vectors
2 (Fy(x,t
Falz,t) = \/’_;6 alzt)) (2.199)
t f A (SL’ ) t)

where A=L,R, and F = [7, Z_j, A and f: u, az X. The Lagrangian that is bilinear in the fields
reads [151}155}/156,170,(178]

or (! . cr 1¢ v B 0 Yf
Te E dtzf:<.7:{Z(}?—MKK(7+§8t’y5>}]—'—ﬁé(t—1) []—"L (Y} 0 Fr+h.c

(2.200)

o = —
where 0,=0; — 0;, including the Yukawa matrices

Y, Y, -L1Y,
Y= V2 V2 , Y- =Y. =(Y; Y, , 2.201
<Yu _\}in _\}in d A ( I d) ( )
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and the bulk mass matrices

¢y = diag (cg, cg, —Cye, —C7;, —C73) (2.202)

cy = diag(cg, —cp, —¢77) cy = diag (cg, —cp3, —c7;) -

Each of the entries in these abbreviations forms a 3 x 3 matrix itself. The dimensionless, four-
dimensional Yukawa matrices were obtained from the dimensionful, five-dimensional Yukawa
matrices by Y;;’D = % In this setting, the Yukawa couplings to the Higgs field include the
Zs-even and -odd fermion ﬁeldsﬂ [170]. The diagonal bulk mass matrices c4 are obtained from
the five-dimensional bulk masses M, of the multiplets @, u®, T, Tz, where ¢ = +Mg/k and
cy=-My/k,and A =u’,T1,7Ts.

As before, the KK decompositions can be chosen as

Falw,t) = @ > F 01 (@) (2.203)

where A=L,R, FF = U, D, A + leptons and f = u,d, A + leptons. There are three light zero
modes, and 15 heavy states per KK level for the up-type quarks, three light modes and 9 heavy
states per KK level for the down-type quarks, as well as 9 heavy states per KK level for the
exotic quarks without any light modes. Therefore, n = 1,2, 3 label the first three light modes,
the zero modes that are the SM equivalents, whereas n > 3 label the modes of the higher KK
levels. For the profiles, we have the following vectors [151]

’ c c / T
Un(t) = (C2w) ay, CO0 ay SO ar, STOW Al SEOW al)
(2.204)
Un(t) = (2 ay , S2 (1) &, CoO) ay, RO Al CPOW aY)
AT
Dy(t) = (CYD() al , SEO(1) al , ST al)
. (2.205)
Dr(t) = (S0 al, CPO@) al , IO al)
, T
Ar(t) = (C2OW &), STOW &), SPO@) at)
(2.206)

. T

Ar(t) = (8290(1) &), IO &l , PO al)

including C2(¢) and SA(¢), with A = Q, u®, T1, T> as diagonal 3 x 3 matrices, containing the even
and odd profiles that get multiplied by the three-vectors a’}, with A = u,u’,u¢, U',U, d, D', D,
A, NS A to encode the flavor structure [151]. As before, the superscripts (%) indicate the type

5For a brane-localized Higgs sector, one can generalize the Yukawa couplings in such a way that the Zy-even
and -odd fermion fields separately couple to the Higgs field, requiring the replacements Yz — Yg and Y} — Y(?T.

Then, the superscripts in Y([TC’S] denote the fields to which the Higgs field couples to [151].
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of the UV boundary conditions that the profiles fulfil. For every respective KK mode, there are
the normalization conditions

1
/ dt Fote) F ) = 6, (2.207)

€

and the equations of motion read

d

ZF ) = P O+ MAOF (1)~ Fi () = —anF (0 MADFR (1), (2:208)
including the mass matrix [151]
S wi(t=1) (0 Yp
Mt = <+ o vl o) (2.200)

The explicit solutions for the profiles with a (+)-sign, C’:(H(t) and S, (t), associated with
the bulk mass parameters c4, are similar to the profiles in the minimal RS model |150}|155.(156].
The (—)-profiles Cf(_)(t) and S (t) can be derived in a similar manner |151]. The boundary
conditions have been summarized before. The Dirichlet condition S; (+)(e) = 0 holds for the
Zy-odd part of the fields with a superscript (+), whereas the fields with a superscript (—)
fulfil Dirichlet boundary conditions for the Zs-even fields, as CZ‘(*)(G) = 0. In the presence
of a regularized Higgs profile, the IR boundary conditions are of Dirichlet type for all fields, as
Sﬁ(i)(l_) = Oﬁ For the fields with n = 1,2, 3, the Ct* (t) and S5 (t) profiles can be determined
in good approximation, up to the order of v?/M% ., as [150,]151]

Le Le tite — glt2ep—c
CH [ ZEF(e) e S ~ 44/ —x, F ;
W[ TR ) & £ T Fle) ——

L Zfl_c _ 1—20tc L
) ay F(—¢) —— =1 SCN(t) m Ay | = F(—c) t
T 1-—2c T

using the rescaled vectors from in the KK decompositions. The overall +-signs of the
S-profiles hold for the bi-doublet associated to cg, whereas the —-sign applies for the fields
associated to c4, with A = u® T7,75. The function F(c) is the usual zero-mode profile [155]
156]. The S-profiles are multiplied with a sgn(¢) in the ¢-notation in order to have the Zs-
odd behaviour. One can observe that the profiles C\\™ (t) and ST(L_)(t) are of O(1), whereas the
profiles C’ff)(t) and S5 (t) are of O(v/Myy). This is crucial in partially shielding the Zbpby,
and Zd.d), vertices from corrections that stem from a mixing of zero-mode quarks with their
KK excitations [151], which is one of the crucial features of the model.

(2.210)

2
|
2

6The presence of IR brane-localized terms that originate from the Yukawa couplings dictates the boundary be-
haviour of the fields, and causes both the Z3-even and -odd profiles to become discontinuous at the IR brane with
CLF’f](l) + CLF’f](l_) and SLF’ﬂ(l) =0, but SLF“’C](I_) # 0 |151179]. To find the correct IR boundary conditions
requires a proper regularization of the J-functions. One possibility is to see the d-function as the limit of a sequence
of regularized functions §” with support on the interval x € [—n,0], such that lim, _,q+ fj:oo dx 0"(z) f(z) = f(0),
for all test functions f(z), i.e. smooth functions having compact support [151].
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In Chapter 5, we will present the calculation of the decay of a new, heavy bulk scalar into
a pair of photons. In this calculation, it is necessary to know the multiplet structure of the
fields under the SM electroweak gauge group SU(2); x U(1)y. In this regard, the fields can be
distinguished by means of the different bulk mass parameters |7]. For the quark fields, there are

two SU(2)., doublets
(+) (-)
u A
co ( (L+)> : ( ,f_)> , (2.211)
d; 1 ug '/ 1

one triplet,

AR
cr: |UST |, (2.212)
Dy”)
as well as four singlets,
Cu (u%”)g . en: (D%ﬁ)il , (U}Q)z , (Aﬁ?)é . (2.213)
3 3 3 3

In the custodial model I, there are two SU(2), doublets,

) (-)
cr (L+) , /f,) , (2.214)
€L /) _ v 1

N =

1
2

and one triplet,

vy
e [N (2.215)
By ),
Furthermore, there are four singlets,
c, : (u;f”) . on: (E,‘;)) , (Né”) , (@ﬁ?) . (2.216)
0 ~1 0 1
Instead, in the custodial model II, there are one SU(2); doublet,
e
cr: , (2.217)
o)
v/

and two singlets
et (en?) (v (2.218)
-1 0
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2.4 Electroweak parameters in the RS scenarios

Varying exclusion bounds apply for the parameter spaces of the different RS scenarios that are
considered in this thesis, which are the bulk-Higgs RS model, the brane-Higgs RS model with
a minimal bulk gauge symmetry, and the custodial RS model. In this connection, the most
significant constrains stem from electroweak precision tests of the four fermion interactions at
lower energies. In Subsection we have described that the oblique electroweak corrections,
induced by heavier new particles, to low energy four fermion interactions can be parametrized
by means of the S,T,U parameters [82]. The tree-level predictions for the parameters can be
computed in the different RS scenarios to be compared to the experimentally derived results. In
principle, it is not sufficient to solely restrain on the oblique corrections when describing the new-
physics effects on the four fermion interactions that are implied in the RS model. The fermion
to gauge boson vertices underlie non-universal modifications from the SM due to the varying
fermion profiles. But, considering a selected subset of the most precisely measured observables,
one can still parametrize the electroweak corrections in terms of the S, T and U parameters, in
good approximation [154]. In the following, we will shortly recapitulate the calculations of the
parameters, and the bounds implied on the Mgk mass scale, in three different RS scenarios.
Previously, this was already performed, e.g. in the references [2,|150}/151},154,174.|177]. Further
tests of the various scenarios in the context of the electroweak precision observables and flavour
physics were performed, e.g. in [180H187]. The relevant vacuum polarization functions of the
oblique corrections depend on six open parameters in the applied approximation, as illustrated
in equation . Rather than directly calculating the vacuum polarization functions, one can
choose the three S, T,U parameters, and the parameter v together with the five-dimensional
gauge couplings g5 and gf, which can be determined in terms of six precisely known electroweak
observables. For the observables, one can take G, mz, my (or equivalently s%), a (or equiva-
lently s3), s2 and p, [2,[154]. In the following, we will specify the definitions of these observables
in the three RS scenarios, the minimal model with a brane Higgs (mm), the minimal model
with a bulk Higgs (mmbH) and the custodial model with a brane Higgs (cm).

By the fact that the photon has a flat profile along the extra dimension, the fine-structure
constant a can be defined as

s (2.219)
o= , :
2mrdm
which explicitly reads in the different models
2 /2 2 /2 2 2
99 9595 9r9y
Oymm. = 7 5 9y QmpmbH — 7 ’ Cem = 7 5 o5 - (2220)
dm(g® +g'?) 2mr Am (g3 + 95) An (gt + g¢)

To derive the relations between the RS model parameter v and the Higgs vev in the SM
vem ~ 246 GeV, one can determine the corrections to the Fermi constant GG in the RS scenarios
by constructing the effective four-fermion interaction that mediates the muon decay. The RS
model corrections to this decay process arise due to the modified interactions of the zero-mode
W boson with light fermions, and further because the infinite tower of KK W bosons is virtually
exchanged instead of just the SM W boson. These effects can be sufficiently parametrized in
terms of the five-dimensional W boson propagator functions in the respective scenarios, evaluated
at zero four-momentum. These propagator functions are calculated in the next chapter of the
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Figure 2.6: In this plot, the relation s, = U— between the Higgs vev in the RS model v and the
SM vgpy = 246 GeV is plotted in dependence of the KK mass scale, in the bulk-Higgs model
for § = 1,10 (blue and yellow curves), in the minimal model (green curve), and the custodial
model (orange curve).

thesis in Section [3.1.1] In the different RS scenarios, one can derive for the leading corrections

— = =—11 VT
5202, 20| 2M§(K ms o]
( (2.221)
2(1+ 0)? 1
Imm_l ) Irnm = 5 Icm:_ )
T2+ )3 +25) Gy

which stem from the leading terms of the five-dimensional propagator functions. The remain-
ing t-dependent terms in the propagator functions give suppressed contributions, if convo-
luted with the profile functions of the light zero-mode fermions, and are therefore neglected.
In a similar manner, the parameter p,, stemming from the effective four-fermion Lagrangian
Lo = 4GF [JF T+ pu(JE — 52J6)° |. is determined by the leading terms of the W and Z

boson propagators [154], where one can get

*,mmim ]- ooy
P LY V-
(m% —m3,) 2L(1+ )2 (2.222)
Px,mmbH = 1+ 2
M (24 5)(3+28)
Prem = 1+ ...

In the custodial model, the leading terms in the W and Z boson propagator functions both scale

2 2
with the same mass parameter m? D where ";—W = mZ = m . These terms cancel each other out
in the calculation of the p, and T' parameters [151], which is the custodial protection mechanism.
The parameter s2 in the weak neutral current coincides with the definitions of the weak mixing
angle s2 in the different scenarios [154]
/2 / 2
2 g 2 95 2 9y
S ==, S 5 S = . 2.223
*,mim 92 +92 *,mmbH — 95 +gg *,CIM g% +g)2/ ( )
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Furthermore, there is a second definition, employing the ratio of the electroweak gauge boson
masses as |82

s,=1——2 (2.224)
which reads in the different scenarios
9 2
~2 g My 1
= 1-— L—-—14+—
Wamm =2 ( 2MF i ( " 2L> " ) ’

9 2 2
9 Js my, 2L(1 + 5) 1 1 :| )
_ (- |+ (2225
St = 57 ( My [(2 +BB+28) @+ hR 2L 222

2 2
2 Iy My 1
SWem = 1— 14+ —=|+..] .
o= 'ty (- gy [0 ar] )
A third definition relates the weak mixing angle to the precisely measured parameters Gr, «
and myz by [82]

SoCo = ) 2.226
0o \/iGFm% ( )
where one has in the different scenarios
D) 2
N
Somm = 75— | 1+ — _ sl —1+—1| 4+ ...,
* (9 +g?) ( MRy (& —55) [ 2L
9 2 2
2 95 My 1 {~2 2L(1+ B) 1 1 ] )
st on= s [ 14 |5 |+ ..,
Opmmbit g?, + 952 ( 2M12(K (CIQ/V - 812/11) W(2 + B)(3 +25) (2+p8) 2L
2 2 1 1
Sg,cm = 2 gY 2 (1 - m‘;V ~ ~9 |:1 - —:| ) —|— .
91, + 9y 2MF i (G — 5iy) 2L ( )
2.227

With this list of definitions, one can solve for the S, T,U parameters by using the first three
relations of the equation (3.13) in [82], which are

2 2 2 _ 2
My ac; 1 2, (G —55)
— —Cg=-———=—|—=5 T+ -—=——>U
by (ST B )
P — 1 =aT (2.228)
2 2 _ o 1 G _ 22T
sy — Sg = @@= \a — sic .
Then, the results in the different RS scenarios are
2 2
.- L g 2 (L)
2M3 . C M2, 2L
2 L(1+ B)? 27v? 1 1
TmmbH = = 5 mmbH — 7,5 ( — a7 —) s 2.229
B M 2 )3+ 20) e\ eap) B

2mv? 1
Tcm:()a Scm:— 1—— 5
i ()
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whereas U = 0 in all cases. These predictions can be compared to results that were derived from
electroweak precision data in [86], which are

Sufree = 0.05 £0.11 | Tutree = 0.09 £0.13 , U=001+£0.11,

(2.230)
Sy—o=0.06+£009,  Ty_o=0.1040.07 .

These experimental results were determined in two different manners, for a floating U parameter
from a three parameter analysis, and for the constraint U = 0, respectively. The matrices with
the correlation coefficients between the parameters are [86]

1 0.90 —0.59

1 091

puiee = | 090 1 -083] , pU:0:< ) (2.231)
091 1
—0.59 —0.83 1

The values my e = 125 GeV and my e = 173 GeV were taken for the SM reference point, see
(1.52). The results were determined by a statistical maximum likelihood method to find the
regions of maximal overlaps of the experimental results for the various electroweak precision
observables. In this relation, the boundaries of the intervals that indicate a respective level of
confidence for the results are defined by

X>=Pp P, (2.232)
where
D o (S - Scentral) (T - Tcentral) (U - Ucentral) T
PUfree - ( AS 5 AT , AU ) ,
(2.233)
ﬁ _ ((S - Scentral) (T - Tcentral) )T
o AS AT ’

and where the x? is equal to 2.41 for 68%, to 5.99 for 95%, and to 9.21 for 99% CL, respectively.
The regions of different CLs for the results are plotted in Figure 2.7, where for the case of a
floating U parameter, we plot the two-dimensional projection on S and T of the three-parameter
CL ellipse. The black lines mark the predictions from the different RS scenarios. By determining
the points of the intersections between the RS predictions and the ellipses of CLs, we can
determine the following exclusion bounds on the My mass scale to 95% CL

for the minimal RS model,

Mg >24TeVfor =0, Mygg >3.1TeVfor B=1 , Mgy >4.1TeV for 8 =10 (U #0) ,

Mgk >29 TeV for =0, Mgg >3.7TeVfor 5=1 , Mgy > 4.9 TeV for 5 =10 (U = 0)
(2.235)

for the minimal model with a bulk Higgs field and
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Figure 2.7: These graphics illustrate the ellipses of the 68%, 95% and 99% CL intervals for the
experimental results for the parameters S and T from [86], together with the predictions for S
and T in the different RS scenarios. Whereas the coloured ellipses correspond to the results with
a floating U parameter, the yellow, line-shaped ellipses give the results for U = 0. By means of
a comparison between the RS predictions and the ellipses of 95% CL, we have determined the
bounds on the M mass scale that are summarized in the text.

for the custodial model, respectively. We observe that the bounds, derived for a floating U
parameter, are weaker than the bounds for U = 0.

The lightest KK mass state, the first KK resonance of the gluon, has a mass Myq) ~
2.45 Mgy, as derived before ,. So, the lightest particle that is predicted in addi-
tion to the SM by the minimal RS model with a brane Higgs field has a mass of at least 10.8
TeV, whereas it can have a mass as low as 4.9 TeV in the custodial RS model, if optimistically
assuming that U # 0 due to higher order corrections. In the past, this established the custodial
RS model to be very interesting for phenomenological searches. Nevertheless, it turned out that
the parameter space of the custodial model can be constrained in a much stronger manner by
investigations of Higgs processes, as e.g. by the h — ZZ* decay process, due to the presence of
the enlarged particle structure, virtually contributing in loop processes . In the RS model
with a bulk Higgs field, masses for the lightest KK particles as low as M) > 5.9 TeV, for 8 =0
and U # 0, are compatible to the Peskin-Takeuchi parameters. In this sense, the bulk-Higgs
framework can nearly compete with the involved custodial model concerning the reduced exclu-
sion bounds, compared to the minimal model with a brane Higgs . Whereas the custodial
model provides the enlarged particle structure, the bulk-Higgs scenario can be considered with a
minimal bulk gauge group, instead. All the RS corrections, i.e. corrections in the effective four-
dimensional vertex couplings and contributions from KK towers, are reduced for lower values
of B and a stronger bulk-Higgs localization. Also, the corrections to the effective four-fermion
interactions and the electroweak precision observables are reduced. A lower violation of the
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custodial isospin symmetry occurs due to smaller couplings between the zero modes and KK
states. For these reasons, the bulk-Higgs RS model can form a very interesting alternative to
the complex custodial model. This bulk-Higgs model will be investigated in the main parts of
the thesis.



Chapter 3

Five-Dimensional Propagator Functions

The scattering amplitudes of loop-induced production and decay processes involve the exchanges
of virtual KK particle towers. As a consequence, the amplitudes depend on combinations of
the four-dimensional propagators of KK particles, and the vertex functions that contain the
KK profiles. Such combinations can be summed up by five-dimensional propagator functions in
order to derive analytic expressions. The KK profile functions form complete sets of orthonormal
functions on the orbifold, subject to appropriate boundary conditions. For that reason, it is
possible to determine analytic expressions for the five-dimensional propagator functions. These
can be obtained by solving the differential equations, which follow from the five-dimensional
action that is bilinear in the particle fields. In this chapter, we derive the five-dimensional
propagator functions for gauge bosons, physical scalars and fermions in the framework with a
bulk-Higgs field. The differential equations for the propagator functions significantly complicate
due to the inclusion of non-linear terms compared to brane-Higgs scenarios. The non-linear
terms are caused by the Higgs vev that depends on the extra dimension. In this respect, we
have to work with different kinds of approximations, according to the processes for which the
respective five-dimensional propagator functions are used to sum up the KK particle towers,
respectively.

3.1 (Gauge boson propagator

The five-dimensional propagator function for the vector W bosons can be used to sum over the
KK tower of W bosons in the amplitude of the Higgs decay into two photons. The differential
equation for that function is defined by the terms of the Lagrangian that are bilinear in the
vector W bosons. These terms result from the kinetic and gauge fixing parts, and also from
the t-dependent mass term, which is induced by a coupling of the W bosons to the vev of the
bulk-Higgs field, after spontaneous symmetry breaking. One finds the following expression

2 (1 dt
Lsp > % T WKW+ e of W (3.1)
where
124 2 2 1 72 1 ¥4 gg 2, v
K{" =10 —MKKtatgﬁt nt — 1—5 o"o —I—Zk(l—i-ﬁ)v ., (3.2)

85
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is the inverse Feynman propagator in the R¢-gauge for the vector part of the five-dimensional
W boson propagator. By applying a Fourier-transformation of the four-coordinates, according
to i0, = p,, one obtains the following defining differential equation for the five-dimensional
propagator of the vector W bosons

/

2 2 2
p gsk(1+ B)v*\ L) pp” L'
K ML — t0,~ at ) +(1 §) i DS, (—p? tit) = o MI%K(S S(t—t').
(3.3)

One can apply the following ansatz

[ DuP i§ PP
D (1, — ) | ——— (0, — 222 ) P
ZX" Pl {(mﬁm —p?) (n rop? (EmP2 — p?) P>

(3.4)

pup pvp
= B (t,t'; —p?) (nyp pe ") + Ae(t, t'; —p?) F"

for the propagator function in the equation before, where A¢(t,¢'; —p?) = Bw(t,t'; —p?/€).
Therefore, the propagator in the Feynman-t’"Hooft gauge for £ = 1 is defined by just the function
BW<t7 t/a _p2)7 as ISI

_ — X (D)x, .
DSt —p?) = S % oy = B (.5 =) iy (3.5)
n=0 n p )
For this function, the following differential equation is derived [3], with m?, = %%f:,
1 p? mi Lt
t0;~0. —2 14 B2 ) By (t, s —p*) = ———0(t =) . 3.6
(10014 o = 2mg i kr (1 F2 ) Bunlt,ti ) = —5pd(t=1) . (30
The boundary conditions at the branes are of Neuman-type,
OB (t,t';—p*) =0 for t=¢1, (3.7)

following from the boundary conditions for the gauge boson profiles.

The differential equation for the five-dimensional W boson propagator in the bulk-Higgs
scenario contains a term that non-linearly depends on the coordinate ¢, which complicates the
solving of the equation drastically. For p* = O(m3) < M3z, much smaller than the KK
mass scale, it is possible to calculate a result up to the order v?>/M% -, by using a perturbative
approach. In order to solve the homogeneous differential equation for ¢ = ¢’, one can treat the last
two terms on the left-hand side of the equation as a perturbation, along with the perturbation

parameter

’02

Mg
Then, one starts by considering two separate solutions for the cases t < ', named By, (¢, t'; —p?),

and for ¢ > t/, named By, (t,t'; —p?), respectively. These two solutions are matched together at
the point ¢/, by fulfilling the continuity condition,

p= (3.8)

By (¢, —p*) = By (¢, —p?) . (3.9)
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Further, a “jump condition” is obtained by integrating the differential equation over an infinites-
imal interval around ¢ = t'. The terms that do not contain derivatives cancel each other out
when inserting the integration boundaries,

tt+

t4 1 _
/ dt (t@;@) Buw (8,1 =p*) = / dt 0} By (1. =) = 0,Bw (&1 —p")|, 2,
t— t

| . . L (3.10)
= /t_ dt (—mé(t—t’)> TS
where t. =t 40, and lim — 0, resulting in the condition
OBy (t,t' —p*)|,_, — OBy (t,t;—p)|,_, = —QL—t; : (3.11)
TMg i

The solutions for B‘(; ’<)(t, t'; —p?) are expanded as series expansions in the parameter p. By
retaining only the first three terms, one has

By ™ (¢t —p") = Biyi (6,8 —p") + pBi” (6.4 —p7) + "By (8.4 —p*) + O(p%) . (3.12)

Inserting this approach into the differential equation for the function By, in (3.6)), one gets three

separate differential equations for the six functions B(()i/{f), B£>V{,<), Béi/{f), which are proportional

to pY, p! and p?, respectively,

o

1
~p° (tatzat) Bé,>VE/<) (t,t/’ _p2) =0 3

)

1
~ pl : (tatzat) B§>VE/<) (tatlv _p2)

Lt

22

P’ m%/v 2+283 (>,<) g 4 2 /
+ ——27r7k7°(1+5)t By (t,t';—p°) = t—1t),

V2
1 > <) p ¢t 2 p? iy 242 >y ¢, 2
~ P t@tg(?t B2,W (t,t P ) + ’U_2 — QW?kT(l + ﬁ)t Bl,W (t,t ,—Pp ) = O .
(3.13)

(S

The six solutions can be determined such that each one satisfies the boundary conditions together
with the continuity and jump conditions. These conditions allow to determine the integration

constants, where the right hand side of the jump condition holds only for Bﬁ,{f), and is 0 for the
other four functions. First, one determines the constants in the functions Béi,{f), and then in
Bﬁ,{f) and B§7>W7,<), respectively. After that, an undetermined constant remains in the solutions

for B§7>VE,<), which is irrelevant, however, as we only keep the first four functions B((),>m7/<) and Bfm’f)
in the result. Then, for the full gauge boson propagator, one finds

1 [ alt,t) et t) v?
Byt —p) = — |5+ o O )| 3.14
w ( ) ot mlz/V _pQ 2MI2<K M?(K ( )
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where
2 L t4+2ﬁ t/4+25 1 1
QM3 2+4 (2 + )2 L
, , (3.15)
—t? (L—§+lnt> — (L—§+1nt’>]
and
c(tt’):Lt2+i+t2 Int— o + 2 It — % (3.16)
2\% <L 2 2/ '

This solution holds for the two cases for ¢ > ¢’ and t < t/, where t. = min [t,t'] and = = max
[t,t’]. In an intermediate step of the calculation, the parametric W boson mass My was replaced
by the physical W boson mass in the bulk-Higgs scenario, given in . Using this result, one
can calculate the KK tower contributions in scattering processes up to the order v?/M% .

In a scenario with a brane-localized Higgs field, the difference is that the mass term from the
gauge-boson Lagrangian is included in the IR boundary conditions, and does not appear in the
differential equation for the propagator function. This simplifies the differential equation for the
function By, (¢,t'; —p?) to [3]

P + 0, o) B (t,t'; —p?) = Lt S(t—t') (3.17)
M[Q{K tt t wil, Uy —=p )= 27TM12(K ) .
where the boundary conditions are
/ 2 ! 2 Lm%/V / 2
0, Bw (t, 1", —p*)|,_. = 0, By (1, —p*)|,_,- = —M—QBW(Lt ;=p7) (3.18)
KK
which include the mass term, and the jump condition
' Lt

OBy (t,t; —p)| ) = 3.19
t W(7 D ) t=t'—0 27TM[2(K ( )

is derived as before. In this case, we have a linear differential equation, where it is possible
to determine an exact solution to all orders of v*/M%,. The solution depends on the Bessel
functions of the first and second kind, and was determined, e.g. in |3]. By means of an expansion
including the order v? /M j, we encounter a form similar to the solution in the bulk-Higgs case,
given before in (3.14). Whereas c(t, ') remains equal, the expression ¢ (¢, ') reads in the brane-
Higgs case

pymre v [ e L e (o i 3.20
Cl(; )— +2M2 I 2+Il 2+Il ) ( )
KK

which coincides with the limit 5 — oo of the bulk-Higgs result in (3.15]).

3.1.1 Gauge-boson propagator for p, ~ 0

In Subsection [2.4] we have presented the calculations of the Peskin-Takeuchi parameters S, T,
U in three different scenarios of the RS model. In this connection, the corrections to the Fermi
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constant G and the parameter p, could be extracted from the effective, four-dimensional La-
grangians that describe four-fermion interactions. In these interactions, the RS model corrections
are induced by the virtual contributions of the zero-mode and KK-tower gauge bosons, which
can be parametrized with the five-dimensional gauge boson propagator functions. Since the in-
teractions are considered at lower energies, it is sufficient to work with the leading contributions
of the approximate propagator functions, derived for ps ~ 0. In the minimal RS model with a
bulk Higgs field, the W boson propagator function reads in this approximation, up to the order
v /M3 [154

1 Lm2 21 2 A+28 t’(4+25)
Bw (t,t;0) = —— [1 m2W ( (1+5) — 2+ T )] : (3.21)
2, Mg \ (24 8)(3 +28) (2+8)
and in the minimal RS model with a brane Higgs field, it reads
1 Lm?
By (t,1;0) = 1 (1-12)]| . 22

In these expressions, the parametric masses m, are kept instead of the physical mass of the W
boson, which has been convenient for the calculations of the corrections to the Peskin-Takeuchi
parameters. For the Z boson propagator functions, one would have to replace my — mz,
accordingly.

In the custodial RS model, by using the vector notation from , rotated to the UV basis,
where the L and R gauge bosons, and the Z and Z’ gauge bosons are combined into vectors, one
encounters a 2 x 2 matrix expression for the five-dimensional gauge boson propagator function.
The KK decomposed W boson propagator reads [3]

X (DX ()T

uv /. 2\ __
BW (t7t7_p>_ mWZ—pQ )

(3.23)

n=0

and the Z boson propagator has a similar form, including the Z boson profiles. In this vector
notation, one derives the differential equation for the gauge boson propagator in a way similar
to the minimal model, giving

Lt
27TM12(K

P’ 1
( + tatgat) B%/v(ta t'; —pQ) =

1-0(t—1t). (3.24)
Mk

According to the boundary conditions that the gauge bosons fulfil at the branes, the boundary
conditions for the propagator function read

(P 0, +P_) By (t,t'; _p2)‘t:e =0,

L2 (3.25)
RAO.BY (.t —p%)|,_, = ——72 P RuBy (L1, —p°) |
=1 Mk
where m% = MfI /(27r). Ome can solve the equation in a way similar to the minimal model

by applying two solutions for the cases t < t' and t > ', respectively, that have to fulfil the
continuity and jump conditions and the boundary conditions at the branes. Again, the general
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solution is a combination of Bessel functions, given e.g. in [3]. In the approximation p; = 0,
and to the order v*/M% ., one finds for the W boson propagator function

!
L (1 (4 ) e
2M c > 2ew M
B%/V<t7 t/; _p2> - ~9 KKQ Wz W2 KQK ) (326)
27TmW mes‘;vt Lmvgt<
2ew MZ 2M2 .

where t-. . = [max, min] (¢,#'). The parametric mass m3;, is kept instead of the physical mass
of the W boson. Here, ¢y denotes the cosine of the angle that determines the transformation
between the UV and IR basis sets of fields, as given in (2.185)). The Z boson propagator is
obtained by setting my, — myz, and equally my — myz, and 0y — 65. Note that in the
custodial model both the W and Z boson propagators are governed by the same mass parameter
my = miy/ch, = m%/c% [151], which is crucial for the custodial protection mechanism of the p,
and T parameters.

3.2 Scalar propagator

In the bulk-Higgs scenario, combinations of the fifths component of the gauge bosons and the
pseudo NG bosons of the decomposed Higgs field remain physical, since they get some gauge-
independent mass terms in the Lagrangian, as we have explained in [2.2.1] When these physical,
scalar KK particles virtually contribute in interactions, the amplitudes depend on scalar KK
towers. Similar to the case of the gauge bosons, these towers can be parametrized in terms of
five-dimensional scalar propagator functions. In a KK decomposed form, for the case of the
charged scalars, ¢=, the propagator is defined by

X2 ( (t'
Dy=(p,t, 1) Z ¢i)2) . (3.27)
n=1 p

In analogy to the case of the gauge boson propagator, presented before, the defining differential
equation for the scalar propagator arises from the terms of the Lagrangian that are bilinear in
the physical scalars. Those terms have predicted the equation of motion for the scalars, given
in (2.99). For that reason, we insert the KK decompositions for the scalars in the equation
of motion, and perform a Fourier transformation to the four-dimensional momentum space by
replacing [, = —p?. In this way, we can derive the differential equation for the scalar propagator
function, for t # t/, as

2 2
p s 1 1 2m%, 2125
(M%K+a P @ Ae - M2, L1+ Byt Dy (p,t,t) =0. (3.28)

This is similar to the derivation of the equation of motion for the scalar profiles, given in (2.101)).
In order to find the differential equation for a general ¢, we use (2.101)) and the completeness
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relation for the scalar profiles, >~ | XX (t) = L5t — '), to derive

2 /
P o 1, 1 21y 2420 Xn tx® (t)

:_i X () )( i +8§-18t—t12(2+6)6 2~Q%L(1+ﬁ)t2+w> Xi(8)

ot <p2 62 M2 t M
1 PP — mf{ﬁip My Mgy M?(K 2 M .
(3.29)

In this way, we have determined the right-hand side of the general differential equation,

—Lt
ot —1t) .
2M§<K( )

(3.30)
The scalar profiles fulfil vanishing boundary conditions at both branes, according to the Z-odd
parity. Similarly, the boundary conditions for the propagator function read

2 ~2
p o 1 1 2myy 2+28
(M?(K—f—a ta t2(2+ﬁ)ﬁ MI2{K L(1+ /)t Dy« (p, t,t') =

Dys(pe,t) =0, Dye(p,17,¢)=0. (3.31)

Again, the differential equation has a difficult non-linear behaviour, due to the last term scaling
with ¢2+27. It can be approximately solved up to the order v*/M4 ., where the four-momentum
p? = O(m3) is assumed to be much smaller than the KK mass scale. For ¢ # ¢/, one determines
the two solutions for the cases t > t' and t < t, respectively. The two solutions have to obey
the continuity condition

Dis(p ts, ') = Dgs (p,t_, 1) | (3.32)

with t4 = ¢’ £, and the boundary conditions in (3.31]). Further, a jump condition is obtained,
similar to the case of the gauge-boson propagator, by integrating the differential equation over
a small interval around #'. The terms that do not contain derivatives cancel each other out, so
that one obtains

ty 1 ty N
/ dt (af - 5@) Dyx(p,t,t') = / dt 97 Dy (p,t,t') = 0Dy (p, t,t’)|j§<
t_ t_

| t+ — Lt Lt
= dt ot —t)= ———
/t_ QWMIQ(K ( ) 27rM12<K ’

(3.33)

where a limiting procedure limgs_,o holds. From the differential equation and the conditions
presented before, one obtains the following result for the five-dimensional scalar propagator
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function
L2 <t2>+ﬂ —~ t;ﬁ> LA

M2 (11 B)  167BME (1+B)(2+B)(3+28) "

D= (tt —p?) = —
[2me6(1 +8) [—t‘i“ﬁ I (2 — 32 4 _9p(—1+42) + ti“ﬁ”

— (34 28) [2t2> + B2 — B2 + 270 (—24 B(—2+ 2 + ti))“ 4o
(3.34)

Terms of the order of €2 and smaller are neglected. The solution describes the two cases for
t >t and t <t since t. = min[t,t’] and ¢~ = max]t,t’].

For smaller values of the four-momentum p, the KK-decomposed propagator can be approx-
imated as

1 p?
D¢i p?t t ZX n / |: (d):i:)g + (¢:l:)4 + O(p3):| ’ (335)
mn mn

which will later be used in our calculatlons. In the result for the analytic propagator function in
(3-34), the first two rows give the result for the first term >~ | Xﬁi( HxEW )w%)z’ whereas the
mn

last row gives the result for the second term » 7 X (ONEW ) The physical scalars are

(e
defined in the bulk-Higgs scenario only, and do not appear in brane localized Higgs scenarios.

3.3 Fermion propagator

3.3.1 Fermion propagator for p; ~ 0

Using the 6-component spinor notation for the fermions, defined in (2.105)), the 6 x 6 propagator
reads in the mixed momentum-position representation [5},188,/189]

iST(t,t':p) = /d‘*q; e?*(0|T (Fu(t,z) + Fr(t, z)) (Fo(t',0) + Fr(t',0)) |0)

> 1— 1+ i 1+ 1—
- (n) V5 (n) V5 (n)t 5 ()t s
=S A O A O [ e A0

(3.36)

where T denotes the time ordering. In this notation, the Dirac operator has the form [2,/5]

0
Df = ]é Mg rvys—=— ot

where the generalized mass matrix has been defined in (2.110). Using the bulk equations of

motion in 1) and the completeness relation for the fermion profiles, >~ | F n)( ).7-"1(4 it (t') =
d(t — t'), one can show that the generalized Dirac equation

— MygrMy(t) (3.37)

Dy S/ (t,t';p) =0(t —t) (3.38)
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is fulfilled [2,5]. Since massless fermions do not exist, one can study the special limit p* — 0
without complications, and the propagator does not exhibit a singularity at p?> = 0 [5]. In this
limit, the expression in (3.36|) reads

1 1—
Sf(t,¢:0) = — {AQL(t,t’) % AL (8 275 , (3.39)
including the functions
— 1 n
At ) =D S FOFVE) . AL(tt) = A1) (3.40)
n=1 n

In the following, we present the derivation of the function AéL(t,t’ ) in the bulk-Higgs RS
model for a vanishing four-momentum p* — 0 [5]. One can start with the Dirac equation in
1’ which implies the following differential equation for the function Aﬁ (1)

5+ M0 ALy a.0) = b 1) (3.41)

along with the boundary conditions at the UV brane and the IR brane,
(1 0)AL (t,t)=(0 0) for t;=¢,1. (3.42)
Further, the jump condition
AL (40,1 — AL (1 —0,1) = ! (3.43)

- Mgy

is obtained by integrating the equation of motion over an infinitesimal interval around t = ¢/,
similar to the derivations of the jump conditions, presented before. The general solution to the
differential equation in (3.41)), for ¢ # ¢/, is an ordered exponential [5],

AL (t, 1) =T exp {— /1 t ds M f(s)} AL (1,1 . (3.44)

Due to the time-ordered prescription, it is not possible to get a solution in a closed form for
the function AéL. However, one can calculate an approximate expression, by setting up a
perturbative expansion in powers of

v
p=— <. (3.45)
V2Mpg i

In this regard, one can define the “time-evolution operator”

U(t, tg) = T exp {— /t ds Mf(s)} : (3.46)

to

with the operator of the “unperturbed system”, corresponding to p = 0, as

Us(t,ty) = T exp {— /t: ds é (Cg _(if)} — <(t/t%)_CF (t/g)cf) . (3.47)
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The operator of the “perturbation” reads

H; (1) = (24 B)7'"’ (% ‘gf ) . (3.48)

The full operator can be constructed as a series expansion

U(t, to) = Ug(t, t9) — p/t dr Ug(t, 7)H(7)Uq(T, o)
fo (3.49)

2 t T
+ %/ / drydry Ug(t, 7)H; (1) Ug(11, 72)Hi(12)Ug (12, to) + O(p?) .
to Jto

Written in form of components, one can get
2

U(t,1) = Ug(t, 1) — pU,(£,1) + %Ug(t, 1)+ 0(p% (3.50)
with
0 YA®t)
U1<t71) = <YBT(t) 0 ) )
_ @A+ B)Ypij [2484es, _ 4en,
(Y1), )= (o + 1) [t* t ] : (3.51)
2+ )]y -
Bt . f/u 2458 Cr; _ gy,
and
~YA(t) YOI +YP(t) 0
Ualt 1) = ( 0 _Yi(h) YR +YFT(t)) ’
(2+ 5)(YT)kg‘ (2+ B)Q(Yf)ik(YT)kj gi2h=cr; _ yer;
Cty. . _ f Dy () _ f
SRl pa(—cy, _CF]-) - (0) pa(—cy, —ch) q(cr, —CF]-) ]  (3:52)
gy _ 2+0y rry @BV Da (Y [£25en — gen
(Y >k] p2<ch + ij) ’ <Y )” pZ(CFk + ij) Q4(_Cfi + ij)

Here, we introduce the new abbreviations Y2(t), YBT(¢), YCI, YP(¢), YE and Y¥'(¢), which
are 3 X 3 matrices, according to the 3 X 3 matrices Yy and c(xy) in generation space. The full
solution in (3.44) is a 6 x 6 matrix, and reads

Agg(tt) =U(t, 1) - Agg(1,1)

—c v2 "
(i YA YO YR ~ 7 YA
- v c 02

_\/iMKK YBT(t) e+ 4MI2(K [_YBT(t) YE + YFT(t)] (353)

C>,< C>,<

1 2

’ <C>,< C>’<) )
3 4
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for t >t (>),t <t (<). The constants CE>’<) can be determined by solving the system of
boundary conditions in (3.42)) and (3.43). From the UV boundary conditions, one obtains

U2

AME

v

V2Mg

together with a similar equation, where C7 is replaced by Cs, and C5 by C;. The following
two relations are easy to verify,

€ F + (=Y%(e) YT+ YP(e))| - CF — Y4()-C5 =0, (3.54)

= (Y (e) e~ —(YH)T,

_ _ 2+ 3.55
= (Y4) () YP(e) = (YB) - YS, Yi= iyfﬂ-k v, (3:55)
qs(cr, — cry)
and by using these, one obtains
2M 2
C;5 = % —(Y®)"' + ﬁ (YT +(Y®) ' Y9 |- CF, (3.56)
KK

as well as a similar relation for C; in dependence of C5. Checking the definitions in (3.51]) and

(3.52), one can clearly see that
YA(1)=YP(1) =0, (3.57)

and for that reason, the IR boundary conditions define C; and C3 to be zero,
C;=C;=0. (3.58)

The jump conditions offer the following relations

2
1
tlch_F —YA t/ YCT+YD t/ ] —C< _ v YA t/ C>—C< — 7
e (YA ()] (-07) = S YA@) G5 - €5l = g
2
tmer 4 ~YA)YC +YP (¥ } CH) - — YA [Cr—CS] =0,
e (YA )] (5) - xR e - o
(3.59)
& —C<:t’°F~[ ! +— YA() (C>—C<)]+O< v )
' Mgk \/ﬁMKK ’ ’ M?{K 7
X (3.60)
_C<: (% t/cF‘YAt/ C>—C< —|—O< v > ’
= st YA (CF - )+ 0 (7

where terms of the order of v®/M2 ;- and higher are skipped, and equally one can obtain

v v3
2M M}
V2Mgk KK (3.61)
C> — C< o L t/—c:f YBT(t/) . C< + t/_cf n (’) ( fU3 )
! Y VR2Mik > Mgk My )
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The solving of the system of equations is presented in Appendix The results are

/ 2 2 2 / / /
C; = (Y5)™t F% - 2]\22 \/7— [(1 - (YE)*ltCFYA(t’)) t oY Bl er
KK

1 /
+3 (YT — (YE)‘IYG)th] , (3.62)
, t'—es
C7 = [1+ (YA ey ()| 7 .
Mk k
and
ter
Cr=- ,
! Mk
v ’ ’
CS=— thYA AV A 7

’ 2 2 2 / ’ / 1 ’
C; — (YE)flt CF£ 4 UQ £ (YE)flt CFYA(t’)t 7chBT(t/)t i (YOT o (YE>71YG) t cF ’
v 2Mp e v 2

1 ! /
Ci = ——(YE)HeryA() —<r |
MKK

(3.63)

Altogether, we obtain the following results for the propagator function, for the two cases t <t/
and t > t/,

A%, (t,1;0) =

—ar ()T YA | e () YA (Y ) | YA

e (YP)THerSE 4 ot [YPH(1)er
+3 (YO + YII()) (YF)~teer

_|_th (YE)—lt’CFYA(t/)t'—CfYBT (t/>t/CF

+%tcf (YCT _ (YE)—lYG) t’CF:| M;K'K'tcf (YE)_ltlcFYA(t,)t,_cf
(3.64)
and

Az (t,150) =

_M;K YA<t) (YE)ilt/cF —ﬁ&?{KYA(t) [1 + (YE)*lt'prA(t/)} ey
tes (YE)flt/Cp\/Tﬁ
s 5 (CYPOYP Y 0) (vF) e
_’_% (YC’T _ (YE)leG) t’cF
tcf (]- + (YE)_lt’CFYA<t,)> t,_CfYBT(t/)t,CF} M;KK |:(tt_l)cf + tcf (YE)_lt/CFYA(t,)t/_cf}

(3.65)
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With the help of these results, one can analytically sum up the KK tower contributions of
fermions in the amplitudes of loop-induced Higgs processes, which will be presented later.

3.3.2 Fermion propagator for v ~ (0

In the following, we consider the five-dimensional fermion propagator for general momenta,
Y2 7é 0 l2]7

iSY(1, 1) = |ALL (1 s+ Ay (L85 —1%) | P+ (L ), (3.66)

where iS/(¢,#'; p) has been defined in (3.36), and Pg = %(1 + v5). Now, the KK decomposed
propagator functions are [2)

! ]‘ n n /
AL (1 —p%) = Z ﬁfé " F)

w DTy,
(3.67)
mfn n n
ALt =p?) =D ﬁfz(a ' FV)
n Py,
that are similar to the functions from before, except of a sign change, according to
AﬁL(tﬂ tlﬂ 0) = _A%CZL(L t/) ) A{/R(L t/, 0) = _AéR(tv t/) ’ (368)

where AL, (t,t') and AJ (') are the functions used in the previous subsection. For the present
case, the generalized Dirac equation in (3.38)) implies the coupled system of equations [2]

0
pzAiL(t, t';—p®) — Mgk (El + Mf(t)> AéL(tu t—p*)=1-8(t-1t),

5 (3.69)
Agp (8t =p?) — Mk <—&1 + Mf(t)) ALt —p") =0

By integrating these equations over an infinitesimal interval ¢ € [¢' — 0,¢ + 0] around a fixed ¢/,
one can get the jump and continuity conditions [2]

AéL(t/ +0,t; —PQ) - AéL(t/ -0, —pQ) = _MLKK 5
(3.70)
AL +0,85—p) = AL (' = 0.8, —p*) =0,
The boundary conditions at the UV and IR branes are
0 1)-A (ti,t;—p) =1 0)-AL (ti,t;—p*) =0, t;=¢1. (3.71)

These conditions state that the Z-odd fermion profiles obey to Dirichlet boundary conditions
at the two branes, respectively.

In calculating the contributions of the KK fermion tower to the production and decay pro-
cesses of a new, heavy bulk scalar S, with a mass mg ~ 750 GeV, one can neglect the Yukawa
interactions, scaling with v ~ 246 GeV < mg, and skip the respective terms in the differential



98 3.3. FERMION PROPAGATOR

equation of the propagator. In this sense, one can consider the limit v ~ 0 in the mass matrix
M (1), given in (2.110), and in this limit, the Higgs localization in the bulk does not play a role.
In order to solve the coupled system of equations in , one combines the two equations to
a second-order equation for the function Af, [2],

2 1/ 0 1 fcyp 0O 1
1— — — | F - 152 | AL (A —p?) = St —t' 3.72
{ 8t2 t2 <() —C?) + t2 (0 _Cf) pE:| LL( y Uy —D ) MI2(K ( ) ) ( )

where p% = —p®/M% . Then, the second equation in (3.69) determines the function AéL. By
solving the second order equation for ¢ = ¢', one finds the general solutions

I 1 t 0 (>7<) / (>,<) /
A{(L>7<)(t7t/’_p2) _ \/%( Cp— §(pE ) R ) <Cl (t) C% (t ))

0 Lst) ) \CE) € ()

(3.73)

i [Ferss B2) 0 o) o)

0 I—cf—%(ﬁEt) Cg>,<)(t/) Cé>’<)(t/)

and
I, 1(prt) 0 cow)y o)
Af(>:<) t,t/,— 2\ — _ \/% Crtyg ) 1 2

RL ( p ) PE 0 Icf—%(pEt) Cg>,<)(t/> Ci>,<)(t/)

(3.74)

i [Ty PEt) 0 @) cy)
be 0 Lo (et)) \cP9w) cCoOw))
This is in correspondence with the calculation presented in [2]. The sixteen constant matrices

C§>’<)(t’ ) are defined by the 4 continuity and 4 jump conditions, together with the 8 boundary
conditions at the branes. These conditions allow to determine the final result for the function
A];%L as

Dy(cp,1,t,pp)Di(cp,et' ,pE)
Af> ¢ t/' 2 PET vas QDQF‘CF,G,f,pE;CO:_‘(CFﬂ')E 0
RL( Uy =P ) = 2M2 0 Di(cy,1,t,pp)Da(cy,et' pE) J
KK Da(cy,1,e,pg)cos(cym) (3 75)
\/— Di(cp,1,t' pE)Da(cr,et,pE) 0 ‘
Af< ¢ t/' 2 PET Dy (cp,e,1,pg)cos(cpm)
RL( yUy =P ) = 2M2 0 Da(cy,t',1,pp)D1(cy,6t,pE) )
KK Da(cy,€,1,pg)cos(cym)
whereas the function A{ ;, Teads
o Di(cp,1,t,pE)Di(cr.et’ pE) 0
Af>(t o 2) _ T Ds(cr,Le;pp)cos(cpm) R L
AR R L YWE 0 Da(cy,1,t,pe)Da(cys,et' pE) )
KK Da(cy,e,1,pp)cos(cym) )
3.76
o Di(cp,1,t' pE)Di(cr,et,pE) 0 (
Af<(t Ve 2) _ T Da(cr,1,e,pp)cos(cpm) R R
AR N 4 YYE 0 Da(cy,1,t' pE)Da(cy,et,pE) )
KK Da(cy,e,1,pp)cos(cym)
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and we introduce
DI(C7 a, t) = ]—c—%(apE)]c—%(tﬁE) - ]c—&-%(aﬁE)]—c—i-%(tﬁE) )
DZ(C7 a, t) = ]—c—%(aﬁE)]c—&—%(tﬁE) - ]C—&—%(aﬁE)I—c—%(tﬁE) :

The functions I are Bessel functions of the second kind. It should be noticed that the following
relations apply

(3.77)

2 M
Di(c,a,a) = 2cos(em) Mk
Tape
(3.78)
—2 My D 1
DQ(_C7 6»t)D2(C7 ]-7 t) - D1<—C, 6,t>D1(C, 17t) - COS(CW) tKK 1(C’ ’6) .
TiPE

The amplitudes of the loop-induced production and decay processes of the new scalar S, pre-
sented later, will depend on the following expressions [7]

A{/R(tv t7p2E) + A]I;L(t> t7p2E) _ 1 d(+)<CQ7pE> t) 0 (379)
2 2ME . 0 —d)(cy, prst))

where
DQ(C, €, t)Dl(C, 1, t) + Dl(C, €, t)DQ(C, 1, t)

D2(c> €, t)Dl(C> 17 t) - Dl(C7 €, t)D2(C7 17 t) ‘

Later, in Chapter 5, we will also calculate the production and decay processes of S in the
enlarged RS model with a custodial bulk gauge symmetry. For that case, the differential equation
for the propagator function can be generalized as follows

92 1 ([c% 0 1 fcz O 1
- Ia - F _1a2 f 1o 2) oy
[1_8752 2 (O _C?) + 2 (0 _Cf) 1p5 | AL (t ) —p%) M}md(t t') . (3.81)

dM(c,pp,t) = (3.80)

where the bulk mass matrices have been given in (2.202)). The following boundary conditions
apply for the respective functions

(01000)AY,(e)=(00000), (00100)AY,(¢)=(00000) ,
(10000)AY,(e)=(00000), (00010)AY (e)=(00000) , (3.82)
(00001)A%,(e)=(00000) ,

00100)AY,(1)=(00000), (00010)AY,(1)=(00000)

00001)AY,(1)=(00000), (10000)A%,(1)=(00000) (3.83)
(01000)AY,(1)=(00000) ,

(010)AL()=(000), (100)AE()=(000), (001)AL()=(000)
(010)A7(1)=(000), (001)A7(1)=(000), (100)AZ(1)=(000),
(010)AL()=(000), (L00)AZ()=(000), (001)A%(c)=(000)
(010)A7,(1)=(000), (001)A7;(1)=(000), (100)AR(1)=(000)
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following from the conditions that ng)(e) = 0, and C%_)(e) = 0, as well as SE(1) = 0 [151].
Despite the extended matrix expressions for the propagator functions in the custodial model,
it turns out that, analogously to , the expressions contained in the amplitudes can be
determined as

Alp(ttiph) + At tipp) 1
2 2MZ .
dH(cg, pe,t) 0 0 0 0
0 d ) (cg,pe;t) 0 0 0
0 0 —dM)(cye, pp, t) 0 0 ,
0 0 0 —d (e, pE, 1) 0
0 0 0 0 —d)(cy,, e, 1)
dP(co, pp,t 0
A%R(tv tap2E> + A%L(tv t7p2E> _ 1 ( % be ) _d(+)(C t) 0
2 2M2 T2y PE, ;
KK 0 0 —d (e, pE, 1)
d(cq, pr, t 0 0
AéR(tv tap2E') + A>I\%L(t7 t7p2E> _ 1 ( % be ) _d(f)(c t) 0
2 2M2 1) PE, ;
KK 0 0 —d)(c,,, pE, 1)
(3.85)
depending on d™)(c, pg, t), defined in (3.80]), and further on [7]
Dy(— t)D 1,t) + Do(— t)D 1,1
d(_)(C7pE,t) _ 1( C, €, ) 1(07 3 ) =+ 2( C, ¢, ) 2(C7 ) ) (386)

Dl(—C, €, t)D:[(C, 1, t) — DQ(—C, €, t)DQ(C, 1, t) ’

where Dy and D, are given before in (3.78]). Note that the results in the minimal RS model are
obtained by simply skipping all the d(~)(c, pg, t)-entries.



Chapter 4

Higgs Productions and Decays

After the Higgs boson could experimentally be confirmed at the LHC in 2012 [67}/68], a solution
to the gauge hierarchy problem, i.e. the question why the Higgs bosons mass is stabilized at the
electroweak scale, has been demanded more than ever. Precisely measuring the Higgs couplings
to the SM particles can help to discover new-physics approaches and to distinguish between dif-
ferent ones. The RS model was introduced as one of the most promising new-physics approaches
that can solve the gauge hierarchy problem, as presented in the second chapter of this thesis.
The clearest signals predicted by the RS model are the direct detections of KK resonances, in-
evitably occurring in the model as series of heavy copies of the SM particles. But, none of these
KK particles has been observed yet, and precision tests of the Peskin-Takeuchi observables sug-
gest that their masses could be too heavy for a direct detection at present collider experiments.
However, KK particles induce significant, virtual loop-contributions in particle processes, even
in lower energy scattering processes. The loop-induced Higgs production process through gluon
fusion and the Higgs decay into two photons, for example, are very interesting candidates to
test the predictions of the RS model and to search for the warped extra dimension in an indi-
rect way. Furthermore, tree-level processes such as the vector boson fusion and Higgsstrahlung
productions, and the Higgs decays into a pair of a virtual and a real gauge boson, or into a pair
of fermions such as tau leptons, can be of interest to probe the direct Higgs couplings to SM
particles. The direct Higgs couplings can receive sizeable new-physics contributions in the RS
model compared to the SM. Technically, these deviations are caused by the overlap integrals,
appearing in the effective four-dimensional Feynman vertices of the RS model. So, in total,
precise experimental results for the Higgs couplings, presently investigated at the LHC experi-
ments, and possibly in the near future at new International Linear Collider (ILC) experiments,
constitute to be a suitable data set to search for the existence of a warped extra dimension.
Higgs production and decay rates were numerously investigated in RS scenarios, e.g. in
[2,[3,15,(151}/152,|171},[190-193|, where the Higgs field was strictly localized on, or very close to,
the IR brane. These brane-Higgs or very narrow bulk-Higgs scenarios are strongly constrained
by tests of the Peskin-Takeuchi observables [82], as we have shown in the second chapter of
the thesis. A bound on the KK mass scale is implied as My > 4.4 TeV to 95% CL [177].
Accordingly, the lightest KK state is predicted to have a mass of at least Mgy > 10.8 TeV. This
is a strong disadvantage of these scenarios, since higher KK mass scales reduce the ability of the
model to mediate the gauge hierarchy problem, and give less interesting outcomes for present
particle experiments. Also, we have presented the custodial RS model with a more involved
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particle structure of fermions and gauge bosons [2,|151}/174-176], in which the bound from the
electroweak observable tests can be softened to Mk > 2.0 TeV (where Mgy > 4.9 TeV). In
this model, the bulk gauge group is extended in such a way that there is no stronger violation
of the custodial symmetry in the Higgs sector, compared with the SM. But, apart from the
complex particle structure, also the custodial model is strongly constrained at the present level,
as e.g. by the Higgs decay into a pair of a virtual and a real Z boson [2,4]. For that reason, we
have presented, in most parts of Chapter 2, the Higgs scenario of the RS model in which also
the Higgs field extends into the extra dimension, with a maximal localization at the IR brane,
the bulk-Higgs RS scenario. This framework has many advantages compared to other Higgs
scenarios. The Higgs field does no longer have a special status as the only brane-localized field.
From that point of view, this framework seems to be the most natural version of the RS model.
The fermion mass hierarchy can be addressed in the bulk-Higgs scenario as well, and moreover,
it can give some explanations for the small scale of neutrino masses |[157,|194,/195]. In Section
2.4] we have explained that the bound stemming from the electroweak precision tests can be
relaxed down to Mgg > 2.4 TeV (Myq) > 5.6 TeV) to 95 % CL in the bulk-Higgs scenario (for
B = 0) [154]. Consistently, the scenario seems to form a promising alternative to the strongly
constrained brane-Higgs scenarios, without and even with a custodial bulk gauge symmetry.

The bulk-Higgs framework has the prejudice that the integrations over the profile functions
of KK particles, performed in deriving the effective four-dimensional Feynman rules, depend in a
complicated way on the shape of the Higgs profile, localized in the extra dimension. Instead, in
the brane-localized Higgs scenarios, the Higgs profile is described by a simple delta-distribution,
which significantly simplifies the integrations. In this relation, all the results for couplings and
amplitudes in the bulk-Higgs RS model give much longer expressions in dependence of the
parameter space of the model. We don’t feel intimidated by this fact. The Higgs processes that
we will investigate in the following have already been explored in the narrow bulk-Higgs scenario,
e.g. in the references |2-4], which coincides with the benchmark case of the limit 5 — oo in the
bulk-Higgs scenario. By taking these results as reference values for our investigations, we expect
that the results for couplings and processes in the bulk-Higgs scenario should lie closer to the
SM predictions, compared to the other Higgs scenarios. In fact, we will find that the results lie
the closer to the SM predictions, the stronger the Higgs field is located in the extra dimension,
and the more natural the considered setting is, actually. This is a very interesting outcome,
which possibly establishes the bulk-Higgs scenario to be the most interesting incarnation of the
RS model.

In this chapter, we present the calculations and evaluations of the various Higgs production
and decay processes in the bulk-Higgs RS scenario. The infinite summations over all contribut-
ing KK states in the amplitudes will be related to five-dimensional propagator functions in the
mixed momentum-position representations [188189,196-199]. This is done in contrast to refer-
ence [154], where the same Higgs production and decay processes were calculated in a similar
framework. The calculations of the propagator functions have been presented in the previous
chapter. In our approach, we will be able to derive analytic formulas for all the different Higgs
production and decay processes, in the end. The chapter will be structured as follows. At first,
we will present the calculation of the W boson contribution to the loop-induced Higgs decay into
two photons. In this context, we will also discuss the Higgs decay rate into a pair of a virtual and
a real gauge boson. After that, we present the contribution of the physical scalars to the Higgs
decay into two photons. After this, the most demanding part will follow, with the calculation of



CHAPTER 4. HIGGS PRODUCTIONS AND DECAYS 103

Figure 4.1: Feynman diagrams for the dominant Higgs production processes at the LHC, the
loop-induced gluon fusion production mediated by quark fields (left), the production in asso-
ciation with a gauge boson named as Higgsstrahlung (middle), and the vector boson fusion
(right) [4].

the fermion contribution to the loop-induced Higgs production process through gluon fusion and
the Higgs decay into two photons. In this relation, at first we will sum over the full KK fermion
tower in the amplitudes, and then we will consider the contributions of the zero-mode fermions
in a separate manner. The summation over the full KK fermion tower will be related to the
five-dimensional fermion propagator function, and the zero-mode contributions can computed
with the help of the approximate zero-mode fermion profiles. The zero-mode contributions will
allow to derive the various tree-level Higgs couplings to a pair of fermions. In all cases, the
first significant contributions by new-physics to the respective processes in the SM are given in
powers of v2/M2% .. All the results depend on the significant, open parameters of the bulk-Higgs
RS scenario. These are the KK mass scale, the five-dimensional Yukawa matrices and the bulk-
Higgs localization parameter 5. After the presentation of the calculations, we will numerically
evaluate our results with the help of diced parameter sets that give input values for the open
parameters of the model. At first, we will evaluate the single Higgs couplings to particles, and
then, we will discuss the different Higgs cross sections and decay rates, in order to illustrate the
dependences on the RS model parameter space. Also, the new-physics corrections to the total
Higgs decay width of the SM will be derived in this evaluation. To compare our results with the
relevant results from the ATLAS and CMS experiments at the LHC [6,200/-202], we will further
investigate the signal rates of a Higgs production at the LHC and a subsequent decay into the
final states vy, WW*, ZZ* bb and 77, respectively. These signal rates are given by the cross
sections of the Higgs production processes at the LHC, multiplied by the Higgs decay rate into
the respective final states, corrected by the normalized total Higgs decay width in the RS model.
However, in the bulk-Higgs scenario, there are only very moderate new-physics deviations from
the SM. As a consequence, we will not be able to derive any new, significant exclusion bounds on
the parameter space of the model, by comparing the predicted signal rates with the experimen-
tal results. As an outlook, we will consider the possible experimental capabilities of new ILC
experiments on the precision measurements of Higgs couplings. We will compare our predictions
in the RS model with these new, possible capabilities by assuming SM-like measurements. In
this way, we can test up to which amount the parameter space of the bulk-Higgs RS model can
possibly be explored at next-generation experiments. Altogether, this chapter is pivotal for the
thesis, and will comprise its main results.
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< W*(n

Figure 4.2: Feynman diagrams for the Higgs decays into a pair of fermions such as b quarks or
7 leptons (left), a pair of a virtual and a real gauge boson where the virtual gauge boson decays
further into a fermion pair (middle), and into two gluons mediated by quark fields (right).

2% m - - 2% m - - S
n) *(n)

Figure 4.3: Feynman diagrams for the Higgs decay into two photons in the unitary gauge. The
loops are mediated by KK fermions, KK W bosons, and the physical KK scalars of the bulk-Higgs
model.

4.1 Calculations

The dominant Higgs production process at the LHC is the gluon fusion production. Moreover,
the Higgs boson can be produced in association with a W or a Z boson via the Higgsstrahlung’s
production process, by the vector boson fusion, or together with a ¢¢-pair. In this connection, the
different portions of the production processes are (for m;, = 125.1 GeV and /s = 8 TeV) [203]

o(pp — h) =0.872 o(g9 — h) + 0.072 o(qq — qqV*V* — qgh) 1)
4.1
+0.032 0(qq — Wh) + 0.019 0(qq — Zh) 4+ 0.006 o(gg — tth) ,

where the vector boson fusion can be transmitted by both V' = W, Z bosons. The Feynman
diagrams for the first three processes are given in Figure .1, and will be calculated in the
following in the bulk-Higgs framework. Shortly after its production, the Higgs boson decays,
according to the different branching fractions [203],

Lot = 0.56 I'(h — bb) +0.23 T'(h — WW?*) 4+ 0.03 I'(h — ZZ*)

42
+0.09 T(h — gg) + 0.06 T(h — 77) + 0.03 , (4.2
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with a total Higgs decay width of I'yo; = 4.21 MeV, for m; = 126 GeVH The Feynman diagrams
for the Higgs decays into a pair of fermions, gauge bosons and gluons are given in Figure|4.2l The
corrections to the remaining Higgs decay modes, such as h — c¢, Z7, ..., will have less significant
effects on the total Higgs decay width in the RS model. We will summarize these effects by
their combined branching fraction in the SM, which is 3%. However, the Higgs decay into two
photons provides a clear, experimentally measurable channel despite its small branching fraction.
Moreover, it is of special interest for new-physics searches due to its loop-induced transmission.
The Feynman diagrams for this process are summarized in Figure [4.3] and the calculations of the
single contributions will be presented in the following sections. The various tree-level and loop-
induced Higgs couplings to SM particles can be described in terms of an effective Lagrangian,
defined at the electroweak scale p =~ v [4,5],

2
Lo = Chy mWhW+W 2 CZ—ZhZ 20— N PLRF(Cr + Cpsiv) f
Usm Vsm Ftbr Usm

+Cg hG(Z Ga Nyi274 Cg5 hGa G(l 1274 (4.3)
127rv5M TUSM

+Cy—hF,,F"" — C,s——hF, JEM 4
67TUSM TVS M

with F# = —%e“”o‘ﬁFa[g, G = —%e““aﬂGa[g and €”2% = —1. In principle, effects from a

renormalization-group running from the scale y ~ Mgx down to the electroweak scale would
have to be taken into account, leading to insignificant deviations, however [5]. Also, there
are Higgs self-couplings, or hZ, fy* f-couplings etc., where the RS corrections are of minor
importance and will not be investigated in the thesis. The couplings C; write the contributions
from processes that are even under the CP transformations, whereas the couplings Cj5 write the
contributions that are odd under CP transformations, which are new compared to the SM. For
that reason, we have Cyy = Cz = Cy = 1, and Cys = Cy = Cys = C, = C,5 = 0, in the SM.
With the help of the couplings, one can easily write the Higgs production cross sections and
decay rates, normalized on the respective SM rates, as [2-5,[154]

o(pp — h)irs _ ez g et L'(h— ??)RS _ M2 | cleme (4.4)

o(pp — h)ism [(h — 1) snr ' ’
For the loop-induced Higgs processes, the heavy SM particles t, W and Z can be integrated out,
resulting in additional contributions at the one-loop order, which are included in the effective
couplings C (5] These effective couplings include the loop-induced couplings with the contribu-
tions from KK particles Cig 4, Clg,415, and the modified SM contributions from fermions in the
case of the gluon fusion process [3}-5],

Cf = Cy+ Y CrA(ry) | Coll = Cys + Y CysB(7y) | (4.5)
f f

IThe current result for the Higgs bosons mass is my, = 125.094:0.2140.11 GeV (with statistical and systematic
uncertainties), resulting from a combined analysis of ATLAS and CMS [204].



106 4.1. CALCULATIONS

where 7; = 4mfc /m2, and from fermions and W bosons in the case of the Higgs decay into two
photons [4],

21
CM = Co 4+ NyQ3 CrA(ry) = CwAw(mw) CH = Cos+)  Nep@Q3 CysB(ry) . (4.6)
f f

Here, N, is the color factor, which is 1 for leptons and 3 for quarks, and @y are the fermion
charges. In this regard, the amplitudes of loop-induced processes will be parametrized in terms
of the following parametrizationﬂ [2,3,5]

as v.a e
Maes(99 = h) = C51 o (0]G,G"“|g9) — Cg5

e v off & nIng
MgeS(h — '7’7) = CWH%«Y’Y’F;WFM |0> - C5gm<'77|FuuFu |O> :

o ~
—(0|G5,G"gg)
8mv (4.7)

In the SM, the corresponding, effective couplings read Cy s = >, A(7y), and

Cysm = D5 NepQ3A(Ts) — —2L Ay (Tw). The loop contributions that are induced by KK particles
consist of fermlonlc parts in the case of the gluon fusion process, C; = > sV Cgs = > £ Vf5,
whereas there are also contributions from KK W bosons and KK scalars in the nggs decay into
two photons [4,/154],

Cﬂf = Z chQ?ch +vw +vy, 075 = Z chQ?cZ/J% + vws + Vs - (48)
! f

Our calculations will be performed in the unitary gauge, so that the loops in the production
and decay processes are mediated by physical particles, exclusively. Goldstone bosons and
ghost particles are absent in our calculations. The calculations and results for the individual
contributions will be presented in the course of this chapter. We will especially focus on the
contributions to the loop-induced Higgs decay rate into two photons, given by fermions, gauge
bosons and scalars. The results for the fermion contributions will give the formulas for the tree-
level Higgs couplings to fermions, forming the direct Higgs decay rates into a pair of fermions,
such as b quarks or 7 leptons. Moreover, the results are equal to the gluon fusion production
rate, apart from charge and color factors. The tree-level Higgs couplings to gauge bosons can
be derived from the W boson contribution to the Higgs decay into two photons. In addition,
we will explicitly determine the formulas for the Higgs decay rates into a pair of a virtual and a
real gauge boson, normalized on the SM predictions, which only a bit differ from the squared of
the Higgs to W bosons coupling. We will end up with a compendium of comprehensive formulas
to describe the various Higgs decay rates into two particle states, which can numerically be
evaluated in dependence of the parameter space of the bulk-Higgs RS model. By this, we will be
able to determine the signal rates for a Higgs production at the LHC and a subsequent decay into
a final state of two particles, which can be compared to the respective experimental results. In
the following, we begin with a list of Feynman rules that are needed to calculate the amplitudes.
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Vertex Feynman rule
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Table 4.1: Feynman rules in the bulk-Higgs RS model, derived in the effective four-dimensional
theory, which are used throughout the calculations.

4.1.1 Feynman rules

In this section, we list all the Feynman rules for three- and four-particle vertices that are used
in the subsequent analyses. We use the four-dimensional, effective theory that can be derived
from the five-dimensional action by integrating out the extra dimension, and using the KK
decompositions and explicit profile functions for the relevant particle fields. In general, the
integrations over the extra dimension reappear in the Feynman rules for the interaction vertices,
containing overlap integrals over the profile functions of the interacting fields. In Table [4.1] the

*The expectation values (yy|F, F*[0) = —4(ki-kon™ — k{kY) el (k1)es(ke) and (Y| Fu Fre|0) =
Yepval kiakapey,(k1)ey (ko) parametrize the Lorentz structures of the external momenta of the loop amplitudes
with the polarization vectors.
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Feynman rules are listed, and we discuss several of these rules in the following.

Generally, the vertices of the couplings between zero-mode photons and KK particles are
diagonal in the KK number, expressed by the Kronecker delta 6,,,. These exclusively allow
for couplings between KK particles of the same mode. In these vertices, the overlap integrals
over the extra dimension can be traced back to the orthonormality conditions that the particles’
profiles fulfil, in effect resulting in the Kronecker-delta expressions. This results from the fact
that the zero-mode photon has a flat profile due to U(1)en-gauge invariance, which is given
in [162]. On the contrary, note that the higher KK modes of the photons have non-flat
profiles; and couple to KK fermions of different modes. This is also true for the case of the gluon,
since KK gluons and photons have similar profile functions. In general, the Higgs couplings with
two fermions, two charged gauge bosons or two scalars allow for couplings between KK particles
of different modes. Furthermore, the couplings of the zero-mode Higgs boson with fermions are
off-diagonal in flavor. The zero-mode Higgs profile X(()h) (t) is different from the Higgs vev v(t) by
O (v?/ M2y )-corrections, and the five-dimensional Dirac fermion mass terms do not contribute,
since these are not induced by Higgs couplings. Such effects are included in the couplings that
can be fragmented into

m pn my, my,
7(75]: ™) Uf q)ff,mn - qu)FF,mn +

2
Dhwpgh — h Tagh (49

m
v AMp e v

In the subsequent section, we explain some steps of the derivations of these couplings, and give
the definitions of the new mixing matrices Ag",, and @, ,,,, by deriving the explicit forms for
the case of zero-mode fermions.

In the derivations of the vertex couplings between zero-mode photons and KK scalars, one has
to include the equations of motion for the scalar profiles , in order to write the integrals
over the extra dimension by the normalization conditions for the profiles [3,/154]. As an example,
we shortly present the derivation of the vertex coupling between the zero-mode photon and two
physical KK scalars. Starting with the terms from the Lagrangian that define the couplings
between the five-dimensional photon field and the five-dimensional scalar fields ¢* and W,

o2mr [t dt e 2r [ dt » i
L ot (Ligegs + Lgauge) 2 f/ t ([—265(8Mg0_)<p+A“ +esp (8#904_)’4#]
—|—i€57“M12<KAu [ON(W;)W; - aM(Wt_)Wtﬂ) )
(4.10)

one can insert the parts of the KK decompositions for the fields ¢* and W= from that
contain the ¢™-dependencies, and one has to consider one KK mode for every field, respectively.
One has to change from spatial to momentum space for the four-dimensional coordinates by
replacing 0,0 (z) = i(pye ). 8™ (p) and obtains

or [t dt e 2 /1 dt e

T 7t_4 (‘CHiggs + Egauge) > f m W(paf - p¢+>u¢_(m) (p)¢+(n) (p)AM(O) (p)

(a0 (¢ ) 0 (2 @) + 013 "oy 03¢ )
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In these steps, the relation between the five-dimensional and the four-dimensional coupling
constants, es = v/27re, and the constant zero-mode photon profile, given in , have been
used. A partial integration of the first term on the right-hand side of can be performed,
while using the boundary conditions for the scalar profiles in . After that, one can insert
the equations of motion for the scalar profiles in , finding

omr (1 dt e 27

Lat -
—r A (‘CHiggs + ﬁgauge) = ¢—(m) (p)¢+(n) <p)A,u(U) (p)@- / ;

~ Xim (X5 (8) (s~ — Pot ) -
(4.12)
Now, we recognize that the remaining integral over the extra dimension corresponds to the
normalization condition for the scalar profiles, given in (2.103]). With this result, one derives
the vertex expression for the coupling of the zero-mode photon to KK scalars, which is given in
Table [4.1]
The effective, four-dimensional propagators of the KK fermions, KK bosons and scalar KK
particles are equal to the fermion, boson or scalar propagators of the SM, except of the inclusion
of the respective KK masses,

L tt L

€

i(p+my,)
Dyolp) = 3 oo
v —1 pt'p”
DS (p) = 54— (n’“’ —(1- 5)—)

v P2 gy P? = Emiy (4.13)
_ —1 uv pp” —1 pr'p” '
R /) + 5 £m? 2 )

b =My My () p My ) My )
Dysc (9) Z'
+n)(P) = — .
¢ p? — mﬁﬂ 2 + 1€

Induced by the KK-diagonal vertex couplings to zero-mode photons, there are also KK-diagonal
vertex couplings to the Higgs boson in the loop-induced Higgs production and decay processes,
which will be calculated in the following. For that reason, every loop in the processes, to
the lowest order in perturbation theory, is mediated by KK particles of the same mode, and
any mixing between the different KK modes is forbidden. One single summation over the
contributing states remains in every loop-amplitude, which will allow to derive finite results
[3,/154]. On the contrary, for several summations in the amplitudes, this important property
would not be guaranteed. The infinite summations are the largest technical differences in the
calculations, compared to the SM. In this connection, parametrizations will be used in terms of
five-dimensional propagator functions of the respective particle fields. Now, this will be outlined
in the upcoming sections.

4.1.2 W boson contribution to the Higgs decay into two photons

To begin with the computational part of the thesis, we start with the presentation of the W
boson contribution to the Higgs decay into two photons. In a general R¢-gauge, one would
have to include a large amount of Feynman diagrams into the calculation that are mediated by
unphysical particles, as Goldstone bosons and ghost particles. The corresponding calculation
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in the SM was performed in [205], where it was explained that all diagrams with ”unphysical”
particles cancel out when summing over all contributions. Actually, this must happen because
the physical result cannot depend on a gauge parameter £&. The contributing diagrams are
solely formed by loops of physical particles. These are the two diagrams given in Figure [4.3]
corresponding to the diagrams that contribute in the unitary gauge for & — oo.

For the RS model with a brane-localized Higgs field and a very narrow bulk-Higgs field, the
calculation of the W boson contribution to the Higgs decay to two photons was presented in
detail in |3]. By using an effective, four-dimensional description, the amplitude for every bosonic
diagram could be expressed in dependence of the respective SM amplitude, according to

Misi(h = v7) = 2%—2/ dt 6" (t — 1)) (1)) US_MMSMz(h —77) . (4.14)

my —ml

Here, 0"(t — 1), with n < 1, denotes the profile of a very narrow bulk-Higgs field [2,13], as
explained in Subsection[2.2.3] In addition to the SM amplitudes, the amplitudes in the RS model
contain one KK sum, which runs over the integral over the extra dimension that stems from the
vertices of the zero-mode Higgs boson couplings to KK particles, and some factors accounting
for the differences between the coupling constants. One can conclude that all diagrams with
“unphysical” particles will cancel out to zero, by summing over the contributions for every
single KK mode, because this is true for the SM, as confirmed in [205].

In the bulk-Higgs framework, one has to make the replacement in the amplitudes for the
Higgs profile

2 v(t) 2

Mt —1) — ETXg(t) =2(1+ ), (1+ 4]\22’;[{ [(ziﬂ) — (116)D . (4.15)

Then, the full amplitude of the W boson contribution to the Higgs decay into two photons can
be obtained from the expression (4.14) by inserting the SM amplitude [205]

e2g 1 11—z 1
h — — % [ m} + 6m?, — 6mi,(m; — 2m? /d/d—
M ( ’Y}/) (47r)2m%mw (mh + My mW(mh mW) X o T 0 Y mifl?y _ m]%v
x (mpn™ = 2k5KY) €, (ke (ko)
(4.16)
which depends on two Feynman parameter integrals over x and y,
o 21 [tdt u(t) 2 ([ o
2 h w v
Mas(h = v7) = S [T ——xo(t) [ (8)] (GW—U> (Y[ Fpu FM|0) X
(4.17)

1 6 mWZ 1 1—x 1
(12 d dy ———— | .
{mw*mz ( m)/ / ymzxy—mxm}

One can use the relation

w2 o e mhxy
6+ 12 m,, / dx/ dy ——— - mW2 = 12/ d:c/ dy ———— ey — w7 (4.18)
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where 6 = 12 fol dx folfx dy [-mizy + mwz} , together with the KK decomposed, five-dimensional
W boson propagator function for £ = 1, given in , in order to handle the infinite sum over
the squared W boson profiles /¥ (¢) in the amplitude. By using the parametrization, given in
the equation , we derive the complete W boson contribution to the effective CP-even Higgs
coupling to two photons C’f;ﬂ,

21 m2, 2n (1 dtu(t)
(4.19)

1 1—x
{Bw(t, t;0) + 6/ dq:/ dy (1 —2zy) By (t, t; —zym})
0 0

There is no CP-odd W boson contribution to C’eﬁ A division through the vev-shift k, is included,
since the couplings are matched onto an effectlve Lagrangian in . that contains the SM vev.
One can insert the analytic function for the W boson propagator, in order to derive an analytic
result, and obtains

21 mi, T [ dtv( )
_ZCWA<TW)+VW =-3 KZVL/G —=XG ()%

tt (t,1) 1=z tt tt
(01(27 ) ca / dx/ y){ 201(; ) : +02(; )D ’

miy ZMKK miyy — xymy  2Mi .
(4.20)

where ¢1(t,t') and cy(t,t") are part of the analytic boson propagator function, defined in (3.14]).
With the help of the following two integral expressions

/dm/ dy f(xy) = /dm/ dy f(ay(1—y)) |

1 (4.21)
/0 dx/o dy f (dxy(l —y)) :/0 dz arctanh (V1 — 2) f(z) ,

one finds, then,

21 mE, [t dtu(t)
2 owA = mw T [ AU kg
oW (tw) +vw P L/E P Xo (1) X

(cl(t,t) . c2(t;t) +3/01 4» axctanh (VT =) <1 - E) _ { waltt) cg(t,t)D |

mi, 2ME . 2 mi,(tw —z)  2MZE,

One can perform the following two integrals, by using the integration described in Appendix

/01 dz artanh (m) <1 — f) =
(4.23)

/01 dz artanh (V1 — 2) (;%)) =—-+ (1 - T—W) flmw) ,
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Figure 4.4: Here, the W boson contribution, —%CWA(TW) + vy, normalized on the SM contri-
bution, —%A(Tw), is plotted in dependence of the KK mass scale and for three different choices
for the parameter 5. A tendency to suppressed values can be observed for smaller values of
Mk, and larger values of (.

and gets

21
—chA(Tw) + vw

mw%/ dt v(t) g(t)'(cl LO) | aaltl) gy c;%iﬁ%ﬁ%?) (4.24)

Ko .t ow mé, 2M7
1
o T dt v(t) 7 (c(t,t) ca(t,t)
— 3w, T BV gy LAy ’
mWL/E r oy ol) 2( w2, W)+ pm )

which depends on one remaining integral over the t-coordinate. Moreover, one has to include
the mass relation between the parametric mass and the physical mass of the W boson from
(2.88). Then, one derives the final result for the W boson contribution to the Higgs decay into

two photons,
4

21 v
——CwA Ol —F—-1 . 4.25
Here, one can identify the zero-mode W boson contribution, —%CWA(TW), and the loop con-
tributions of KK W bosons, vy [3], reading

miy ( 3LA+5)*  (A+B)B+6) 1)
( 9

Cw=1

oM \Q2+B)B+28) (2+8)2 2L
(4.26)
Lo 2L myy <L(1+6)_(1+ﬁ)(3+6)+i)
VoM, \ (24 8) (2+ )2 2L )

where 1y, = 4m3;, /m3. The function Ay (ry) = % [2 + 31w + 37w (2 — Ty ) arctan? (1/\/7'14/7—1)}
is normalized in such a way that it approaches 1 in the asymptotic limit 7y — 00, see Appendix
In the SM, the W boson contribution to the Higgs decay into two photons, parametrized
in terms of the coefficients in , is given by —2LA(7y ). In the RS model, the contribution of
the zero-mode W bosons corresponds to the SM W boson contribution, apart from a modified
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coupling Cy,. In addition, the whole KK tower of W bosons, vy, contributes, which is absent in
the SM. In Figure [£.4] the W boson contribution to the Higgs decay into two photons is plotted
in the RS model, normalized on the SM W boson contribution, in dependence of the KK mass
scale, and for three different values of 5. The contribution is negative in the SM, and we observe
that in the RS model it is suppressed even stronger, at least for smaller values of the KK mass
scale and higher values of 5. In the limit f — oo , the result smoothly interpolates into
the result derived in the very narrow bulk-Higgs scenario of the RS model [3], reading

21 m? 3 1
C’anA( )_i_yal/aH_ -~ [(1_2M‘;" <2L—1+Z>)AW<TW)
KK

L R | Oy (s
IMZ, oL M)

Also, this result equals the result in a strict brane-Higgs scenario.

(4.27)

4.1.3 Higgs decay rates into vector bosons

The Higgs boson can directly decay into a pair of W or Z bosons, which consists of a virtual and
a real particle, according to the relations m; < 2my and my < 2myz, where the virtual gauge
boson decays further into a pair of fermions. Also, the description of such tree-level processes
involves exchanges of virtual gauge bosons, as it can be observed from the Feynman diagram in
Figure 1.2 In the RS model, this implies the exchange of the full KK tower of virtual gauge
bosons. In the following, we will present the significant calculative steps of these decay rates,
by using a calculation presented in [4]. In this reference, the decay rates were computed for
the brane-localized Higgs scenario of the RS model. The authors have expressed their results in
dependence of the SM decay rates that are rescaled by certain correction factors. The calculative
steps presented there are similarly valid for the calculation in the bulk-Higgs scenario, with the
exception that the rescaling factors accordingly differ, and have to be determined anew. In
this subsection, we calculate these factors, while referencing on the previous work to a large
amount [4]. Later, a numerical evaluation will be performed, exclusively with the new results
derived for the bulk-Higgs RS scenario.

We start with the calculation of h — WW™*, by following [4], and thus consider the process
h— W W™ — W~ f; f , where f; and fj’ denote a pair of light fermions with the generation
indices 7, 7. The correspondmg differential decay rate in the SM reads [4}206],

ar 1 Irwt— Jif ) m3, N2 (m2, m?,, s)
ds — 1672m; my v (mi, —s)?

[(m3 — miy)? + 25(5my, —m}) + 57] |

(4.28)

where s is the squared invariant mass of the fermion pair, and A(z,y, 2) = (z —y — 2)* — 4yz.
The result includes the on-shell decay rate for the process W* — f; 7 [4],

_ 2

where g denotes the SU(2), gauge Coupling, and N/ is the color factor, equalling 1 for leptons and
3 for quarks. Furthermore, there is g;; 1, = d;;/v2 \/_ for leptons and g¢;; 1, = VCK M //2 for quarks.



114 4.1. CALCULATIONS

After having performed the remaining integration over s in the interval 0 < s < (my, — mw)?,
one can derive [4]

D(h—= W W =W~ f,fi) =

327v? Ty

4.30
o (430)

mp; TW* — flﬂ)g (m%v)

where fermion-mass effects are neglected. The first factor is one half of the would-be on-shell h —
WW decay width in the limit mj, > my, and the second factor accounts for the suppression,
arising because one of the W bosons is produced off-shell. The function g(x) gives the result
stemming from the phase-space [4], which reads

62(1 — 8x + 2022 3r—1
g(x) = x( \/4;7;1-1 ) arccos (%) —32(1 — 62 4 42%)ln x — (1 — 2)(2 — 13z + 472%) .
(4.31)
It is a common practice in the literature to define the off-shell h — WW™* decay rate by [4]
P(h—WW*=2) T(h—W*fif]), (4.32)
fl»f‘;

where the sum includes all fermion pairs with a total mass lighter than my,. The factor 2 results
from the inclusion of the charge-conjugated decays h — W~ f; fj- In the SM, the partial decay
rate T(WT — f; f;) would be replaced by twice the total decay width I'y; of the W boson.

Analogous formulas hold for the decays of the Higgs boson into a pair of a virtual and a real
Z boson. In this connection, one must replace W — Z everywhere, and use [4]

2

; g
1NV = N/
( _>ff) CmZ247TCgU(

9iL T 9%r) (4.33)

for the partial decay rates of the Z boson in the SM. Here, g, = T — s2Q; and grp = —s2Q;
are the left-handed and right-handed couplings of the various fermion species, and s, = sin 6,
and ¢, = cos 0, denote the sine and cosine of the weak mixing angle. In this case, the total
off-shell decay rate reads [4]

D(h— Z2*) =) T(h— Zff) (4.34)
f

where the sum runs over all fermions with a mass lighter than my/2. So far, we have summarized
just the derivations from [4].

Apart from the RS corrections to the decay rates that are caused by the exchanges of the
full KK towers of gauge bosons, also the electroweak gauge couplings, entering the partial decay
rates in (4.29) and (4.33)), get modified, as well as the Higgs couplings to vector bosons. The

Feynman rule for the W,j Oy ™ vertex coupling reads in the bulk-Higgs RS model
22 )

%% w
2mi— i Xo®)xn E)xo () N (4.35)

as given in Table[d.1} For the zero modes, one encounters the correction factor Cyy, rescaling this
vertex compared to the SM, which has been derived just before in (4.26)). A second correction
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factor stems from the Feynman rule of the W,f (")ﬂ(j)d%)—vertex, where A = L, R is a chirality
label and i, j label the flavours of the SM quarks. It was explained in [150] that this vertex is
given in the RS model, in good approximation, by [4]

Vam (VSN Py (4.36)

\/5 i 27r v

which is also valid in the bulk-Higgs scenario, since the Higgs field is not involved in this coupling.
Further contributions, including the couplings to right-handed fermions, are strongly chirality-
suppressed. For the zero mode, one encounters a correction factor relative to the SME|

Varxy (e) ~ 1 _omw L (4.38)

(71/2
2MZ, AL

\/_g

which affects all the amplitudes of the W boson decays into light fermions. It follows that,
relative to the SM, one must perform the following replacements in the SM decay amplitude of
the process h — W-W*T — W-w,d;,

1 Usm mW s / dt v(t) , W
— t)v2rm t) 2n By (t, €, —s
m%/[/ s v mW \/ﬁg v ( ) Xo ( ) W( )

%01/20{ 11 ((1+6)(3+5)_1)}
PwiWim2, — s AMZ | (2+B)? L)|"

(4.39)

where By (t,t'; —p?) is the W boson propagator function, defined in (3.5). This result has an

intuitive form. The factor Cll‘/j rescales the W boson decay amplitudes of the SM, whereas the
factor Oy rescales the Higgs boson coupling to a WW ~-pair, and the last term denotes the
contributions from the KK resonances, encoded in the W boson propagator function [4]. Then,
by substituting the expression into , and by performing the integration over s, one derives
the result

. mi Cry IV miy mi ((1+B)@B+6) 1 miy
ro )~ ot S o () it (Cor 1) ()]
(4.40)

where [4]

-1
h(z) = — (1 — 4z + 121:2) v4xr — 1 arccos 3x_
20302 (4.41)

(1 — 6z + 362%) Inx + é(l — ) (11 — 61z + 3827) .

[\DlH

3The first-order corrections to the relation between the five-dimensional gauge coupling g5 and the gauge
coupling in the SM read

o mw . omk {(1+5)(3+3)_1} (4.37)
Vorrg  mwhe - IMZ. | (@+BE L] |
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In the subsequent numerical evaluation, we will encounter the ratio of the decay rate in the RS
model divided by the decay rate in the SM, which is accordingly

D(h— WW*)grs _ m3 1+p8)B+p8) 1 m} m3
L'(h — WW*)sur ~ Cry Ciy [1 - QMI%K < (2+B)? - Z) " (m_%/) /9 (m—‘;:>}( .
4.42

The analysis of the h — ZZ*-decay rate proceeds in an analogous way. The correction factor
for the hZ Z-coupling of the zero-mode particles reads

Cz = WTM%%/ %@xﬁ(t)% Z )]

_my ( 2L(1 + p)? _(1+6)(3+6)+i)_ miy  L(1+5)

2M7 e \(2+ B)(3+2p) (24 5)? 2L)  2Mpy 2+ B)(3+28)
(4.43)

where the last term stems from the correction of the vev-shift x,. Moreover, the Z f f-couplings
in the RS model, which enter the partial rates in (4.33)), underlie the replacement [4]

V2mxg (€)gra(sy) - (4.44)

g 2
= 5
Cw gf’A( ) 271'?"
If the weak mixing angle is defined via the structure of the couplings g (s2), one finds the
following correction factor for the Z boson decay amplitude [4]

m%z—m¥ ((1+8)3+8) 1 m¥, 1
/I m (R0 1) - i 49

For the Z boson decay width, normalized on the decay width in the SM, one can use the result
from by inserting the correction factors for the Z boson decay, and one has to replace my,
by mz in the functions g(x) and h(z), accordingly. Numerically, the two results for the Higgs
decay into a pair of W or Z bosons are very similar, where the small differences are induced by
the difference between the W and Z boson masses.

1/2
o =

4.1.4 Higgs production through Higgsstrahlung and vector boson fu-
sion

In a manner similar to the one just presented for the Higgs decay rates into vector bosons, the
Higgs production processes through Higgsstrahlung and vector boson fusion can be parametrized,
as discussed in [4] for the RS model with a brane-localized Higgs field. The Feynman diagram
for the Higgsstrahlung’s production process is similar to the twisted diagram of the Higgs boson
decay into a pair of gauge bosons, see Figures and [4.2] The two incoming fermions decay into
a pair of a Higgs boson and a gauge boson, mediated by a gauge boson propagator. Therefore,
at the quark level, the amplitude of Higgsstrahlung gets the same corrections as the amplitude
of the Higgs decay into a pair of gauge bosons [4]. With s as the invariant mass squared of the
hV-pair in the final state, the differential cross section for the Higgsstrahlung’s process reads

dolpp = hV) _ (1+8)3+8) _1) +} do(pp = hV)su

ds 2M12(K ( (2+p)? L ds  (446)

OFV OV |:]. +
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where the correction terms stem from the contributions of the KK resonances, forming the
corrections to the gauge boson propagator, similar to (4.42). However, it is not possible to
derive a simple analytic formula for the Higgsstrahlung’s cross section, because the SM cross
section and therefore the s-dependence is related in a complicated way to the shapes of parton
distribution functions. But, the leading L-enhanced correction terms stemming from C% are
independent of s. Keeping only these terms, one can approximate [4]

a(pp — hV)gs =~ Cy - a(pp — hV)sar - (4.47)

In a similar manner, one can approximate the corrections to the cross section of the vector-
boson fusion. This process is mediated by two virtual gauge bosons, as illustrated in Figure
Two gauge boson propagators account for the respective corrections in the bulk-Higgs RS
model, so that one has to replace

1 v Y (g5 \'2m [Mdt o(t) , 2 2 2
(m2, — p2)(m2, — p3) -, w2 \Vamg) T ) T —Xo(£)(2m)" By (L, € —p) By (t, € —p3)

O (I (W06 1),

(m{ — pi)(m3, — p3) AMG e N

(24 B)2 L
(4.48)

in an amplitude expression. Again, the integrations over s involve complicated convolutions with
parton distribution functions. The leading L-enhanced corrections are included in C%, and are
independent of s, so that the approximation

o(pp — hqq')rs = Cio(pp — hqq')sur (4.49)

can be used for the Higgs production through vector boson fusion, as well [4].

4.1.5 Scalar contribution to the Higgs decay into two photons

In the following, we present the calculation of the scalar contribution to the Higgs decay into two
photons. The physical scalars are a special feature of the bulk-Higgs RS model, as presented
in the second chapter of the thesis. Most easily, one can express the amplitudes of the two
contributing diagrams, which are given in Figure in dependence of the following Passarino-
Veltman (PV) loop-integrals [207-209]

0 _ 1 d 1
Ba.b) = 7 / TP o~ [(p —bF il

1 1
0(0, k1, oy + ky) = /dd
C™(0, kr, ky + ko) Py p 2 —m? [(p— k)2 — m?] [(p — k1 — ka)2 —m?]

) - (4.50)

d
7 | 1 e e R
1 d P’
w7 | A R e R

CH(0, b, by + ky) =

CH (0, ky, by + ko) =
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In these expressions, it has been already applied that the masses of the virtual loop-particles
are equal, where there is in our case m = m¢. In this notation, the amplitudes of the two
contributing diagrams read

= 2 x 2222 ghtd (C1(0, ky, K + ko) — CM(0, Ky, by + ka)RY) €5 (kv )ep (Ra)
(4.51)

My = Z _gl—d_ d/2€2gh¢¢anO(0, ki + ko) e;(kl)e;(kQ) ,

n=1

given as a sum over all the virtual KK states that propagate in the loops. It has been used
that k{'e;, (k1) = kye;(k2) = 0, according to the polarization of the external photon states. Using
the PV mtegrals it is convenient to reduce the tensor and vector PV integrals to the scalar PV
integrals [209],

kM
CH0, kr, ki + ko) = =5 [BY(0, by + ko) = B (k1 b + k)]
h
pv 1
CNV(O, kl, lﬁ + kg) = X {mﬁzCo(O, kl, kl + kg) + 530(0, kl —+ kg) + 5
ky ki 0 0 62,0 1
+ 2 x | =B (0, k1 + ko) + B"(k1, k1 + ko) — m&“C(0, ky, k1 + ko) — 5
h
(4.52)

In these expressions, a dimensional regularization has been already performed, so that there is
d — 4 now. In addition, the relation 2k1ky = m37 has been applied, following from momen-
tum conservation. With the help of these steps, one derives the full amplitude of the scalar
contribution to the Higgs decay into two photons as

X o2 e

1 2
My = Y- 520 (w200 b+ k) + 3 ) o k] i) . 459

— 272 mh

The remaining PV integral C? is the same as the Feynman parameter integral in the amplitude
of the W boson contribution to the Higgs decay into two photons, presented before,

cmh¢ﬁm2=——/# [(0* = m) ((p— k)2 = m) ((p— b1 — ko)? —mf?)]

1
=-— d*p 2/ dxdydz

T

S(r+y+2z—1)

3
[p2 —my” — 2pkyy — 2p(ky + k)2 + m?ﬂ}

11—z
3
_'m2 d4/d:c/ dz [p* + mjzz — m?]

2 1
/ dm/ —mirz + mw} = —— arctan’ (—1> :
mh T¢n -
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where p = p—[k1y+ (k1 +k2)z], and 74, = = 4m{? /mh In the second to last step, the momentum
integral over p has been performed [79]. The calculation of the Feynman parameter integral is
presented in Appendix [C.I] One derives the CP-even loop contribution of the scalars to the
coupling C’iﬁ as follows

R
VGnn
Vp = E — 5 46(75,) (4.55)

+
n=1 8m7(1¢ ?
with the function Ag(7y,) = —37, [1 — 74, arctan® (1/4/7s, — 1)], using the parametrization
n (4.7) and (4.8). A scalar, CP-odd loop contribution does not arise. The scalars do not
have zero modes, so that their masses are much heavier than the mass of the zero-mode Higgs
boson. Therefore, one can approximate 7,, to have high values, for which the function A(7,)
approaches to 1, as lim;, . Ag(74,) = 1, see Appendix The coupling expression
ho¢ _

gmn -

v m¢ 77”L(bjE - +
/ﬁu(gww§m4 >%@ﬁ®

mm

+i%“i> My 18, (£ Pxh(1)) x [Xm*(t)-at (tﬂxfi (t)) +x5 (1) -0 (tﬁxﬁf(t))])

2T'm

A%ﬁggmmm@wﬁwﬂ@mww

(4.56)

contains an integral over the Higgs’ vev and profile, and the scalar KK profiles. By including the
infinite sum over the KK states into the integral, one can express the result in dependence of the
five-dimensional scalar propagator, by using the approximate KK-decomposed scalar propagator,
given in (3.35)). Then, up to the order v?/MZ -, one can give the scalar loop contribution in the
form

X wghtt oy 1 or v(t

Sm (¢i)2 8 Lt
=t (4.57)
v 00 0
——AM7o(D)xe(1) == =D t,t
+ o, xrv(1)xo(1) Ot ot p? o= (p, 1, )tl:t:l
The following two expressions
L(t* — t1+25) o0 0 L
Dy+(0,t,t —D t,t = 4.58
¢:l:( » Uy ) 47TM12<K(1+5) 8t8t’6 B ¢:t<p7 ) )tl:t:l 47TM?(K(2+6) ’ ( )

can be determined from the analytic five-dimensional propagator function of the scalars, derived
in ([3.34). Furthermore, the relation A = m27/[3202L(1 + 3)?], and the dependence between the
five-dimensional mass parameter My, and the four-dimensional mass parameter my, of the W
boson, equalling the physical mass of the W boson myy to the leading order, My = v/27riw,
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Figure 4.5: In this graphic, the loop-contributions of the physical KK scalars of the bulk-Higgs
RS model to the Higgs decay into two photons are plotted, in dependence of the KK mass scale
and for three choices of the parameter 3. The contributions are the smaller, the higher the value
of 5 is, and completely vanish in the limit § — oo, since the scalars decouple in the limit of a
brane-localized Higgs field.

have to be taken into account. Then, one obtains the result for the scalar contribution to the
Higgs decay into two photons as follows

3

B Lm%,v 1 B 1 m}QL y
T 8ME ((2 +8) B+ 2B)) TS aae <M§’(K> - (459)

In Figure the result is plotted in dependence of the KK mass scale and for three choices of
the parameter 5. Altogether, the scalars only give a sub-leading effect to the Higgs decay rate.
One observes that the contributions are the smaller the higher the value of 3 is, and completely
vanish in the limit 8 — oo, corresponding to the result in an RS scenario with a very narrow
bulk-Higgs field. In fact, the physical scalars are an exclusive feature of the bulk-Higgs RS
model, and decouple in the limit of a brane-Higgs localization.

4.1.6 Fermion contribution to the Higgs decay into two photons

Figure recapitulates the two Feynman diagrams that describe the fermion contribution to
the Higgs decay into two photons. The loops are formed by all the different KK states of the
fermions. Similar diagrams hold for the gluon fusion production process, except that they are
reversed with incoming gluons, and only quarks can contribute in the loops. With the help of
the Feynman rules, summarized in Table 4.1 one can write the full amplitude for the fermion
contribution to the Higgs decay into two photons as follows

. o, . . dip 1
M£—>7~/ =—1 Z Z(_Zle>2Z3NC,f(_1>€u(k1>€u<k2)/ (27T)d dydods

f=u,d,e n=1

— i (Re(gl,) Tr[Ag,] +i Im(g!,) Tr[ysAp]) |

(4.60)
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Figure 4.6: In this graphic, the two Feynman diagrams are displayed that parametrize the
fermion contribution to the Higgs decay into two photons. The diagrams for the Higgs production
process through gluon fusion are similar, but in a reversed form, with incoming gluon states.
The outgoing photons are replaced by each other in the second diagram.

including
Ary = (p = kg +mV (b + m)y" (b + kf +m}) (461)
(= = M ml )y (o ml )y (= b m]) |
and
dy=(p*—m3), do=(p+k]>-m}), ds=(p—k]*—mj). (4.62)

In this expression, the Kronecker deltas from the fermion to photon vertices are evaluated already.
The amplitude depends on one single summation over all contributing KK fermion states, with
n = 1,...,00. The first sum runs over the fermions f = u,d, e, where each of which are three
component vectors in generation space. Besides, N, denotes the color factor, which is N., = 3
for quarks, to account for the fact that quarks of all three colors as quantum numbers can mediate
the loop, whereas N, = 1 for leptons. To derive the amplitude of the gluon fusion production
process, one has to replace eQQ}NC, 5 — g2, include Tr[t,tp] = dap/2, with the color indices a and
b, skip the lepton contribution, and consider the polarization vectors of incoming gluons. The
first terms in (4.60)), proportional to Re(g/, ), give the CP-even contributions to the amplitude,
as can be recognized from ([2.124)). For one respective term of the sum over the KK states, the
calculation of the CP-even contribution is similar to the corresponding calculation in the SM.E|
By using the result from [210], one determines the result for the loop form factors of the CP-even
contributions. In addition, we compute the loop form factors of the CP-odd contributions, given
by the second terms in proportional to Im(g/ ), whereof the calculation is presented in
Appendix [C.2] In total, one determines the following two expressions for the CP-even and -odd
contributions to the couplings C’sﬁ and ng from and , by using the parametrization

w (@0,
Re(
D QF Neyp[CrA(ry) +vf] = Z Q7 cfzv ©(52n) A(ry,)

f=u,d,e Y f=u,d,e
(4.63)
v Im( gnn
Y QF Ney[CrsB(ry) +vps) = Z Q5 cfz B(ry,) -
f=u,d,e f u,d,e

4The gluon fusion production process in the SM was calculated, and presented in very detail, e.g. in [210].
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The summations run over the Yukawa couplings g/, between the zero-mode Higgs boson and KK
fermions, times the constant vev parameter v, divided through the masses of the KK fermions
my,. Furthermore, they are multiplied with the loop-form factors A(7y,) and B(7y,), which
parametrize the results in dependence of 7y, = 4m3 /mj, and read [211]

1 1
1+ (1 — 74, )arctan? . B(ry,) = mparctan® —— . (4.64)
2 Tty — 1 Tl — 1

n n

Alry,) =

If one considers KK fermions of the modes n = 4, ..., having much heavier masses than the
zero-mode Higgs boson my, one can approximate the form factors by their asymptotic values,
lim, o A(7y,) = lim;, o B(77,) = 1, see Appendix . Instead, for the light zero-mode
fermions with n = 1,2, 3, the form factors A(7y,) and B(ry,) cannot be neglected. For that
reason, one first has to subtract the first three contributions for n = 1,2,3 in the calculation,
and then adds them again multiplied with the exact form factors, according to [5]

Y QFNes [CrA(ry,) + vy

f=u,d,e
3
Ly @, Z vRe(0n) D3 vRelgm) 1+A<m>1],
f u,d,e M n=1 M
(4.65)
> QiNes[CrsB(ry,) + vys)
f:u7d7e

Z QFNe,s

f u,d,e

Z va(g,m Z vim(gy,) [—1+ B(1y,)]

n mpg,

In the following, we present the separate calculations of the contributions from the zero modes
and the KK fermion towers. The KK tower contributions, given by the infinite summations
over all KK fermion states, can be related to the five-dimensional fermion propagator function,
to find a closed, analytic expression [5]. This procedure will be presented a bit later. The
zero-mode fermion contributions have to be explicitly computed by performing the integral over
the zero-mode fermion profiles contained in g/ . For that purpose, one uses the approximate
zero-mode fermion profiles, derived in . After having independently calculated the two
different contributions, we will further set all the fermion bulk mass parameters ¢ to the value
-1/2, in order to decrease the large parameter space on which the results depend on. In this way,
we will derive a concise and clear expression for the fermion contributions to the loop-induced
Higgs processes, in the end.

Zero-mode fermion contribution

We start with the calculation of the contribution of the zero-mode fermions to the loop-induced
Higgs couplings, given by the separate sum over the first three KK states, n = 1,2,3 in (4.65)).
To derive an expression for this sum, one can start with the equations of motion in and
consider the KK decompositions from (2.106} m In this connection, one has to take the conjugate-
transpose of the equation of motion of CZ (t)al , and multiply it with SZ'(¢)al’. Equally, one has
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to multiply aZTCEf(#) with the equation of motion of SF'(t)al’, yielding [151]

d
i |

0, C (1)S5, (D)t ) = wntiy,' S, (1), (B, — ,, C (£)Cy (1) 2

\/(E z\;,iitw( HSHY]s, (Hay —afnfcg(t)ch,{@)ag) .
(4.66)

When this relation is integrated over the whole orbifold, the total derivative on the left-hand
side of the equation does not contribute, because the S-profiles obey to declining, odd boundary
conditions at the branes, S¥'(0) = S'(1) = 0. Using further the normalization condition for the
profile functions from ([2.107]), one derives the following expression

1 1
(2 —1—5)\/571'/ di 1148 dﬁTCﬂT(t)chﬁfbi _ M/ dt t118 dﬁsﬁ( )YTSF( )d

Le . Le .
1 £, Omn fu 2T el g/ (naf — Tm 2T Lt aPISPHOSE (1)6F
+ P dt a)'SIT(t)S] (t)a) — o Te dt a,,'S, ' (t)S, (t)a, .

(4.67)

With the help of this expression, one can determine the sum over the first three KK states in
the fermion contribution. The Yukawa couplings g/ from contain an integral over the
profile functions of the fermions and the Higgs boson, and one includes the sum over the three
KK states into the integral. Then, the expression can be split up into the different terms, by

using (4.67),

- vg}, h mj, h v’
M =3 —Tr (P + Prp) + Tr (Ag),) — Tr (P +(’)( ) : (4.68)
; mg, 1 ( ) 4MI2(K ( ) M?(K
where
2 IS (0S! (1)
Le
2
— L” dt af1SEN(1)SE ()l
€
1 (4.69)
A = VA AT [ de e alisli0 st wal
mfn €
o = v 2FH)2 /1dt po (L LY arert iy, el (!
= R a a .

This is in correspondence with the vertex of the general Higgs couplings to fermions, given in
(4.9). With the help of the approximate zero-mode fermion profiles in (2.114)), one computes
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the single matrix expressions, and derives

1 F(cp)?
14 (cr.)

D@rmn =

v? my 1
m WT )
e | S (

mg,
cfi)2 ZCfi +3 fin v

mfm T 1
+ Wi
\/§ v Z foma (p4(cfi + CFj)

17.7

teff
1 ) fﬂj Uf .
F<Cfi)2 p3(_cfi + CFj) 7

(4.70)

1
fn Z fm3<

i ~teff
Y? LY
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N ) fv]l Wf@n
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f,31
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(4.72)
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) Yef pa(cr, +cy,) B
oh = 2 Nyt 1 e LA, R LU 4.73
" my, Z ™2 paler 4ep)(1+B) " 248 (4.73)

The matrices Uy, W and Y have been defined in (2.120), and F(c) is the zero-mode fermion
profile, given in (2.115]). In addition, we have introduced the abbreviations [154]

pe(c) =(k+c+p), q(c) = (k+c+25), re(c) = (k+c+30) . (4.74)

One can compare the result with previous findings, derived in the very narrow bulk-Higgs sce-
nario of the RS model, corresponding to the limit § — oo performed in the results of the
bulk-Higgs scenario. In this limit, the different matrix expressions read

limg oo Mf,, M0, . 1 1 Fcy,)?
Drpm = —m I NPT =1+ ——= ) Wyin ,
g Mgy 2 il = 2¢y, <F (cr?  T2e+8) 0

limg_, o0 mfmmfn 1 F(cp,)?
Prpmn = -1+ —= ) Usin,
FF, Z fmi 2CF (F( )2 + 2er+3) 0

(4.75)
Agh e Z T UL F(er) YY) F(er) U
irj,k
ph )
To find the results, one has to use the eigenvalue equations
mu, W= —YIU o, U= YW, (4.76)

V2l T e

resulting from (2.153]). These outcomes coincide with the results determined in the references,
e.g. in [2,5,[151].

Contribution of the full KK fermion tower

The infinite summation over the Yukawa couplings g/, times the vev, divided through the KK
fermion masses in (4.65]), can be computed in a closed form by relating it to the five-dimensional
fermion propagator function [2,)5]. Using the KK decomposed propagator functions, given in
, one can write the summation over the KK fermion states in the fermion contribution
as [9]

mfn / 6 T Tt (4.77)
where 2+ 8) 0 v
, v -+ /
rh.0) = 2 [(YT V) Aken) (1.78)

depends on the propagator function AéL(t, ). Notice that only the off-diagonal blocks of the
propagator function enter into the result. In Section [3.3.1] we have presented the calculation
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and result for the propagator function Agy(¢,t'), depending on the two 3 x 3 matrix expressions
C; and C7, given in (3.62)). Including these results, the expression in (4.78) is determined as

T (t,t) = 2)(2—\;;5) Tr {Yf (th - 4Mj2(K (-Y"i(t) Y” +YFT(t))> C;

o (o)

=(2+p) Tr [th"f ((YE)—ltCF n

2

2MZ% .
2

[(1+ (YP) oY A(t)) ¢ Y Pi(e)eer

+ %(YCT—(YE)lYG) tF)} + 4MI2(KYf (=YPI ) Y? + Y1) (YP)~heer
a 2]&22 YEYA(t) (14 (YF) ey (1)) t—Cf] .

(4.79)

After having performed the remaining integral over the function T]; ;(t,t) and the Higgs profile
in (4.77), one obtains the following result

— v(gh,)
Z my,

2+ p m3 { 1 B 2+ D B
- Z (p2 (c; + cr) " AMEy | pa(cr; +er) (L4 B)paley, + cr) Y (Y5

U2 2 —l—ﬁ 1) C
e s (2 ) Iy, e
2]WIQ(K [ZZ <p2(Cf- + CFi) 4 f

(2+5)° [ By-1 ct
~3 Y (Y)Y Y|
Z;l pa(cy; + cr)q(cr, — cr) £ () Y g Y (4.80)
2+ﬁ 2+ - o
0okl (er, +em, qa\Cf; T CR T Cfi T CF
2+
Z YT YE] _ [YT YE YE IYE}
2+ 5 ( 2+5 2+ ) X
+ = —_ . Y i Y Y Y P ’
”z];l ij+cfl) r6(cfg+CFi) pz(ij—i-CFi) [ f’]( ) Foak kl( )l }

by skipping terms of O (¢?) and smaller. The abbreviations containing the Yukawa matrices
YA@), YBI(t), YOI YE, YFi(t), Y© have been defined in Subsection 3.3.1l In the limit of a
very narrow bulk-Higgs field, corresponding to g — oo, the result in (4.80|) gives

: = v(gl,) v? 1 :
1 ANan) | _ 4 ) (Y Y ) . 481
e (Z my, ) Tonz )T (4.81)

n=1
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This is in correspondence with previous findings, derived in the very narrow-bulk Higgs scenario
of the RS model, e.g. in [5].

Complete result for the fermion contribution

In the previous subsections, we have separately presented the calculations of the zero-mode
fermion contributions, and the contributions from the full KK fermion tower. The results are
given by extensive formulas, which depend, in a complicated way, on the different fermion
bulk mass parameters c[r),, for example. In the subsequent part of the thesis, we want to
numerically evaluate and graphically present the results for the various Higgs decay rates into two
particle states, in dependence of the RS model parameter space. In this regard, the significant
and interesting parameters are the KK mass scale, the five-dimensional Yukawa matrices and
the bulk-Higgs localization parameter (. For this purpose, we want to minimize the large
parameter space of our system, and to obtain a more concise expression for the complete fermion
contribution. The bulk mass parameters, except of the one for the top quark, are all situated near
the value -1/2 in order to derive the accurate zero-mode fermion masses in the RS model [150,
154]. For that reason, one can approximate the extended formulas for the fermion contribution
by setting all the various fermion bulk mass parameters ¢ to be of value -1/2. Then, for example,
one can obtain reductions as
e+8) _ (2+0)

pz(cAi+CBj) (1+5) ’
where cy4, and cp, are arbitrary fermion bulk mass parameters. Then, using the eigenvalue

equations from ([2.116)), one can derive the following results for the expressions ® .., and ® pp
appearing in the sum over the KK-diagonal zero-mode fermion contributions,

L . m> (5+305) 1
P . cl~>:1/2 P . 624)21/2 fn Ll1—= — 14+ — ,
i, FF, DV M2 2+ 5B+ 5) 2L

(4.82)

n

CI)h ci%;l/Z _ 5nn '
w 2 GTRGTH

These expressions are suppressed by the square of the zero-mode fermion masses over the square
of the KK mass scale. For that reason, they play a less significant role in the subsequent
numerical evaluation [2,|150}/151]. In the complete result for the fermion contribution, given in
, the sum over the first three KK states is subtracted, and is again added, multiplied with
the exact form factors A(7y,) and B(7y,). These functions adopt significant values only for the
cases of the third generation fermions, for my = m,, my, m;. For the last entry of the matrix
expression Ag", giving the contribution of the third generation fermions, one can derive the
following formula in the limit ¢; — —1/2,

(4.83)

e V- N L N 42+ B)? (24 8)
Bl =" 3 {U?”Yf’”yf’j’“U’“?’( T+ AB+ A6 +3) 2(1+6))
T
w248 v (A2 +H) (v,¥)y,)
+WsiYy ;Y556 Wis 2(14_5)} ~ MZ, 3+ 8)(5+38) Y ) 33

(4.84)
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where here the unitary matrices in the limit ¢; — —1/2 are labelled by U and W. For the sum
over the full KK fermion tower, one obtains further

* vaol 2 2
Vgl c—1/2 mj 1 vt (24 0) t
> =Y O + YiYi, . (4.85
 my, ~ [ AMZ, (2+ B)(3+ f) DMZ, (54 38) T (4.85)

Now, after having computed the limit for the individual parts of the fermion contribution, one
can determine the complete result, according to the formula . In this connection, one can
distinguish between the results for the tree-level Higgs couplings to the fermions of the third
generation, and the loop-contributions of the KK fermion tower, as

L 1 P (1482 +8) (VYY)
TTaME 2+B8)B+8) Mi (B+B)(B+38) (Yi)s
Lmiy (14 B)°
C2MZ, 2+ B)(3+28)
v? (24 6)
2Mf i (34 B)

Cf+in5:1—

(4.86)

Vg + il/f5 = Tr [YfY;:| .

The indices f of the couplings Cy + iC}5 are written as f = ¢,b,7. We neglect the zero-mode
contributions of the lighter fermions, since the corresponding form factors A(7y,) and B(ry,)
have insignificantly small values. On the contrary, for vy +ivs; and the Yukawa matrices Y the
indices f mean f = u,d, e, classifying between up-type quarks, down-type quarks and leptons.
In the numerical evaluation, we will neglect further the contributions €; that are

er = (Pss)zs + (Prr)yy (4.87)

given in the first row of (4.83), which are suppressed by m7 /MZ - [2,/150,[151]. The traces of

the hermitian matrix YfY} are real, so that the CP-odd loop contributions of the KK towers
vanish completely, v = 0 [2,[3]. By now, the present result does no longer depend on the 15
different fermion bulk mass parameters. Therefore, the phenomenological impact of the KK
mass scale M, the Yukawa matrices Y ¢ and the parameter 5 of the Higgs can be investigated
much better.

Taking the concise expressions in , one can perform the limit f — oo, in which the
results smoothly merge into the result derived in the very narrow bulk-Higgs scenario, reading

’U2 1 (YuYiYu)gg o Lm%,v
M12<K 3 (Yu)33 4MI2(K 7

CPH iR ~ 1 — Pl —
(4.88)

2

nbH - nbH v 1

7 S ) 2 z—Tr[YfY] ,

i VP f
These outcomes coincide with the results calculated e.g. in [2,[5]. In references [2,3], the profile
function of a very narrow bulk-Higgs field was taken to be a regularized distribution 6”(¢ — 1)
of width n < 1, as mentioned in Subsection [2.2.3, The bulk-Higgs profile x(t), given in ([2.74)),
behaves similarly to this distribution in the limit 5 — oco. It should be noticed that the results for



CHAPTER 4. HIGGS PRODUCTIONS AND DECAYS 129

the fermion contributions in loop-induced Higgs processes do not smoothly interpolate between
a very narrow bulk-Higgs scenario and a real brane-Higgs scenario [2./5,/151},152|171}212]. The
difference is due to a “resonance effect” in the very narrow bulk-Higgs scenario, where very heavy
KK modes with masses of the order of the inverse Higgs width A, = v/n give an unsuppressed
contribution to loop amplitudes [2,/172]. As a result, the effective field theory description breaks
down in the intermediate region between the two scenarios. This has been briefly discussed
in Subsection The result for the loop-contributions of fermions to the gluon fusion in a
brane-Higgs scenario is of opposite sign compared to the result in the very narrow bulk-Higgs

scenario, and reads [2}5]
2

VLN —#Tr [YfY}] . (4.89)
KK

For that reason, the predictions for the Higgs decay into two photons and the gluon fusion

production process significantly differ between the two Higgs scenarios, although these might

consider a similar Higgs localization, from a naive point of view. But actually, the brane-Higgs

scenario and the very narrow bulk-Higgs scenario really form two different incarnations of the

RS model.

In the following, the analytic results, derived for the various Higgs couplings and processes
presented in the previous subsections, will numerically be evaluated, in the following, in de-
pendence of the significant, open parameters of the RS model. For the bulk-Higgs localization
parameter, a value 1 is chosen for a scenario with a real bulk-Higgs field, and a value 10 is
chosen for a scenario with a narrow bulk-Higgs field. For the numerical input of the evaluations,
three parameter sets have been diced with 5000 points for the Yukawa matrices Yy and the KK
mass scale Mgg, where each set respects a different maximally allowed entry of the Yukawa
matrices y,, with y, = 1,2, 3. For a given value of My, a x*>-minimization has been performed,
by starting from a random point, with anarchic, random, complex entries for (Y});; that obey
to the upper bound y,. All points have been rejected that deviate by more than 1o from the
Wolfenstein parameters and the masses of the zero-mode quarks [150]. During the dicing pro-
cess, appropriate bulk mass parameters ¢; were used for the fermions to reproduce the correct
quark masses. Details on the dicing process are presented in Appendix

In Figure|4.7] the CP-even Higgs couplings to top quarks C; are plotted, for 5 = 1 on the left-
hand side and § = 10 on the right-hand side, and for three different maximally allowed entries
of the Yukawa matrices y, = 1,2, 3. One observes that the deviations from the SM are stronger
for lower values of the KK mass scale, higher values of 3, and higher maximally allowed entries
of the Yukawa matrices y,, respectively. Similarly, the CP-odd Higgs couplings to top quarks
Cs; are plotted in Figure for the same choices of parameters. The results scatter around
zero, with larger magnitudes for higher maximally allowed entries of the Yukawa matrices ,,
smaller values for the KK mass scale and higher values for 5. Both the CP-even and -odd Higgs

couplings to top quarks are mainly determined by the Yukawa matrices, entering through the

(Y, Y1Y )
(Yyg)a3

entries of the Yukawa matrices are distributed with a Gaussian shape around its central value,

for a large enough set of scattered points. Then, it follows that [2]

expressions . These expressions can be averaged, by following the assumption that the

(Y YFY)ss 2

( PP ) ~ (2N, — 1)%* , (4.90)
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Figure 4.7: The CP-even Higgs couplings C; to a pair of t quarks are plotted in dependence of
the KK mass scale, for § = 1 on the left-hand side and 8 = 10 on the right-hand side, for the
three different maximally allowed entries of the Yukawa matrices, y, = 1,2, 3, respectively.
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Figure 4.8: The CP-odd Higgs couplings C5; to a pair of t quarks are plotted in dependence of
the KK mass scale, for § = 1 on the left-hand side and 8 = 10 on the right-hand side, for the
three different maximally allowed entries of the Yukawa matrices, y, = 1,2, 3, respectively.

where N, = 3 is the number of fermion generationsﬂ Using this average, one can find for the
Higgs couplings to quark fields,

, (375 0.95
v Y\ 2
Coml— o (91097 x (L) +{157 | (4.91)
M2, 3
15.00 1.78

for § = 1 (upper numbers), § = 10 (numbers in the middle) and § — oo (lower numbers).
Instead, for the Higgs couplings to lepton fields, one can find

v? 8.44 Ys \ 2 0.94
Crml — x (Z) 4 , 4.92
: M2, ({13.06 (3) {1.57 ) (4.92)

2
*

?f?}?f):;;;

2
Ty )~ i (2Ns 1)

~ (2+8)2 2

5For the matrices Y ¢ in the bulk-Higgs RS model, it follows further that <(
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Figure 4.9: The CP-even Higgs couplings to a pair of t quarks, b quarks and 7 leptons, Cy, Cy, C.,
are plotted, for y, = 3, in dependence of the KK mass scale, for 8 = 1 on the left-hand side and
£ = 10 on the right-hand side, respectively.

for # =1 (upper numbers) and § = 10 (lower numbers), whereas the result for the limit 5 — oo
is equal to the quark case. The last values denote the corrections from the vev-shift of the Higgs
K, in the RS model. So, the scattered results for the CP-even Higgs couplings to fermions are
rather insensitive to the individual entries of the Yukawa matrices, but form broad bands that
scale with 32, as plotted in Figure . For higher values of the KK mass scale Mg, all the
rates approach to the SM expectations, since the new-physics effects scale with v?/(2M3z ).
The differences between the quark and lepton results stem from the factors (1 + 3)?/(2 + 3)?,
which are only included in the quark case. The matrices Yq from (|2.115)) were diced subject
to the constraints that these have to reproduce the correct quark masses and the CKM mixing
matrix. On the contrary and for simplicity, the matrices for the leptons Y; were diced without
implementing such constraints. This may have created the small differences in the numerical
Higgs couplings. The averaged curves for the couplings Cy, for y, = 3, are indicated by the
black and dashed lines in the plots in Figure [£.7] The results obtained in the limit § — oo are
given by the orange and dashed curves. The curve for § = 10 already strongly approaches to
the orange curve of the benchmark case. The CP-odd couplings average to 0, and one observes
a broad scattering of the results around this central value in the plots in Figure 4.8, with larger
amounts for larger values of y, and smaller values for the KK mass scale.

In Figure [4.9] the CP-even Higgs couplings to a pair of t quarks, b quarks and 7 leptons are
illustrated, for 8 = 1 on the left-hand side and # = 10 on the right-hand side, and a maximally
allowed entry y, = 3 of the Yukawa matrices. In Figure the CP-odd Higgs couplings to
t and b quarks and 7 leptons, C5;, C5, and Cs,, are plotted, for § = 10, and y, = 3, on the
left-hand side. On the right-hand side, the correlation of the CP-odd Higgs couplings to a pair
of t and b quarks, Cs; and Cp, is indicated for f = 10 and three different maximally allowed

entries of the Yukawa matrices. The different behaviours of the curves result from the different
(YYEY f)33
(Yy)ss
Higgs couplings to the fermions. It can be observed from the plots that there is only a moderate
dependence on the different types of Yukawa matrices, especially for the CP-even couplings for

B = 10. For g =1, the lepton couplings C slightly differ from the quark couplings C}, and C}

kinds of matrices Y,, Y4 and Y, that enter the expressions , which determine the
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Figure 4.10: The CP-odd Higgs couplings to t and b quarks and 7 leptons, Cs;, Cs, and Cs,,
are plotted for § = 10 and y, = 3, on the left-hand side, respectively. On the right-hand side,
the correlation of the CP-odd Higgs couplings to a pair of t and b quarks, Cs;, Csy, is indicated,
for § = 10, and three different maximally allowed entries of the Yukawa matrices.

in the range of lower KK masses, as predicted by the averaged expressions in and .
For the CP-odd Higgs couplings, the behaviour of the Higgs couplings to t and b quarks seems
to be nearly symmetric in the right plot of Figure On the left-hand side, the CP-odd
Higgs couplings to leptons seem to scatter with slightly larger magnitudes, compared to the
couplings to t and b quarks. One can conclude that the flavor-specific constraints, applied in the
dicing processes of Y, and Y, seem to have quite insignificant effects, according to the similar
magnitudes of the new-physics effects in the Higgs couplings. The lepton Yukawa matrices Y7,
diced with the absence of flavor-specific constraints, cause slightly larger new-physics effects in
the CP-even Higgs couplings, and a broader scattering of the CP-odd Higgs couplings, compared
to the quark cases.

After having discussed the behaviour of the single Higgs couplings to fermions, in dependence
of the parameters of the bulk-Higgs RS model, one can evaluate, in the next step, the new-physics
effects on the various Higgs production and decay rates, which are easily calculated by means
of the different Higgs couplings.

4.2 Higgs cross sections and decay rates, and the total
Higgs decay width

4.2.1 Tree-level Higgs decay rates

In the following, several Higgs production cross sections and decay rates are numerically evalu-
ated in dependence of the RS model’s parameter space. We start with an analysis of the tree-level
Higgs production cross sections through W boson fusion and Higgsstrahlung, produced in asso-
ciation with a W boson, which are given to good approximation by C%, from , according to
the formulas (4.49) and (4.47). The results for these processes in connection with a Z boson are
very similar, so that we restrain on the W boson case in the following. The results are plotted in
Figure[4.11] on the left-hand side, in dependence of the KK mass scale and three different choices
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Figure 4.11: The cross sections for Higgs productions via W boson fusion, and Higgsstrahlung,
given by C% in good approximation, are plotted on the left-hand side, and the Higgs decay
rates into a pair of heavy W bosons are plotted on the right-hand side, normalized on the SM
predictions, respectively. Very similar curves could be derived for the processes in connection
with a Z boson.

for the parameter 8. Smaller new-physics deviations from the SM can be observed that are only
important for very low KK masses < 3 TeV, and one can find a less significant dependence on
the parameter 5, as well. On the right-hand side of Figure the Higgs decay rates into states
of a virtual and a real W boson are plotted, where the virtual W boson is decaying further into
a state of two fermions. Again, the decay into two Z bosons would give very similar results that
are skipped here. The rates in the plot are normalized on the SM values, and are plotted in
dependence of the KK mass scale for three parameter choices of 3, respectively. One can ob-
serve that the curves strongly resemble the curves of the Higgs production cross sections, given
in Figure on the left-hand side. The formula for the normalized decay rates in is similar
to the formula for the normalized Higgs cross sections, given by C%, that gets corrected by the
factor Cr,,, arising from the gauge boson to fermions couplings, and the contributions from the
KK gauge boson tower that are exchanged in the process, as well. Similarly, the dependences
on the Higgs localization parameter § are of minor importance, as the new-physics corrections
are, in total, of a moderate magnitude.

In Figure [£.12] the Higgs decay rates into a pair of b quarks and 7 leptons are plotted, for
yx = 3, and S = 1 on the left-hand side and g = 10 on the right-hand side, where the blue points
give the results for a Higgs decaying into a pair of 7 leptons, and the green points give the results
for a Higgs decaying into a pair of b quarks. The single Higgs couplings to fermions have been
investigated before, and the decay rates consist of the sum of the square of the CP-even and
-odd Higgs couplings, as given in (4.4)). The new-physics effects in the two different decay rates
get amplified now, compared to the effects arising in the single Higgs couplings that have been
discussed before. Again, the small differences between the two decay rates into 77 and bb final
states stem from the expressions that contain the different Yukawa matrices Yd and Yl The
results for the decays into 7 leptons scatter in a bit broader manner. It has been discussed that
these differences do not necessarily result from a physical reason, but merely from the dicing
procedure of the Yukawa matrices. Also, the contributions of the CP-odd Higgs couplings that
scatter around zero may cause a slightly broader scattering of the curves of the decay rates,
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Figure 4.12: Here, the Higgs decay rates into a pair of 7 leptons and b quarks, normalized on
the SM decay rates, are plotted for y, = 3, and § = 1 on the left-hand side and § = 10 on
the right-hand side. The black, dashed lines give the averaged results, obtained from and
, for § =1 and 8 = 10, whereas the orange, dashed lines give the averages for § — oo.

compared to the curves of the single, CP-even Higgs couplings. All in all, stronger new-physics
effects can be found in the Higgs decay rates to fermions in Figure , compared to the
Higgs decay rates to W bosons in Figure In this sense, also the dependence on the Higgs
localization parameter [ is more severe.

4.2.2 Loop-induced Higgs processes

As a next step, the loop-induced Higgs production process through gluon fusion and the Higgs
decay rate into two photons, normalized on the SM predictions, are evaluated. These Higgs
production and decay rates include both the RS models modifications of the tree-level Higgs cou-
plings to fermions and gauge bosons, as well as the loop-contributions induced by KK fermions,
KK gauge bosons and KK scalars. For that reason, these rates can be of special importance in
the context of new-physics searches. The results, derived with the diced sets of parameters, are
displayed in Figure for = 1 on the left-hand side and 5 = 10 on the right-hand side,
respectively. The fermion loop-contributions, given by the traces of Yukawa matrices, can be
averaged for a large enough set of scattered points as [4]

T 2y*
(Tr (Yfo>> ~ N2 (4.93)
assuming that the entries of the Yukawa matrices are distributed with a Gaussian shape around
its central value, and N, = 3 is the number of fermion generations, similar as before. With
the help of the averaged expressions, and L = 33.5, A(tw) ~ 1.19, A(1z) = 1, A(1) ~ 0, and

therefore C’SM —4.91, and CSM ~ 1, one determines the following averages to the lowest order
7.5+54.0)- (%) —1.9
e [
99—h]
—ar L+ oo 4 (-21.9+125.7) - (&) —-31 (4.94)
lgg—h] KK 9
(=30 +162) - (%)" — 3.6
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Figure 4.13: Numerical results for the cross sections of the Higgs boson production through
gluon fusion (upper plots), and the Higgs decay rates into two photons (lower plots), normalized
on the corresponding SM predictions. The dependencies on the KK mass scale Mgx and the
maximally allowed entry of the Yukawa matrices y, are illustrated. The left plots correspond
to the scenario with a real bulk-Higgs field, for f=1, and the right plots correspond to the
scenario with a narrow bulk-Higgs field, for 5=10. The vertical, black and dashed lines express
the constraints that are implied by tests of the Peskin-Takeuchi observables in the respective
bulk-Higgs scenarios [82].

and ,
— (4
ras P 1 02—14+4958- (%) 1.9
Lol - | =01 +464+1502- (%) {81 | . (4.95)
046.9+ 176 - (%) 3.6

The numbers in the upper rows correspond to the real bulk-Higgs case (5 = 1), the numbers
in the middle rows correspond to the narrow bulk-Higgs case (5 = 10), whereas the numbers in
the lower rows give the results in the limit 5 — oo. Similar to the tree-level Higgs couplings to
fermions, the new-physics effects in these rates, scaling with v?/(2M3% ), strongly depend on the
parameter y,. The averages from and are plotted in Figure by the black and
dashed curves. From , one can find that the fermion contributions, solely determining the
gluon fusion process, contain two different and contrary new-physics effects, given by the two
different terms proportional to (y,/3)%. At first, the top quark zero mode mixes with the tower
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of KK resonances, resulting in a suppression of the top quark Yukawa coupling to the Higgs
boson, which are the first, negative values. Then, the full KK tower of fermions contributes in
the loop, which are the second, positive values that elevate the whole result [154]. The last values
denote the corrections from the vev-shift of the Higgs x, in the RS model. The suppression of
the zero-mode top quark Yukawa coupling is of smaller magnitude, compared to the elevation
caused by the KK tower contributions, so that the results for the gluon fusion cross section are
increased compared to the SM. For the averaged, normalized Higgs decay rates into two photons
in , one can notice that all contributions, except of the vev shift, are divided through the
SM prediction, which is dominated by the W boson contribution [3]. The first, very small values
in write the loop-contributions from the physical KK scalars that do not arise in the SM,
and vanish for f — oo. The second values correspond to the W boson contributions, and the
third values are the combined fermion contributions. In contrast to the SM, one can observe that
the fermion loop-contributions dominate the Higgs decay rate into two photons in the RS model,
in correspondence with findings, e.g. from [2}3}5, 151,152} /154,[171,|193]. Again, the last values
denote the corrections from the vev-shift x,. Altogether, the new-physics effects in the Higgs
decay rates to two photons, which are suppressed compared to the SM, are smaller compared to
the effects to the gluon fusion productions. This is because an interference effect arises between
the negative W boson contribution of the SM prediction and the positive contribution from the
KK fermions. The exclusion bounds implied by the Peskin-Takeuchi observable tests on the KK
mass scale, derived in (2.235]), are indicated by the black and dashed lines in the plots. Here, we
take the bounds derived for U = 0 as predicted by the RS model. Above the bounds, significantly
smaller deviations from the SM expectations can be observed. Respecting the lowest, allowed
KK masses for the case of y, = 3, the gluon fusion production rates can be enhanced by 12.7 %
for =1 and by 15.1 % for =10, compared to the SM prediction. The curves of the normalized
Higgs decay rate for y, = 3 can be reduced by 5.4 % for =1, and by 6.1 % for f=10. The
results in a scenario with a very narrow bulk-Higgs field, corresponding to the limit 5 — oo, for
the case of y, = 3, are given by the lowest rows of the averages in and , and are
illustrated in the plots by the orange, dashed curves. One can see that for higher values of f3,
the yellow curves approach to the orange curves, where the curves for § = 10 lie already very
close to these curves. So, again, it is explicitly shown that the new-physics effects have a more
profound impact, the higher the value of 3 is, and the less the bulk-Higgs localization is realized.

In Figure [4.14] the correlated new-physics corrections to the gluon fusion production process
and the Higgs decay rate into two photons are displayed, for 5 = 1 on the left-hand side and
B = 10 on the right-hand side, and for three different choices for the maximally allowed entry of
the Yukawa matrices y,, respectively. The anti-correlation of the corrections to the two processes
can be observed, and also, that the magnitudes of the new-physics effects to the gluon fusion
productions are larger than for the Higgs decay rates. The black points depict the results that
respect the exclusion bounds from the Peskin-Takeuchi observables in the respective bulk-Higgs
scenarios, for all three cases of y, = 1,2, 3. In comparison with the coloured points, these black
points visualize the very slight deviations from the SM predictions in the parameter ranges that
are compatible to the bounds. For that reason, one can suspect that it might not be possible to
derive significantly stronger exclusion bounds on the parameter space of the bulk-Higgs RS model
by comparing the predictions with experimental results, as it will be presented subsequently.
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Figure 4.14: Here, the correlated new-physics effects to the Higgs production cross sections of
gluon fusion, and the Higgs decay rates into two photons are plotted, for 5 = 1 on the left-hand
side and 5 = 10 on the right-hand side. The black points depict the results that respect the
bounds implied by the Peskin-Takeuchi observable tests for all three choices of .

4.2.3 Total Higgs decay width
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Figure 4.15: Predictions for the total Higgs decay width in the RS model, for 5 = 1 on the
left-hand side, and 8 = 10 on the right-hand side, and for three choices for the parameter .,

respectively.

Altogether, the new-physics corrections to the various Higgs decay rates, defined via the
couplings in (4.4), affect the total Higgs decay width from (4.2). So, if assuming the branching
fractions from the SM, one can account for the RS corrections to the total Higgs decay width

7M™ = 4.21 MeV (for my, = 126 GeV) via the formula [203)]

kn & 0.56 (|Ch|? + |Chs[*) +0.23CF, +0.03C5+0.09 (|Cy|* + [Cys5]%) +0.06 (|Cr|* + |Cr5]%) +0.03 .

(4.96)
The results are plotted in Figure [£.15] for § = 1 and 8 = 10, and y, = 1,2, 3. Higher maximally
allowed entries of the Yukawa matrices y, do not significantly alter the magnitude of the RS
corrections, but rather cause a broader scattering of the results, as it can be observed from the
blue points in the plots. The new-physics corrections to all the different decay rates, except
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of the decay rate to two gluons, cause a suppression of the predictions compared to the SM.
However, the Higgs decay rate to two gluons receives the strongest new-physics corrections in
the RS model, as can be observed from the augmented predictions for the gluon fusion cross
sections in Figure which are calculated by means of the equal formula. Although having a
branching fraction of only 9% of the total Higgs decay width, the new-physics corrections to this
rate significantly counteract with the remaining Higgs decay rates, which are reduced compared
to the SM.

The normalized total Higgs decay width will enter all the predictions for the signal strengths
of the various Higgs decay processes at the LHC that will be evaluated in the upcoming section.
Since the signal strengths involve a division through the normalized Higgs decay width, they are
accordingly enhanced in the regions of lower KK masses. Using the previously given averages
for the Higgs couplings and decay rates, one can determine the averages for the normalized total
Higgs decay width as

) 1.03 (2386
= o [ Q4 x (%) a2 | (4.97)
6.72 5.38

for § = 1 (upper numbers), f = 10 (middle numbers) and f — oo (lower numbers). These
curves are indicated in the plots by the black and dashed lines for § = 1 and 10, whereas the
orange, dashed lines correspond to S — co. One can see that the averaged curves deviate from
the scattered points, which may occur due to the contributions from the CP odd couplings,
which average to 0 but scatter in a broader manner. However, these differences turn out to be
less significant when calculating the averages for the signal strengths of the Higgs decay rates in
the next section.

4.3 Signal strengths for the Higgs decays at the LHC

With the help of the diced sets of parameters, one can numerically calculate the signal strengths
R;; for the combined rates of a Higgs production at the LHC and a subsequent decay into the fi-
nal states ii = vy, ZZ*, WW*, bb, 77. In contrast to the single Higgs couplings, or the individual
Higgs production and decay rates, measurements of the signal strengths are directly experimen-
tally accessible. The predictions are normalized on the respective SM predictions to investigate
the effects that solely arise from new physics. The formulas for the signal strengths include
the cross sections for the Higgs boson productions, by accounting for the different branching
fractions, where the gluon fusion productions are considered with a fraction of ~ 90%, and the
Higgsstrahlung and vector boson fusion productions are considered with a fraction of ~ 10%.
For simplicity, it is also assumed that the latter processes are always mediated by W bosons,
which is a sufficient approximation for the numerical evaluations. In the formulas for the signal
strengths, the sum of the cross sections is multiplied with the branching ratio of the respective
Higgs decay rates under consideration. The corrections to the total Higgs decay width are in-
cluded. Altogether, the new-physics effects to the signal strengths can become manifest in the
three individual quantities, which have been separately evaluated in the previous subsections.
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R’y'y RWW RZZ RTT Rbb
ATLAS | 1147030 1.22702%  1.52%030  1.417548  0.627037
CMS | 111792 0.90°23,  1.047932 0.8879:30 .8170:43

av.: | L147018 1.09701% 1291025 1.117535 0.707032

Table 4.2: Experimental results and their total uncertainties for the signal strengths R;; of the
various Higgs decay rates, from combined data collected at the LHC at Runs with center of mass
energies /s = 7 and 8 TeV [6].

The following formulas apply for the rates

(U'BR)(pP%h%’Y’Y)RS 1 12 |2 2 12 )2
R, = = — |(|C¢ c® 0.9+ C% 0.1 - (|C2 ce

"= o BR) o o b o )en — o WG TP H1CEE) 0.9+ G- 0] - (IG5 + |C5EF)
( .

o-BR)(pp = h — VV*)rs 1 [(
(c-BR)(pp — h = VV*)guy T Ky

I'(h = VV*)gs
. V=WZ
F(h — VV*)SM ’ T

Ryy = |CET? + | 1) - 0.9+ Cfy - 0.1]

(0-BR)(pp — h — 7T)rs 1 510 £ , , )

RTT: = — (0 Ce - 0.9 C4 -0.1] - C’T CT ’
o-BR)(pp = h — TT)sum I{h[(| g [P HI1CEF) - 0.9+ - 0.1] - (IC- + 1C[7)
(0 - BR)(pp — h — bb)gs 1, ) )

Ryp = — =02 (G2 4 |Cwl?)

" (0-BR)(pp — h — bb)sar ki, w (‘ bl ™+ [Cs| )

(4.98)

The formula for the corrections to the total Higgs decay width x;, has been presented in (4.97)),
and the formula for the decay rates into the gauge boson final states WW™* and ZZ* has been
derived in (4.42)). The Higgs production process through gluon fusion, and the Higgs decay
rates into y7, 77, bb, are computed by the sum of the square of the CP-even and -odd Higgs
couplings, as given in . For the signal strengths of the Higgs decay into a pair of b quarks,
the Higgsstrahlung’s production process is an experimentally more feasible Higgs production
channel at the LHC than the gluon fusion production, which suffers from an overwhelming QCD
background [213]. For that reason, only this channel is considered in the formula in [4]. In
the following, the numeric results for the individual signal strengths are presented, as predicted
by the bulk-Higgs RS model. Furthermore, the results are compared to the results reported
by the ATLAS and CMS collaborations from the LHC, given in [6]. The experimental results
are summarized in Table [£.2] and we will compare our predictions with the naive averages that
are given in the lowest row, built by the results for a specific rate from the two collaborations,
respectively.

We begin with an evaluation of the signal strengths for the loop-induced Higgs decay rate into
two photons. The numeric results for this rate, normalized on the SM prediction, are displayed
in Figure [4.16] The left plot gives the results for f=1 in a scenario with a real bulk-Higgs



140 4.3. SIGNAL STRENGTHS FOR THE HIGGS DECAYS AT THE LHC

2 4 6 g 10 o 2 a8 8 10
My (TeV) My (TeV)

Figure 4.16: Numerical results for the signal strengths for the Higgs decay into two photons,
normalized on the SM prediction, for three different maximally allowed entries of the Yukawa
matrices y,. The left plot corresponds to a scenario with a real bulk-Higgs field (5=1), and the
right plot corresponds to a scenario with a narrow bulk-Higgs field (6=10). The light blue band
shows the averaged 1o error region from the experimental results by ATLAS and CMS HEI] The
dashed lines indicate the exclusion bounds implied by tests of the Peskin-Takeuchi observables

from ([2.235)).

field, and the right plot gives the results for /=10 in a scenario with a narrow bulk-Higgs field.
The results are elevated compared to the SM. Using the previously given averages for the cross
sections and decay rates, one can determine the signal strengths for the Higgs decay into two
photons, normalized on the SM prediction, to the lowest order as

- [#05-00 (£)° =3.6-01+02-195- (%) -53
v

R, ~1
Y +2M[2{K

103.7-0.9- (%)* =6.0-0.1 - 0.9 —30.6- (%)" —11.1 . (4.99)
2 2

132.0-09- (%)"—6.9-01—1.4-358- (%) —13.9

The values in the upper row correspond to 5 = 1, the values in the middle row correspond to
£ = 10, and the last row gives the result for 5 — oo. The averages are illustrated in the plots,
for y, = 3, by the black and dashed curves. It can be observed that the new-physics effects to
the gluon fusion production cross sections, given by the first positive values in the averages, and
the Higgs decay rates into two photons, given by the third and fourth values, interfere with each
other . The elevations from the gluon fusions dominate, and the results for the signal strengths
are elevated compared to the SM, accordingly. The suppression effect of the Higgs decay rate into
two photons is of moderate size, due to the interplay between the fermion contributions and the
SM W boson contributions in that decay rate, as has been discussed before. The second values
in are related to the fraction of the Higgs boson production through vector boson fusion
and Higgsstrahlung, and the last values denote the combined corrections from the vev-shift s,
and the total Higgs decay width x;,. In the plots, the orange, dashed curves illustrate the results
in a scenario with a very narrow bulk-Higgs field, corresponding to 8 — oo, for y, = 3, which are
given by the last row in the averages in (4.99). For a certain choice of v?/(2M2% ) and y, = 3, one
can find that the new-physics effects for 5 = 1 are about 25 %, and for 8 = 10 are about 75 % of



CHAPTER 4. HIGGS PRODUCTIONS AND DECAYS 141

R
oy, =3 05l oy =3
. y.=2 ' o). =2
ey =1 ey =1
00 y
8 10 2 4 6 8 10

Jl?zz
oy =3 ] 05l ey =3
° ¥, =2 oy, =2
ey =1 oy =1
0.0 .
8 10 2 4 6 8 10
M [TeV] My [TeV]

Figure 4.17: Numerical results for the signal strengths for the Higgs decays into pairs of gauge
bosons (WW™*, ZZ*) at the LHC. The plots on the left-hand side give the results for § = 1,
whereas the plots on the right-hand side give the results for § = 10, for three choices of ,,
respectively. The light blue band gives the averages of the experimental results from ATLAS
and CMS @ The black points in the lower right plot indicate the scatter points, binned in
a range of 250 GeV, that are used for the determination of the exclusion bounds, which are
summarized in Table {.21]

the effects that are obtained in the benchmark case for § — oo. The average of the experimental
results from ATLAS and CMS, given in Table [4.2] is displayed by the corresponding lo error
region by the light blue band in the plots in Figure [£.16] Points that lie outside of this band
can be excluded to 68 % CL. The bulk-Higgs results for § = 1 are nearly completely covered
by this band, and the results for a narrow bulk Higgs for § = 10 are situated in the 1o band in
most of the parameter ranges. The dashed lines indicate the exclusion bounds derived from the
Peskin Takeuchi parameters, given in (2.235)). Above these bounds, only very slight deviations
from the SM can be observed.

All in all, the enhanced Higgs production cross sections through gluon fusion determine
largely the results for all the signal strengths, except of the Ry,-rate, and cause augmented
predictions compared to the SM. These get attenuated by the suppressed contributions from
the other Higgs production cross sections, given by ~ C%,, displayed in the Figure and the
respective Higgs decay rates, which are illustrated in Figures and The signal rates
for the Higgs decays into WW™* and ZZ* states Ryw and Rzz are plotted in Figure for
£ = 1 on the left-hand side and 8 = 10 on the right-hand side, and the three different maximally
allowed entries of the Yukawa matrices. Very similar trends can be observed for the curves of the
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Figure 4.18: Plots of the correlations between the signal strengths R, and Rzz, for § =1 on
the left-hand side and S = 10 on the right-hand side, and for three choices of y,, respectively.
The gray, dashed crosses indicate the results and uncertainties from the averages of the ATLAS

and CMS results HEI]

two processes. By using the previously given averages, one can average the signal rates Ryw
and Rzz, normalized on the SM predictions, by

, (42.88 (5.12
v Y\ 2
Rww ~ 14 o | 49793 x (%) = <839 |
| 125.52 | 9.63
(4.100)

, [ (4288 , [615

Ruzmld o | $9793 x (%) = d1012

| 125.52 1161

These averages are given in the plots by the black and dashed curves for § =1 and g = 10, and
the orange, dashed curves for the limit 8 — oo, respectively. One can observe that there are
stronger new-physics corrections to Ryw and Rz in comparison to the results for 12, given in
Figure [£.16, In all the cases, the largest contributions stem from the loop-contributions of KK
fermions that determine the gluon fusion production rate, entering Ryw, Rzz and R,,. Then,
in the rate R,,, the extenuated fermion loop-contributions to the Higgs decay rates lead to a
stronger compensation effect, compared to the effects by the tree-level decay rates h — WW™*,
h — ZZ* in Rww and Rzz. In Figure [4.1§] the results for R,, and Rzz are plotted in a
combination for § = 1 on the left-hand side and § = 10 on the right-hand side. All the results
are correlatively enhanced compared to the SM predictions, which correspond to just the ratios
1. As before, one can observe that the new-physics corrections to Rzz are larger, compared to
the corrections to .. The gray, dashed crosses indicate the averages and 1o uncertainties from
the experimental results of ATLAS and CMS [6]. One can see that for larger values of y,, the
scattered points are passing the regions that are marked by the crosses to a large amount.
Similar to the evaluations before, the results for the signal strengths for the Higgs decays
into tau leptons are plotted in Figure [4.19] for 8 = 1 and 8 = 10, and three different maximally
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Figure 4.19: Plots of the signal strengths for the Higgs decay into a pair of tau leptons. The
plot on the left-hand side corresponds to a value $ = 1, and the plot on the right-hand side to a
value 8 = 10. The light blue bands mark the average of the experimental results from ATLAS
and CMS [6].

allowed entries of the Yukawa matrices. Whereas the curves resemble the curves for R, plotted
in Figure the magnitudes of the new-physics corrections are, in fact, a bit larger, compared
to the effects to R,,. Again, a partial compensation arises in the rates R, between the enhanced
gluon fusion cross sections and the suppressed decay rates into tau leptons. But, the decay rates
into tau leptons, plotted in Figure [4.12] are mediated at the tree level compared to the loop-
induced decay rates into two photons that receive contributions from the full KK fermion tower.
For that reason, there is a weaker compensation effect in R, compared to R.., and the new-
physics corrections are a bit larger. The averaged signal strengths read

¥y

) 26.0 1.28
v Y\ 2
Rypm 14— 7181 x (—) {9213 |, (4.101)
95.52 2.47

given by the black (8 = 1,10) and orange, dashed curves (8 — oo) in the plots in Figure [£.19]

Solely the predictions for the signal strengths for the Higgs decay into a pair of b quarks are
suppressed compared to the SM, as it can be observed from Figure The only production
channel included here is the Higgsstrahlung’s production, given by ~ C,, which is suppressed
compared to the SM, as plotted in Figure It is multiplied with the suppressed Higgs
decay rate into b quarks, evaluated in Figure |4.12] Using the previously given averages, one can
approximate the signal strengths for the Higgs decays into a pair of b quarks by

) 6.47 4.56
v Y\ 2
Ryml— oo [ 41743 x (2) #9762 | (4.102)
OMZ, 3
23.28 8.68

which are plotted in Figure by the black (5 = 1,10) and orange, dashed lines (f — 00).
The 1o uncertainty regions of the averages of the experimental results from ATLAS and
CMS, collected in Table 4.2} are marked in all the plots by the light blue areas, respectively.
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Figure 4.20: Plots of the signal strengths for the Higgs decay into a pair of b quarks. The plot
on the left-hand side corresponds to a value g = 1 and the plot on the right-hand side to a value
£ = 10. The light blue bands mark the average of the experimental results from ATLAS and
CMS [6].

Interestingly, the tendencies of these results to enhanced or suppressed values compared to
the SM predictions are in agreement with the predictions in the bulk-Higgs RS model. There
are enhanced results for the rates R, Rww, Rzz and R,;, whereas the results for Ry, are
suppressed. For the rates IR, and Rz, both the results from ATLAS and CMS are enhanced
compared to the SM, whereas for Ry w and R,., the results from CMS are suppressed, actually.
For the rate Ry, the results from the two collaborations are both suppressed compared to
the SM. So, the predictions in the bulk-Higgs RS model are in a good agreement with the
experimental results. But, the experimental results are also compatible to the SM predictions
within the uncertainties. As a consequence, since the RS model with a bulk-Higgs localization
gives predictions much closer to the SM, compared to the brane-Higgs scenarios of the RS model,
the predictions are also better compatible to the experimental results that prove more or less
the SM predictions.

For that reason, we had low expectations for deriving any significant, new exclusion bounds
on the parameter space of the bulk-Higgs RS model, by comparing the experimental results with
the numerical predictions for the signal strengths of the Higgs processes. Nevertheless, in order
to perform such comparisons, the scattered points for each of the signal strengths have been
binned within a range of 250 GeV, as is indicated by the black points in the lower right plot of
Figure 4.17, as an example. Then, one could determine the parameter value for Mg, at which
the binned results for the rates Ry, divided through the respective experimental result R exp,
deviate by more than 1o or 20 from the ratio 1, according to the formula

Rii bin 10’(2) = 68%
z2=—"—=|1—2|>
Rii,exp 20(2) = 95%

A-Rii th)2 <ARii exp ’ Rii t’,h)2
o(z) = ( ’ + ’ ’ .
\/ Rii,exp RiQi’exp

This evaluation has been performed for all the scattered curves, for y, = 3 and y, = 2, and both
values of 6 = 1 and 10, respectively. In the experiments, the scattering events for the signal

excluded ,

(4.103)
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Figure 4.21: Parameter regions for the KK mass scale that can be excluded to 68% or 95%
CL, given by the green and blue areas, which were derived by means of comparisons between
the predicted signal strengths in the bulk-Higgs RS model and the experimental results from
ATLAS and CMS. The left plot gives the results for y, = 3, and the right plot gives the results
for y, = 2. The parameter values for 3 are indicated. The gray, dashed lines indicate the upper
bounds of the regions that are excluded by the Peskin-Takeuchi parameters to 95% CL. In this
sense, evaluations of the signal strengths for the Higgs decay rates cannot provide any stronger
constraints on the parameter space.

strength of a considered process follow a statistical procedure. In a Gaussian normal distribution,
68% or 95% of all the values of the distribution can be found in the intervals of +1o or +20
around the mean value, respectively. Accordingly, one can consider Ry pin/Riiexp = 1 as the mean
value, and the mentioned percentile fractions of a measurement, divided by the experimental
results as a prediction Rjj exp, can be found in the o-intervals around the mean value. Here, o is
calculated according to the evolution of errors with the formula in (4.103)), where the standard
deviations of the points in the bins are considered as the theoretical errors. In this sense, a range
of points in the Mg — R;-planes, for which the ratio Rj/Rj exp deviates by more than 1o or
20 from 1, is not included in 68% or 95% of all the experimental data, and can be excluded by
the respective CLs.

The results from this evaluation are summarized in the graphics of Figure |4.21 The com-
parisons were performed for y, = 3 (left plot) and y, = 2 (right plot), and for =1 and § = 10,
as specified. The green areas indicate the regions that are excluded to 68% CL according to
the described evaluation, and the blue areas indicate the regions that are excluded to 95% CL.
The results resemble those of the before mentioned discussions for the various signal strengths
for the Higgs processes in the RS model. The strongest exclusion bounds stem from the rates
Ryww and Rzz, since the strongest new-physics effects arise there. Only for Ry and Ryzyz,
exclusion bounds could be determined to 95% CL. The results for Rz, to 68% CL, apparently
exclude a large range of higher KK masses. This is a consequence of the fact that the 1o region
of the average of the experimental results for Rz, ends above the ratio 1. This might, however,
be related to an in-sufficient experimental precision, connected with the present results, and the
statement is given to 68% CL, only. All the other results exclude certain parameter regions of
lower KK masses. The signal strengths for the Higgs decay into two photons and tau leptons
give smaller excluded regions, and the predictions for the signal strengths of the Higgs decay into
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Cw Cy, C, C,
(-0.004,0) (-0.006,0)  (-0.014,0.014) (-0.032, 0.035)
C, Cy C,
(-0.044,0.035) (-0.003,0.011) (-0.013,0.017)

Table 4.3: Experimental capabilites for the precision measurements at a future ILC [214-217],
for \/s = 1 TeV and 1000 fb™' demonstrated by the 1o confidence intervals that have been
derived in [21§].

b quarks have been found to lie in the experimental 1o regions in most of the parameter ranges.
The gray, dashed lines indicate the bounds that are implied by the Peskin-Takeuchi parameters
in the respective bulk-Higgs RS scenarios, to 95% CL. As suspected before, the results we have
been able to derive with our evaluations give only very weak exclusion bounds on the parame-
ter space of the model, which are much below the exclusion bounds from the Peskin-Takeuchi
parameters.

This is in contrast to the evaluations performed in other Higgs scenarios of the RS model,
e.g. in [2-4]. For the brane-Higgs scenario, the predictions for the cross sections of the gluon
fusion production rate are suppressed compared to the SM, and as an effect, the signal strengths
R,,, Rww, Rzz and R,; are suppressed compared to the SM, as well. In principle, brane-Higgs
scenarios with a minimal particle content are less significant for phenomenological searches, since
they suffer from the strong exclusion bounds, implied by the Peskin-Takeuchi parameters. But,
in realizations of the RS model with a custodial bulk gauge symmetry and a brane-Higgs, as
presented in Section [2.3]of the thesis, the enlarged KK fermion content causes negative and much
stronger new-physics contributions to the Higgs processes. In these scenarios, the evaluations of
the signal strengths for Higgs processes were performed e.g. in [2-4], and resulted in very strong
exclusion bounds on the parameter space of the custodial RS model, exceeding the bounds from
the Peskin-Takeuchi parameters to a large amount. To 95% CL, the most stringent, derived
constraints are Mg > 8.12 TeV for a brane Higgs, and Mgx > 6.08 TeV for a narrow bulk
Higgs (8 — o0), both for y, = 3 [4]. In this regard, the masses of the lightest KK particles must
lie above Mgy > 19.89 TeV and M) > 14.90 TeV, accordingly. Nevertheless, the bounds can
be weaker for lower values of y,. But, in total, also the custodial RS model is very strongly
constrained at the present level by means of the various Higgs processes. On the contrary,
the evaluations presented in this chapter of the thesis can demonstrate that the predictions for
the Higgs processes in the bulk-Higgs RS model are, in principle, well compatible to the SM.
Furthermore, they are in a good agreement with the experimental results of the LHC. From
these outcomes, one can conclude that the existence of a small and warped extra dimension in
connection with a bulk-Higgs field might still be conceivable.

4.3.1 Outlook on the precision measurements of Higgs couplings

In the previous section, the signal strengths for the various Higgs decay processes at the LHC
have been evaluated, and have been compared to the experimental results from ATLAS and
CMS. It was not possible to derive any new, significant constraints on the parameter space of
the bulk-Higgs RS model by means of these comparisons. So, it proves to be quite difficult to
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test the predictions of the bulk-Higgs RS model using the current precision measurements in the
Higgs sector. Future, more advanced experiments with stronger sensitivities are demanded in
order to perform enough precise measurements. In this context, the ILC is one proposed, future
collider project [214-223], where the sensitivity on measuring the Higgs rates can be enormously
improved compared to the LHCH The possible, experimental capabilities of an upgraded version
of the ILC, on testing the Higgs couplings in a model-independent way, were derived in [21§],
expressed by 1o confidence intervals for the uncertainties. The results are summarized in Table
, and can be compared to the Higgs couplings predicted by the bulk-Higgs RS model [4].
In this way, the ability of the upgraded ILC on deriving constraints on the parameter space
of the model can be tested [4]. Such a comparison was performed in [4] for the predictions in
a brane-localized Higgs scenario with a custodial bulk gauge symmetry. In this relation, one
can assume SM like Higgs couplings for the experimental results C;*” = 1, while taking the lo
uncertainties from Table [218]. Then, a similar evaluation can be performed, as done before
for the Higgs signal strengths. The deviations for z = C;/C{™ | according to , can be
computed to determine the excluded parameter regions to certain CLs. The results are displayed
in the graphics in [£.22] for y, = 3 on the left and y, = 2 on the right, and for 5 =1 and 8 = 10,
as indicated. Again, the green areas mark the regions that can be excluded to 68% CL, whereas
the blue areas mark the regions that can be excluded to 95% CL. The exclusion bounds derived

6The ILC will be a linear collider experiment with a length of ~34 km, reaching a center of mass energy of
v/s =500 GeV, or 1 TeV in a possible upgrading level, and will operate with colliding electron and positron beams.
A possible location for this project could be in Japan, according to the ILC Design Report from 2013 [222}223].
In this experiment, the center of mass energy will enormously be increased compared to preceding lepton collider
experiments. In principle, at lepton colliders it is possible to test particle interactions at much higher precisions
compared to hadron colliders like the LHC. The full center of mass energy is available in the interactions to
produce new particles, and the energies and momenta of the initial particles in the collisions are well known.
This allows to apply a reconstruction method for the detection of “hidden” particles that do not leave any traces
in the detectors, as neutrinos, or possible dark matter and light supersymmetric particles. In this way, it might
be conceivable that new particles will be detected at the ILC in lower energy ranges, whose signals might have
been too inconspicuous for a detection at the LHC. Whereas in the LHC collisions, much higher center of mass
energies are reached, in principle, the colliding protons consist of a substructure of quarks, carrying an unknown
fraction of the total center of mass energy. The interactions are carried out by some of the sub-particles, and it
is possible to search after new particles in a large energy region. The disadvantage is that large rates of highly-
energetic jets of particles are produced in the interactions of quarks and gluons that cause a strong background
pollution in the measurements. At lepton colliders, the background pollution is significantly reduced, compared
to hadron colliders. Therefore, they are suitable to test for rare particle processes, and processes with less precise
signatures. Altogether, the lepton colliders are especially helpful to test processes that are mediated by the
electroweak interaction, whereas hadron colliders allow to better explore the theories of the strong interaction.
So, it will be of special interest to extend the precision measurements of the electroweak interactions in the new
ILC experiments. The top quark physics will be better explored, because the center of mass energy will be
sufficient to produce a pair of top quarks at a lepton collider, for the first time. In this relation, the asymmetric
coupling of the top quarks to Z bosons can be investigated, for example. Furthermore, the properties of the Higgs
boson, e.g. its mass, spin and its interaction strengths with the SM particles, will be studied thoroughly. In this
way, it will be possible to test a large range of new-physics theories by indirect means. We have just presented
an evaluation in the context of the bulk-Higgs RS model of the various Higgs couplings to particles. These could
be compared with precise experimental measurements, in order to constrain the parameters space of the model,
or to “detect” even some possible hints for the existence of an extra dimension. In total, the ILC will offer a
complementary experimental facility to the LHC, to significantly advance the researches in the field of particle
physics.
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Figure 4.22: Plot of the excluded parameter regions, derived by means of a comparison between
the Higgs couplings predicted by the bulk-Higgs RS model and the experimental capabilites of a
possible, future ILC. It is assumed that the results reproduce the SM predictions, by C;™ = 1,
together with the 1o uncertainties derived in [218], given in Table The green fields mark the
excluded regions to 68% CL, and the blue fields mark the excluded regions to 95% CL. The gray,
dashed lines indicate the exclusion bounds derived from tests of the Peskin-Takeuchi observables
to 95% CL.

from the couplings C; and Cj, to 95% CL, for y, = 3,

C,: Mygx> 47TeV (B=1), Mggx>70TeV (8=10),
(4.104)

Cb : Mgg > 4.0 TeV (ﬁ = 1) Mg > 6.3 TeV (ﬁ = 10) ,

are stronger than the dashed lines, which indicate the bounds from the Peskin-Takeuchi observ-
able tests, to 95 % CL. These results could possibly exclude masses for the lightest KK particle,
the KK gluon, up to Myq) < 11.5 TeV for 8 = 1, and up to Myq) < 17.2 TeV for 8 = 10,
respectively. Weaker constraints would apply for lower maximally allowed entries of the Yukawa
matrices y,, as it can be observed from the plot on the right-hand side of [£.22] All the other
exclusion bounds lie still below the bounds from the Peskin-Takeuchi parameters, actually.

4.3.2 Intermediate summary

In this chapter, the various direct Higgs couplings to the SM particles, and the loop-induced
Higgs couplings to gluons and photons, have been computed in the RS model with a minimal
bulk gauge group similar to the SM and a bulk-Higgs field. It has been possible to express the
summations, arising in the loop-induced Higgs couplings to gluons and photons, in dependence of
five-dimensional propagator functions in mixed momentum-position representations, as discussed
in [188,/189,/196({199]. Furthermore, the tree-level Higgs decay rates to two W or Z boson or
fermion final states have been computed. Analytical results have been derived for all the different
processes, valid to the first order in v?/M3z -, which visualise the first, significant corrections
in the bulk-Higgs RS model compared to the SM. For the bulk-Higgs localization parameter,
it has been able to smoothly perform the limit 5 — oo, offering the results calculated before

in a scenario with a very narrow bulk-Higgs field, e.g. in [2H5[171] 212]. A numerical and
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graphical evaluation has been performed for the various Higgs couplings, and Higgs production
and decay rates, in dependence of the KK mass scale Mk, the Yukawa matrices Y and the
characteristic parameter of the bulk-Higgs scenario 5. For the parameter (5, a value 1 has been
taken for a real bulk-Higgs field, and a value 10 has been taken for a narrow bulk-Higgs field.

Enhancements have been observed for the predictions of the gluon fusion cross section, nor-
malized on the SM prediction. On the contrary, all the normalized Higgs decay rates into the
final states 4 = WW*, ZZ*, ~y~,bb, 77 are suppressed compared to the SM. From the produc-
tion and decay rates, we have been able to determine the new-physics corrections to the signal
strengths for a Higgs production and decay into the different final states i at the LHC, accord-
ing to pp — h — i, where ii = 7, bb, 77, WW*, ZZ*. In the loop-induced rates, the largest
contributions are given by the contributions of KK fermions, in agreement with findings derived
in [2,3,5,/151L[152,[154,/171,/193]. Via the gluon fusion cross section, these contributions dominate
the various signal strengths for the Higgs decay rates at the LHC, giving enhanced predictions
compared to the SM. Consistently, the predictions lie the closer to the SM predictions, the lower
the value of § is and the stronger the Higgs field is located in the extra dimension. Already for
B = 10, the results approach strongly to the results of the very narrow bulk-Higgs scenario, cor-
responding to § — oo. Altogether, the new-physics effects have a stronger impact on the signal
strengths of the direct Higgs decays, compared to the signal strength of the Higgs decay into
photons that is mediated by loops of virtual particles. In the latter process, an interference effect
arises between the KK tower contributions by the fermions in the gluon fusion cross section and
the KK tower contributions by fermions and W bosons in the Higgs decay rate into two photons,
causing a partial decompensation of the new-physics effects, as a consequence. Remarkably, the
averages of experimental results from ATLAS and CMS for all the signal strengths, given in [6],
are in quite good coherence with the predictions in the bulk-Higgs RS model. The predictions
have been compared with the experimental results in order to determine exclusion bounds on
the parameter space of the model. However, all the determined bounds are weaker than the
exclusion bounds that follow from the Peskin-Takeuchi parameters. Also, with a future and
possible upgraded ILC experiment, it might be very challenging to determine any significant
exclusion bounds on the parameter space of the bulk-Higgs RS model, even if all measurements
of the Higgs couplings would prove the SM predictions.

So, we have consistently proven that in the bulk-Higgs RS model, besides the reduced exclu-
sion bounds from the Peskin-Takeuchi parameters, also the Higgs production and decay processes
lie significantly closer to the SM predictions. For these reasons, the bulk-Higgs RS model can
be considered to be an interesting alternative to the RS scenario with a custodial protection
mechanism. Whereas the custodial model provides the lowest predictions and therefore the best
agreements for the Pekin-Takeuchi parameters, it significantly suffers from the enlarged KK par-
ticle content of fermions and gauge bosons, which can induce strong new-physics contributions in
Higgs processes [2H4]. In the bulk-Higgs RS model, it is not necessary to implement an enlarged
bulk gauge group and particle content to provide good agreements for the Peskin-Takeuchi pa-
rameters and the Higgs processes. It will be interesting to test whether the good agreements
of the bulk-Higgs RS model persist in phenomenological evaluations of other particle processes.
Currently, the model appears to be a promising theoretical framework to address gauge and
flavour hierarchy problems of the SM.
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Chapter 5

A New, Heavy Bulk Scalar in the RS
Model

5.1 Di-photon resonance from a warped extra dimension

5.1.1 Some introductory remarks

Run 2 of the LHC experiments has operated with the highest center of mass energies that were
ever reached in collider experiments. There were big expectations that new particle states, e.g.
predicted by theories with extra dimensions, or SUSY, could be discovered, providing hints at
the existence of new physics beyond the SM. Whereas the Higgs boson was successfully detected
at the LHC [67,/68], discoveries of any new particles have been lacking, however. Then, an
observation of an anomaly in the di-photon mass spectrum of first 13 TeV data from Run 2
of the LHC was finally reported in December 2015. Interestingly, the anomaly, peaked as an
excess of recorded data at an invariant mass of 750 GeV, was independently observed by both
the ATLAS and CMS collaborations [8}[9}[224,[225]. At last, such an anomaly could be the
observation of a new particle state that was produced in pp collisions and subsequently decayed
into a state of two photons. Other decay channels of the presumably new particle were absent.
The decay width of the observed resonance could have a narrow or a broad shape, with a value
fitted to the data between 0 and 100 GeV. The best fit result for ATLAS was obtained for
a broad width of 'y, ~ 45 GeV ~ 0.06 - mg [9], whereas CMS favoured a narrow width of
[0t = 1.4-107% - mg [226]. An independent analysis in reference [227] concluded that the large-
width scenario was disfavoured by a combination of the ATLAS and CMS analyses, considering
the /s =13 TeV data, and was slightly preferred if including the data recorded at /s =8 TeV.
For example, the total decay rates were summarized in [228] for a width narrower or a width
broader than the experimental resolution of 6 — 10 GeV, by using the results reported from
ATLAS and CMS in [224]225].

In collider experiments, the scatterings of beam particles, comprised in bunches, are per-
formed repeatedly, while recording the data obtained in the detectors around the collision point.
This process is performed over a long period of time, at which the detected signals are summed
up. In this context, the luminosity is a quantity that describes the number of particle scatter-
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ings in an experiment[| The first results from ATLAS and CMS were reported for integrated
luminosities of 3.2 fb™' [9], and 2.6 fb~' [8], respectively. The detections of particle signals
in scattering experiments follow statistical rules. For smaller data sets, fluctuations from the
expected amount of background signals may arise at any point in the invariant mass range.
So, for a resonance detected above the background signals a certain statistical significance has
to be determined to quantify whether it is the result of a particles decay, rather than just a
fluctuation of the background. A possibility to get an expression for the statistical significance
is to calculate the p-value, which is the probability that the background-only-hypothesis is true
and the observed excess was created by just a fluctuation. The lower this probability is, the
more convenient is it to reject the background-only-hypothesis and to claim for the alternative
hypothesis, which confirms the detection of a new resonance. The p-value can also be formu-
lated as a number of standard-deviations of a statistical distribution, giving a value for the
extremeness of a would-be fluctuation. In this connection, a local statistical significance of 5o
is usually set as the threshold for a discovery in high-energy physics. For such a fluctuation,
the p-value lies around 2.7 - 107, which is 270 in a billion. For a resonance with such a small
p-value, one can make the conditional statement that the background-only-hypothesis seems to
be very unlikely, at least. The according conclusion is that the resonance was very probably
created by the decay of a new particle, which had induced the signals above the background at
the particular region in the mass plot. The Higgs boson could be discovered in the year 2012
with a statistical significance above 50 [67,68], for example.

Several variables of the measurements have to be accounted for in the determination of the
statistical significance, such as specific detector uncertainties, or the fact that data from several
experiments is combined in the evaluations. These factors create a certain model-dependence
for the calculation, which can hardly be avoided. The results for the di-photon anomaly were
reported for local statistical significances of 3.90 for ATLAS favouring a broad width for the
resonance, and 3.40 for CMS favouring a narrow width in this case [9,[226]. Actually, no excess
was observed in the results of previous Runs of the LHC that were performed at /s = 7 TeV
and /s = 8 TeV. However, the results from these Runs were compatible in most ranges with
the theoretical assumption of a new, heavy scalar particle with a mass of 750 GeV [224,225]. By
a naive combination of the data, collected at Run 1 at /s = 8 TeV and Run 2 at /s = 13 TeV,
the anomalous excess could reach a local statistical significance of about 40 [228], corresponding

'The luminosity is a quantity to describe the number of particle scattering events in an experiment per units
of time and surface,
n-Ny- Ny f

dmogoy

L= : N=o,-L. (5.1)
Here, N is the number of the expected events per units of time, in a detector placed around the collision point,
and o, is the cross section of the considered process, whereas N; and Ny are the particles in the colliding
bunches. In addition, n is the number of the bunches that collide with the frequency f, and the bream density
usually follows a Gaufian shape with the widths o, and o, [229]. The luminosity characterizes the ability of a
certain particle scattering experiment to accomplish results with a high statistical significance. In this sense, the
integrated luminosity is the integral of the luminosity with respect to time [230],

Lm:/Lﬁ. (5.2)

The higher the integrated luminosity is, the more data is available to analyse, and the more precise are the
experimental results.
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to a probability of 1 in a 50000 of just being created by a background fluctuation.

But, in fact, the local statistical significance only forms a reliable quantity to determine
whether a resonance has a physical origin, if the measurements are restricted to a specific range
where a resonance is expected to be found. This was not the case for the diphoton anomaly,
which could have been materialised equally in ~ 10% other places within the same data-set [228].
If measuring processes that follow statistical principles over a large range of energy intervals,
also statistically unlike fluctuations may appear at some point in the observation range. Since
so many different experiments have been performed at the LHC, outcomes, which seem to be
unlikely, are expected to be observed in a small fraction of them, caused by fluctuations that
disappear if measuring for a longer time. This is the so-called “Look-elsewhere effect” , which may
dilute the local statistical significance. It is accounted for in the global statistical significance,
in which the whole mass range is taken into account over which an observation is performed.
In the case of the di-photon anomaly, ATLAS reported a global statistical significance of 2.30
whereas CMS reported a global statistical significance of 1.60 [9,226].

So, despite the apparently strong indications for an observation, the di-photon anomaly did
not pass the 5o-threshold for the local statistical significance. For that reason, it had never been
called a discovery. In fact, it turned out that the high 5o0-threshold is mandatory in order to
guarantee a high discovery standard in the field of high energy physics. Subsequent investigations
of the di-photon anomaly have proven that the matter of statistics has seriously to be taken in
particle scattering experiments, and, in fact, the anomaly turned out to be a manifestation
of the “Look-elsewhere effect”. Very probably, it was created by a random fluctuation of the
background at the particular energy. With much more of recorded data, 15.4 fb~' for ATLAS
and 12.9 fb~! for CMS, both collaborations announced in the summer of 2016 that the excess
had disappeared in the updated invariant mass spectrum [231}232]. Instead, the data was
conform with the expected background signals at the one standard-deviation level [231}232].
Unfortunately, such disturbances can happen in statistical processes.

Shortly after the announcement of the excess in December 2015, a reaction, maybe dispro-
portionate, was caused by the field of theoretical physics [233]. Over 500 publications were
released that offered very plausible explanations for the excess. After having waited for tens
of years, the hope was enormous that the anomaly would have been verified with more data,
so that a first discovery of new physics beyond the SM would have been manifested, finally.
And, although the excess had not passed the 5o-discovery threshold, further compelling reasons
contributed to the big excitement about this excess. As a very important point, the excess was
independently observed by both the ATLAS and CMS collaborations at the same point in the
mass range of di-photons! This could have been a clear indication for a possible physical origin
of the excess by the decay of a new particle. Furthermore, the observation was made in a very
clear observation channel, the di-photon invariant mass plot. The two produced photons in this
channel constitute to be a clean measurable final state, and the background rates to this process
can be determined to a high precision. Only the di-lepton and four-lepton final states are even
cleaner observables. Probably, more attention is paid to anomalies observed in the di-photon
channel than to anomalies found in final states that suffer from a strong background pollution.
Moreover, the di-photon channel was one of the discovery channels of the Higgs boson [67,68].

On the other hand, maybe it was necessary to present something new, besides the Higgs
boson, after so much money had been spent on the construction of the LHC experiments. The
search for new phenomena beyond the SM formed one of the main incentives for the development
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of the LHC. But, theoretical particle physicists have the duty to give explanations for newly
observed phenomena, which also applied to the case of the di-photon anomaly. So far, there is
no experimental evidence for the existence of any new physics beyond the SM, although there are
many well-motivated theories. Theoretical physicists have to speculate and have to elaborate
hypothetical frameworks to explain specific problems of the existing theory, and they must
postulate experimental signals that would allow to confirm new theories. After the falsification
of the di-photon anomaly in the summer 2016, all the new, theoretical explanations remain.
These provide interesting approaches to theoretical phenomena, and give fruitful impulses to
the field of particle physics, which, in this sense, have certainly their own values.

5.1.2 Inclusion of a singlet bulk scalar to the RS model

After these short, introductory remarks, I would like to outline in the next sections our work
from [7], which gives a consistent and natural explanation for the di-photon anomaly in the
framework of the RS model. In this context, I focus on the values of the excess reported in
December 2015 and spring 2016, given in the publications [8,9,224,226]. The signal strength
for a narrow-width, scalar particle produced via gluon fusion was determined in [234] as a
combination of ATLAS and CMS data from measurements performed at /s = 8 TeV and
Vs =13 TeV, as

olpp— S —vy)=(46+12)fb. (5.3)

In the subsequently presented evaluations, we fit our analysis to this value. Very interestingly,
this signal could not be reproduced by a minimal extension of the SM with just one single new
scalar S, or by a large set of theoretically well-motivated, UV-completed theories (e.g. [235]). The
reason was that additional new particles, with either a large multiplicity or sizeable couplings
to S, had to enter the loop in the gluon-fusion or bb-initiated production processes [236]. A
production of the resonance from other quark-initiated states would have caused a tension with
8 TeV data, whereas photon-induced production would have required non-perturbatively large
couplings [237,238]. Moreover, the minimal super-symmetric UV completion of the SM would
have been ruled out by the resonance. This was due to the fact that the theory lacks a neutral
scalar candidate with appropriate couplings, although the additional degrees of freedom, needed
in the loop-induced production process, would have been motivated well [239]. As a consequence,
one had to resort to models with a low SUSY breaking scale, giving an sgoldstino explanation
[240], or R-parity violating scenarios in which an sneutrino had large enough couplings to explain
the excess |241,242]. In principle, a large di-photon branching ratio could be obtained from
several composite resonances, like neutral composite scalars in non-minimal composite Higgs
models [243-246]. Also, a dilaton or radion could have been considered as a possible candidate
in extra dimensional models, which required either a fine-tuned Higgs-radion mixing [247,248| or
a small radius of the extra dimension [249]. In all cases, unwanted consequences were obtained for
the scale of the UV completion. Also, several non-minimal extensions of the SM were proposed,
explaining the di-photon excess along with other anomalies observed in the flavor sector and the
anomalous magnetic moment of the muon [239,250-256].

Fortunately, the RS model, and especially the enlarged RS model with a custodial symmetry,
could offer very natural explanations for the observed excess [7]. Here, only one single bulk
scalar singlet had to be included to the traditional framework of the RS model. The only
renormalizable interactions of that bulk scalar were the couplings to the bilinears of vector-like
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bulk fermions, present in the RS model, with the exception of possible Higgs “portal”-couplings.
For coupling parameters of this new bulk scalar to fermions of O(1), the di-photon excess could
be explained with KK masses in the multi-TeV range, compatible to electroweak precision tests
and constraints from flavor physics and Higgs phenomenology. The results are largely insensitive
to the parameters of the RS model, such as the five-dimensional masses of the fermions and their
Yukawa couplings to the Higgs field. In good approximation, the loop-induced couplings of the
new resonance to di-boson states just count the number of the degrees of freedom that propagate
in the loop, times group-theory factors. For that reason, the enlarged custodial RS model with
the extended degrees of freedom for fermions and gauge bosons was particularly suitable to
explain the excess. Moreover, all the calculated decay rates S — vy, WW, ZZ, Z~, gg, tt and tth
were compatible to the experimental results from /s = 8 TeV measurements at the LHC. And
furthermore, a similar scenario with the inclusion of a new bulk scalar to the RS model can offer
intriguing possibilities in the context of flavor physics, by generating the Zs-odd bulk fermion
mass terms via a spontaneous symmetry breaking induced by the vacuum expectation value of
a similar scalar [257,1258]. Some features of this possibility will be explored in the last section
of this chapter.

Besides, similar extra-dimensional frameworks were considered in the context of the di-photon
excess. For example, the new resonance was identified with the lowest spin-2 KK graviton in
a warped extra dimensional model in [259-261]. In [262,1263], flat extra dimensional scenarios
were investigated that cannot address the gauge hierarchy problem of the Higgs and the new
scalar. The authors from [262] took the assumption that the new scalar could exclusively couple
to heavy, vector-like leptons by placing only the SM lepton fields in the bulk. They had to
introduce a cut-off for overlap integrals by hand, which was motivated by stringy arguments.
Furthermore, a very similar framework to that of ours was published in [264], shortly after the
release of our paper. Our framework certainly has the advantage that the explanations could be
found on a very natural way without further complicated model building.

We identified the di-photon resonance with the lightest KK excitation of a new bulk scalar
field S(x, ¢) in the RS model, forming a singlet under the bulk gauge group. In the RS model,
there is a four-component vector-like, five-dimensional fermion field for every Weyl fermion of
the SM [150]. For the zero-mode fermions, the chirality parts, not compatible to the SM, are
projected out by means of the Z;-symmetry, which is determined by the boundary conditions
at the branes. There are two towers of KK excitations for the two chirality parts of the fermion
fields. The new scalar field S couples to the scalar density of vector-like fermions, ff = fifr +
frfr, which combines fermions of even and odd chiralities, and therefore fermions of opposite
Zs-parities, in each of the terms. Accordingly, the field S(x,¢) must own an odd Zs-parity,
S(z,—¢) = —S(x,¢), to maintain the symmetry invariance of the coupling terms. The five-
dimensional Lagrangian, comprising the kinetic and mass terms of the new scalar S and its
coupling terms to fermions, reads

2

™ MN
[ doreew [97 (0S) (9xS) = E257 = 3™ (sen(0) /M f + STG4f) | . (5.4)
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where the sum runs over all the five-dimensional fermion multiplets f. In the custodial RS
model, additional exotic fermion fields are included in the sum. The bulk mass and coupling
matrices My and Gy are hermitian matrices in generation space. By means of field redefinitions,
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one can arrange that the matrices My are real and diagonal [150]. Furthermore, it is sensible to
assume similar structures for the two matrices M; and Gy, assuming a “hidden” framework in
which the fermion bulk mass matrices are induced via a spontaneous Zs-symmetry breaking by
coupling the fermions to the vev of an odd bulk scalar. Conventionally, the matrices with the
dimensionless bulk mass parameters are defined by ¢y = £M¢/k, where the plus (minus) signs
hold for fermions whose left-handed (right-handed) components have even profile functions under
the Zy-symmetry. With the same sign conventions, one can further define the dimensionless
coupling matrices gy via

k(1+ Bs)
(24 Bs)

where 8% = 4 + p%/k* The definition is in analogy to the definition of the dimensionless
Yukawa matrices in the bulk-Higgs RS model. The terms with the Sg-dependence ensure that
the dimensionless couplings behave well in the limit S5 — oo, describing an IR brane-localized
scalar field similar to the Higgs case. In the subsequent phenomenological analysis, it will be
assumed that the entries of the matrices g have the same signs and similar magnitudes, with a
possible exception of g; = (g,)s3. This is well grounded by the fact that all fermion bulk mass
parameters c; cluster near or below the value —1/2, below which the zero-mode fermion profile
is localized near the UV brane. The only exception can be the parameter of the right-handed
top quark that is positive to realize a localization for the zero-mode profile close to the IR brane.
Besides the couplings to fermions given in , the scalar can possibly couple to the Higgs field.
Such a coupling is inevitably induced at the one-loop order, as will be discussed later. Other
direct couplings to SM particles are not allowed due to the demand of gauge invariance.
The KK decomposition for the five-dimensional scalar field S can be chosen as follows

gf =+ Gf s (55)

()

S($,¢): \/F

S S @) | (5.6)

including a switch-over from the ¢- to the t-coordinate. From the five-dimensional action,
the following equation of motion follows for the profiles in order to obtain the correct four-
dimensional mass terms for the KK scalars,

S
t
(207 + t0, — B% + t°a72) X"t( ) _ 0, (5.7)

with z, = m>/Mgr. In order to obtain appropriate kinetic terms for the KK scalars, the
normalization condition,
or (1 dt
A N sz(t)Xg(t) = Omn , (5.8)
has to be fulfilled, as well. Due to the Zs-odd parity of the field S, the Dirichlet boundary
condition, x?(e) = 0, is required to be fulfilled at the UV brane. From these conditions, the
general solution for the profiles can be determined as

_ Jpslewn) T(1—Ps) (HC—"YBS , (5.9)

S
= N. — _ = ~
Xn(t> nt [Jﬁs(xnt) T 55<$nt)] ’ T'n J—ﬂs (El‘n) 14+ 65 2
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including the expression r,, and N, is a normalization constant. In order to adapt the mass for
the first KK resonance to the reported mass of 750 GeV, which is quite light in comparison to
the KK mass scale, one has to impose a mixed boundary condition,

Xa(l) =& (1), (5.10)

at the IR brane. It can be engineered by adding brane-localized terms to the action. In the
limits £ — 0, and £ — oo, the special cases of Dirichlet and Neumann boundary conditions are
recovered. In general, the subsequent relation follows from the IR boundary condition

[1 =& = Bs)] Jos (wn) — Exndpg—1(xn) = o {[L = E(1 + Bs)] Jops (#n) — Exn_ps—1(2n)} -
(5.11)
Due to the smallness of the quantity 7, oc €25, given in ([5.9]), the whole right-hand side of (5.11)
can be set to zero, in good approximation. Then, one can derive for the mass of the lightest KK

resonance
2 ML B9 (1= €0+ )]
1—&(3+4 Bs)
For a value m{ ~ 750 GeV, a moderate, justifiable tuning of parameters is necessary. With
Mg = 2 TeV, for example, one would need £ ~ 0.69 for S = 0.5, £ = 0.51 for B =1, £ = 0.17
for B = 5, and £ ~ 0.09 for S5 = 10. In this way, the hierarchy problem, associated with the
mass of the new scalar, can be solved in the RS framework, similar to the case of the Higgs
boson. For such a lighter mass, one can expand the profile of the first KK resonance in powers
of 2, as follows

B L(1+ Bs) 1485 _ﬁ t2 B 1 v
Y5 (t) = —— o (1 7 [(1—1-55) (2+5s)]+0( 1)) . (5.13)

This is equal to the profile of the zero-mode bulk-Higgs field, derived in (2.74]). Similar to the
bulk-Higgs scenario, it is assumed that 85 > 0 (i.e., u% > —4k?) following the Breitenlohner-
Freedman bound [160]. Also, the parameter Sg controls the localization of the bulk scalar. For
fBs = O(1), the scalar profile extends through the extra dimension, whereas for g > 1, it is
localized close to the IR brane, according to

(5.12)

sy B [LO+fBs) 1
1(t) - T (2_'_65)

In analogy to the Higgs case, there is no particular reason why the scalar S should be localized
close to the IR brane. But again, the results take a particularly simple form in this limit.

5(t—1) . (5.14)

5.1.3 S couplings to particles

The direct couplings of the scalar S to the scalar density of vector-like fermions are included
in equation . Then, transmitted by loops of KK fermions, the scalar can couple to gauge
bosons at the one-loop order. Since the masses of the lightest KK fermions lie in the multi-TeV
range, these are much heavier than the mass of the 750 GeV di-photon resonance. For that
reason, one can integrate out the tower of heavy KK fermion modes in computing the S decays
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to di-boson final states. We can define the following effective Lagrangian, which is valid below
the KK mass scale,

(07 «

a nu,a

1 2SWMVW +cgp——=
TS

Qs a v,a v
Leog :CQQESGNVGM T+ cww B/WB“

2
4rez,

(5.15)
- [SQLYUéuR + SQLYA—d(I)dR + SELYAve(I)eR -+ h.c.

The mass of the scalar S lies much above the electroweak scale. For that reason, the effective
Lagrangian is considered in the electroweak symmetric phase. In the first row, the loop-induced
couplings of S to gauge bosons are given, where the RS model effects are summarized into the
Wilson coefficients c¢,y, cww and cpp. In the second row, there are the direct couplings to
fermions that are governed by the couplings matrices Yf. Here, G, Wi, and B, are the field
strength tensors of the groups SU(3)., SU(2), and U(1)y, respectively, ® is the scalar Higgs
doublet, and s,, = sinf,, and ¢, = cosf,,. After electroweak symmetry breaking, the resulting
couplings to vy, WIW and ZZ states can be deduced as

« Q o
£eff = C’WESFHVF#V + CZVESZ;WFIW + CZZESZ;WZ'[W , (516)
where
Cw SWw 612/[/ SIQ/V
Cyy = Cww + CBB , Czy = —Cww — —CBB; czz = - Ccww + 5-cpp - (5.17)
SWw Cw Sw Cy

The second line in ([5.15)) writes the S couplings to the Higgs field and a pair of fermions. The S
couplings to fermions have a hierarchical structure in the model, where the largest coupling, by
far, is the S coupling to top quarks. After a transformation to the mass basis, one can rewrite
Re[(\?)gg] = cuYs, with the top-quark Yukawa coupling y, = v/2m, /v, giving

h\ -
Eeff D —CyuMy (1 + ;) Stt + ... (518)

In the effective Lagrangian, the results for the Wilson coefficients are suppressed by the mass
scale of the new physics, as ¢; &« 1/Mg.

Further, the coefficients are supposed to hold at the matching scale Axx= few X Mg,
which is the mass scale of the low-lying KK modes that give the dominant contributions in the
loops of the processes. The two-gluon operator has a non-trivial QCD evolution for altering
energies [265,266], and it mixes with the operator in ([5.18]) under renormalization [267]. If the
strong coupling «; and the Yukawa coupling y; are factored out from the definitions of ¢,, and
i, as it is in the present case, then, the evolution effects from the high matching scale Ak down
to the scale u = mg arise only at the next-to-leading order in renormalization-group improved
perturbation theory. The following relations apply [7]

_ B as(p) — as(Axk)
Cog(p) = [1+ 15, -
3CF CES(,U) — Oés(AKK)

Bo ™

CQQ(AKK) )

(5.19)

cu(p) = (M) + Cog(AKK)
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Figure 5.1: Loop-diagrams, which are transmitted by exchanges of heavy KK fermions, can be
described at lower energies by effective local interactions that couple S to diboson final states.

where 5y = 7, 51 = 26 and Cr = 4/3. The coefficients ¢y and cgp remain invariant under the
QCD evolution. From these relations, it follows that the S to top quarks coupling is inevitably
induced to a small amount by a renormalization group evolution, even if it is absent at the high
matching scale. For A =5 TeV, and p = 750 GeV, one can determine

Ctt(,u) =~ Ctt(AKK) + 00028099<AKK) , ng<,u) ~ 1.0045699(/\[(]() . (520)

Higher-order QCD corrections to the Wilson coefficients at the high matching scale are likely
to have a stronger impact |268}269], but, to be conservative, such enhancement factors are not
included in the present analysis.

In order to calculate the RS model effects to the loop-induced S couplings, transmitted by
KK fermions, one has to consider one-loop diagrams as the one plotted in Figure The
calculations are similar to the calculations of the loop-induced Higgs processes, presented in the
previous chapter of this thesis. One can parametrize each of the couplings in terms of an integral
over a single, five-dimensional fermion propagator function to sum over the transmitted KK
fermion states. Starting from the Lagrangian in , one can employ the KK decompositions
for the fermion fields, and finds for the S couplings to fermions

= /L — 1 2 [ 7 () £ (5
Eferm_ ;l% L<1+ﬁ5)(2+55)[ dt Sl( )[fL ( )fR ( )

m O n
s () F 5 (t) (gOF _gf) f;>(t)+h.c.] ,

which is very similar to the couplings of the bulk Higgs to fermions. According to the calculation,
presented in [2], one can derive the S couplings to di-boson states as

d 1 1 B - .
Cgg = — Z ?f/o dx/o dy (1 — 4ryy) Ty [—$yym§ o ZO} ’
f=q

(5.21)

1 1
cww = — Y _ N/Ty / dx / dy (1— dayy) Ty [~wygms — i0] (5.22)
f=al o0

1 1
Cpg = — Z chde]?/ dx/ dy (1 —4xyy) Ty [—xygjm?g — i()} .
Py 0 0
The sum in the result for ¢y, is running over quark states, only, whereas for ¢y and cpp, one
has to sum over all states of quarks and leptons. These expressions only differ in the group-
theory factors. Here, d; is the dimension of the SU(2) multiplet, 7 is the Dynkin index of
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SU(2), where there is Ty = 1/2 for doublets, Ty = 2 for triplets and Ty = 0 for singlets, Y} is
the hypercharge of the multiplet, and the color factor N7 equals 3 for quarks and 1 for leptons.
In addition, two Feynman parameter integrals over x and y are included, where § = 1 —y. The
product of the mixed-chirality components of the five-dimensional fermion propagator, and the
profile of the scalar S, are included in the expression T;(p%). For Euclidean momenta p3, = —p?,
it reads

T (2+ Bs)
LI+ Ps J.

where the trace is performed over 3 x 3 matrices in the generation space. The relations hold
under the assumptions that 7;(p%) vanishes for pg — oo, and that pEZpl}’; vanishes for pg = 0

i) T [y (latt i) + AR )| 629

and pg — oo [2], which are satisfied in the present model. The KK decomposed representation
of the fermion propagator function has been derived in Chapter 3, given in . Moreover, it is
assumed that the Higgs vev v is negligibly small, compared to the energy scale of the considered
processes, by neglecting tiny corrections of the order of v?/M%,, compared to m%/Mz . It
follows that the zero-mode particles are approximately massless, and do not contribute to the
leading order. The calculation of the analytic, five-dimensional fermion propagator function, for
v &~ 0, in the minimal and the custodial RS models has been presented in Section of the
thesis. With the help of the results for the propagator function, one can compute the expressions

f 2 I -2
Arp(t tipp) + Apy(ttipp) _ 1 4D (cs, pp, )
2 2M12<K !

(5.24)
- i2]\412 (kéi)(cf,t) + 2k (cp )+ O (;5;3)) ,
KK

which are diagonal matrices, with a dimension according to the specific fermion content of the
model (minimal or custodial model). The functions d®(cy, pg, t) are given in (3.80) and (3.86)),
respectively. Here, the overall £-signs correspond to fermions whose left-handed (right-handed)
components have even profile functions under the Z;-symmetry, whereas the superscripts (=)
refer to the boundary conditions (normal or twisted) that are obeyed by the fermion multiplet
f at the branes. It is justified to expand the results in a power series in p%, as it is done in
, because interactions are considered at an energy scale much below the KK mass scale,
P% ~ (mg/Mgx)? < 1. Then, the expressions k(™ (cy,t) and k5™ (c;, t) read

2F?%(c _
kg (ep,t) =1+ ngf) (£ —1) ks (cpt) =1,
2t2 (1 o tflfQCf) tl+2cf -1
k(+) t) = 2(1 — 2 F4
2 (et =g PO T g m ey
2F2( ) t2 (2 _ tflfQCf) 2(1 + Cf)t3+2(:f 1 + 62(t1+2r:f _ 1)
—_ C —_— _
PA@=2¢)(1+2¢,)?  (142¢,)2(3+2¢c;) (1 —2¢)(3+2¢y)

e~ UL (1o (2 ).
' (5.25)
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Figure 5.2: Results for the corrections A™) (¢, 8) (solid curves) and A7) (¢, B) (dashed curves),
for mg = 750 GeV and Mg = 2 TeV, according to the formulas given in Appendix [D.1}]

Here, the zero-mode fermion profile F'(c) is included, which is exponentially small for all the
fermions, except of the right-handed top quark. Considering the limit ¢ — 0 wherever possible,
one can derive

! de/ldt (2 + Bs)t' s (1 ms { a ! }+ )
Cgg = — — - -
Y BMgx =2 o ° AMZ [1+8s 2+ Bs

7m2 +
x Tr {g <k(i)(c ) — —— k(¢ ,t)+...)] (5.26)
A A TV
= S Uy g, (14 A®)(cy, )]
3Mgr =2~ i ’
with
2F?%(cy) m? m2
A =7 s AC) — S ) (52
(0189 =~y +0 (4 ) (0.8 =0 () - (521

The expressions for ¢y and cgp are derived similarly. Also, these can be obtained by replacing
ds/2 with N/ Ty or NJd fo2 in (5.26)), and including the lepton fields, according to the formulas
(5.22). The corrections to A®)(cy, Bs) of O (m%/M%) are given in Appendix Even for
Mk masses as low as 2 TeV, one can find that these corrections are very small and can be
neglected. Note that in the limit 85 — oo, there is A®)(cs, Bs) — 0. In Figure , the full
expressions A (cf, B) are plotted as functions of the bulk mass parameters c¢; for different
choices of the parameter 3. One can also neglect the exponentially small quantities F?(cy),
except for the case of the right-handed top quark, for which there is F?(¢;) &~ 1 + 2¢;. In this
approximation, the Wilson coefficients simply count the numbers of the fermionic degrees of
freedom that are predicted by the respective RS scenarios. For the custodial model I, one can
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find
1 1 3 3 16ger  (1+Ps —2c) g
=— Tr( 2 @, + = - ~— — ,
Cog M@Kr(mﬁ@g+dw+2mg 3Mrx (34 Bs + 2¢1) 6Mgx
12geff
=— Tr (3 6 207) ~ —
ww = T3 r(39q + 697 +91 +297) M
(5.28)
L (Pgo + 9.+ 1000+ dg7 +g1 +2
& = - I\ - “Y9u e
BB M 3 9o 39 94 T 291 T 9L g
— 236991{ _ (]. + BS — 2015) 4gt
9MKK (34‘654‘2615) 9MKK ’
whereas for the custodial model II, the results are
1 1 19
=— Tr { 3 6 — ~—
cww M r ( go + 097 + 29L> Mr
1 25 4 1
= Tr | = —g, +10gq + 4 - . 5.29
CpB SM%Kr<3gQ+3g-+ mﬁ—gﬁ+2gp+g) (5.29)

445geff (1 + 65‘ - 2Ct) 4915

T 18Mgx (34 fBs +2¢) IMkx

and c,4q is unchanged. In the minimal RS model, one can derive

1 1 1 11geg (1+Bs —2¢t) g
= — T —@gy + — ~ — — ’
Co9 3M%Kr(“”1ﬂ +2%> 6Mrx  (3+ Bs + 2¢1) 6Mgx

1 3 1 2efr
= — Tr| = — 2 —
Cww M r (29Q + 29L> Mer

20ge (1+Bs —2¢;) 4g

(5.30)

LI (S FE U S
Crg = — T = -q, + = — S
BB = T e \gde T g9 T 39T 9T

It is assumed that the diagonal entries of all the matrices g; are equal to a universal value ges,
except of the value g;, which corresponds to the right-handed top quark. This is in correspon-
dence with the behaviour of the cy-parameters that lie very close to each other, except of the
value ¢;. Note that the bulk localization parameter s appears only in these correction terms
scaling with g,.

In the tree-level S couplings to zero-mode fermions, as the zero-mode top quarks, one has to
consider an integral over the extra dimension. In this integral, the zero-mode fermion profiles
and the S profile are included. Neglecting terms of the order of m?/M% ., the Lagrangian of
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V/$ | MSTW2008 [270] NNPDF30 [271] PDFALHC15 [272] HERA20 [273] MMHT2014 [274]
8 TeV 44.9155 b 45.815% b 46.7137 fb 42.2155 fh 46.715% b
13TeV | 20375 b 20715 b 208" .5 th 197F § fb 20815 fb

Table 5.1: NNLO predictions for the production cross sections of S through gluon fusion in
units of (c,y/TeV)?. The different columns correspond to different sets of PDFs, used in the
derivations, and the quoted errors are estimated from scale variations [7,275].

the S to up quarks couplings reads

1
Lo == Y S ()ulg (0)(2+ 5s) [ d 5
m,n 0

t1+cQ _ 1+20Qt—CQ
X [zndﬁg)TF(cQ)thgQF(cQ) 1 _:2 &7(1U) (531)
CQ

t1+0u _ 61+20u t_cu

—l—xmdﬁfj)TF(cu) 153
Cy

guF(cu)tC“dfj‘)] +h.c.,

where x, = m,/Mkk, and n = 1,2,3, label the three lowest-lying states that are u, ¢ and
t. Here, a Zs-even profile is combined with a Z-odd profile, where the Zs-odd profile arises
after electroweak symmetry breaking, induced by a mixing between the zero modes and their
KK excitations. For that reason, the expressions scale with the masses m/ of the zero-mode
fermions. The vectors d%U) and d,(z”) describe the fermion mixings in the flavor space, whose
entries are strongly hierarchical, having the largest entry at the position n. For the S coupling

to a pair of top quarks, one can, then, find in a good approximation

1 F?(cq) F?(c,)
Cyp A —— 11— 9 NV ig (12"
" M {gQ< 3+ Bs + 2cq & 3+ s +2¢, ) |4 532
1 2+ fg } ‘
N g3+ —————q,| |
MKK |:<gQ)53 3 + BS + 2Ctgt

which applies for both the minimal and the custodial RS models.

5.1.4 Phenomenological evaluations of the various S decay rates

In the following, the cross section for the S boson production at the LHC, and the various S
decay rates into SM particle states, parametrized in terms of the Wilson coefficients from the
effective Lagrangian in , are summarized. The general formulas are valid for many new-
physics models, where the couplings of S to SM particles are induced by exchanges of heavy
new particles. With the previously derived results for the Wilson coefficients in the different RS
scenarios, one can perform explicit evaluations in dependence of the RS model parameter space.
The cross section for the S boson production through gluon fusion at the LHC is given, at the
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Born level, by

2 2
o(pp — S) = a6<4773 / /S? for [ 11] foyp [m_;”u} 5 (5.33)

depending on a gluon-gluon luminosity function f,,,. The factorization and renormalization
scales are set to pu ~ mg. It is known well from the calculation of the analogous Higgs production
cross section that higher-order QCD corrections may have an enormous impact. In this sense,
we have been very grateful to Daniel Wilhelm for having used his adaptation of the code CuTe
[276], developed in [277,278], to calculate the pp — S cross section at the NNLO, including
resummation effects. The results are displayed in Table , corresponding to the ratio o(pp —
S)/cz, () for different sets of parton distribution functions (PDFs) quoted, and the default scale
choice pt = mg. With the MSTW2008-PDF, one can find

2
C m
O8IV (p 5 §) — (ILOHLEHLS) fly (_gg;evs)) |

(5.34)

. Cag(ms) )"
IS o 5) = (2035575) 1o x ()

The errors refer to scale variations and the variation of the PDFs. Also, the program CuTe
predicts the ppr-distribution of the produced S bosons, and it has been found that this distribution
peaks around 22 GeV. The higher-order corrections enhance the cross section by more than a
factor 2 compared to the Born cross section, given in ([5.33)).

According to the general formula for the partial decay rate with a final state of two particleg?]
one can determine the S decay rates into vy, WW, ZZ and Z~ final states, and into hadronic
final states, such as gg and tt, in dependence of the Wilson coefficients computed before for the

2The general formula for the partial decay rate of a particle’s decay, A — B, C, accounting for the summation
over the phase space, reads [279)

N )\1/2(m2 m2 m2)
I'NA—B+C A B C 2, 5.35
P4~ B+ C) = o 2] 57 g (5.35)
d.o.f.
where
Mz, y, 2) = 2 +y* + 2% — 2oy — 222 — 2y . (5.36)

The formula depends on a sum over the internal degrees of freedom (d.o.f.) of the particles, such as spins,
polarizations and colors. For the decay rate into a final state of equal particles, with B = C', one has to consider
N = % to avoid an over-counting of the d.o.f.s.
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Figure 5.3: Dependence on the ratio cgp/cyw of the S decay rates into WW, ZZ and Z~ final
states, divided through the S decay rate into the v final state.

different RS scenarios. The results are

a’m?
L(S = y7) = 64—75 (cww +cBp)”
aZmd. 2
D(S = WW) = 5 =% (1~ day + 6aiy) (1 — daw)'/?
w3 s
a?mi [ s ? 37
NS —27)= 64%5 L—;UCWW + C_;UCBB:| (1 —4zz +62%) (1 — dz)'?
r Zo) = L [ sw, 17 3
(S = Zy) = 3om3 |5, VW T L CBB (1 —mz7)",

where zpy,z = m[2W’ 2] /m%. The Wilson coefficients are evaluated at the scale y = mg. Instead,
the gauge couplings and the Weinberg angle are evaluated at the appropriate scale for the final-
state bosons, so that a(my) = 1/127.94 for the Z and W bosons, a = 1/137.04 for photon final
states, and s, = 0.2313. All the rates are entirely determined by the Wilson coefficients ¢y
and cpp. In this regard, any ratio of two rates is a function of the ratio cgp/cww, which is an
important quantity that characterizes the specific model under consideration. The dependencies
on this quantity for the ratio of two rates are illustrated in Figure[5.3| For the different scenarios,
assuming —2 < ¢g;/gex < 1, one encounters 2.11 < cpp/cyww < 2.23 in the custodial model I,
2.50 < cpp/eww < 2.65 in the custodial model II, and 1.00 < ¢pp/cww < 1.66 in the minimal
model. Especially the S — Z~ decay rate has a large dependence on the ratio cgp/cyww, and is
strongly suppressed for the three RS scenarios that are considered.

For the S decay rates into gluon and top quark final states, one can determine the following
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77 [280] WW [281) ZZ [282] Z~ [283] tt |284] hh [285]
<25pb <401tb <12 b <4tb <700fb <50fb

Table 5.2: Bounds on the production cross sections pp — S — XX to 95% CL, obtained in
dijet, diboson and ¢t resonance searches performed at Run 1 at 1/s = 8 TeV of the LHC.

results
2 3
[(S — gg) = %Kgg(ﬂ)ﬁg(m :
) (5.38)

(S - 1) = TS )1y
where all the running quantities are considered at u ~ mg. Here, m;(u) is the running top-quark
mass, for which it is used m;(mg) = 146.8 GeV, whereas the top-quark pole mass m; = 173.34
GeV is entering the phase space factors via z; = m?/m%. For most of the parameter choices
in the RS model, the S — gg decay mode is the dominant decay channel, and forms the most
important part of the total decay width in the calculation of the branching fractions. By using
calculations of the Higgs boson decay rate into two gluons, up to the order of O(a?), in the
heavy top-quark limit [286,,287], authors from [7] were able to derive the S — gg decay rate to
the same accuracy. The impact of radiative corrections is significantly smaller than in the Higgs
case, and the perturbative series at © = mg exhibits a very good convergence. The result was
determined to be K" 0 ~ 1.348 [7].

In the following, the experimental results for the di-photon rate from equation ([5.3) are
reproduced in the parameter spaces of the different RS scenarios. Furthermore, by including the
predictions for the various S decay rates, computed before, one can compare the theoretically
reproduced di-photon rates in dependence of the RS model parameters with results obtained
from dijet, diboson and tt resonance searches, performed at Run 1 of the LHC, which are
summarized in Table . To compare the results with the di-photon measurements at /s =13
TeV, the numbers in Table have to be multiplied with the boost factor 4.52, which is obtained
from the ratio of the production cross sections in . In this way, exclusion bounds for the
RS model parameter spaces can be obtained that are implied by Run 1 searches. In Figure
, the results are displayed in the Mgk /gorr -9:/gei-parameter plane, where the 1o and 20 fit
regions correspond to the green and blue marked areas. The gray areas indicate the excluded
regions that follow from Run 1 searches, with the boundaries drawn in red (dijet searches),
purple (¢t searches), blue (W searches), orange (ZZ searches) and green (Z+ searches). For
the contribution of the right-handed zero-mode top quark, the input parameters S5 = 1 and
¢y = 0.4 were used. The central fit results for g = 1 (black, dashed), s = 10 (green, dashed)
and s — oo (red) are illustrated in the plot in the lower right corner, and one can observe
that varying the parameter Ss does not substantially alter the course of the central fit curves.
Similarly, this can be concluded for variations of the parameter ¢;.

One can find that in the two enlarged custodial models, the di-photon rate can be reproduced
over a wide range of parameters, without any fine tuning necessary, or conflict caused with Run
1 exclusion bounds. By varying the parameter choice for g;/ges, one gets values for Mgk /ges
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Figure 5.4: Regions in the parameter spaces of the different RS scenarios, where the di-photon
signal is reproduced at 1o (green area) and 20 (blue area). The black, dashed lines correspond to
the fit to the central result, given in ([5.3)). The exclusion bounds from Run 1 resonance searches
at 95% CL, given in Table[5.2] are indicated by the gray regions with the boundaries drawn in
red (dijets), purple (¢t), blue (WW), orange (ZZ), and green (Z7). The results hold for g =1
and ¢; = 0.4. In the lower right plot, a variation of the central fit result is illustrated, for g = 1
(black dashed), s = 10 (green dashed) and fs — oo (red).

ranging from 2 to 8 TeV. For a KK mass scale Mgk close to the lowest allowed value by
electroweak precision tests, the coupling g.g ranges from 0.25 to 1, which is well inside the
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Br(S—=XX)| g9 v WW ZZ Zy tt hh  tth | Ty [GeV]

custodial I | 43.56 1.28 5.08 2.11 0.10 4739 0 049 0.08
custodial IT | 28.84 0.68 2.09 0.92 0.02 66.76 0 0.69 0.22
minimal 89.45 0.36 2.61 095 0.16 6.41 0 0.07 0.14
custodial I | 32.73 0.97 9.79 4.56 0.08 48.18 3.11 0.59 0.11
custodial II | 24.49 0.58 4.28 2.04 0.01 66.56 1.30 0.76 0.26
minimal 7838 0.32 6.21 278 0.14 999 205 0.14 0.16
custodial I | 21.90 0.65 17.93 8.66 0.05 4191 831 0.59 0.16
custodial IT | 19.53 0.46 9.09 4.42 0.01 61.59 4.13 0.76 0.32
minimal 60.94 0.25 13.55 6.45 0.11 1214 6.37 0.20 0.21

Table 5.3: Branching ratios in % for the various S decay modes in the three RS scenarios under
consideration, for the benchmark parameter points given in the text. The values in the center
and lower portions give the results for small Higgs portal couplings, A; = 0.02 and 0.04, whereas
A9 1S set to zero in all cases.

perturbative region. In this case, the masses for the lightest KK particles could be as low as a
bit more than 4 TeV. But, also for Mxx ~ 5 TeV, and geg ~ 1, i.e. for KK particles as light as
12 TeV, the di-photon signal could be reproduced for very natural choices of parameters.

In contrast, the parameter space of the minimal RS model is much more constrained. Respect-
ing the bound implied by electroweak precision tests, allowing for ratios as Mgk /e ~ 0.4 — 1,
the resulting coupling values, gog ~ 5 — 12, lie close to the perturbativity limit. Also, only
negative ratios are allowed for g;/geq, respecting the strong constraint from the ¢f resonance
searches, which is indicated by the purple line in the plot [’

In the following, the individual branching fractions for the various S decay modes are studied,
by choosing the following benchmark points for the RS model parameters in the three scenarios:

custodial model I | custodial model II | minimal model

Micrc/ gest 4.0 TeV 3.0 TeV 0.7 TeV
9t/ Gert 0.5 0 -1.5

These parameter choices are indicated in the plots by the red points. For these benchmark
points, the branching ratios for the various S decay rates are summarized in Table [5.3] The
S — tt decay rate has been calculated to the lowest order, only, and it might be afflicted with
some uncertainty due to neglected QCD corrections. The corresponding branching ratio is quite
sensitive to the choice for g;/ges, in contrast to the remaining branching ratios that depend on
it only mildly. The results in the different scenarios for the total decay widths of S are written

3However, it might be conceivable that the exclusion bound from the tf searches is considerably weaker, due
to interference effects not considered in the experimental analyses [288+290].
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Figure 5.5: Diagrams of the S decays mediated by Higgs “portal” couplings.

in the last column of Table[5.3] All in all, these give narrow widths in the range of

Ftot
mg

Originally, ATLAS had reported a result with a large width, such as I'y; /ms ~ 0.06 [9]. However,
this was only slightly preferred against a result with a narrow width, leading to an improvement of
the fit by 0.30. Instead, CMS had reported a result with a narrow width, as 'y /mg = 1.4-1074,
as the outcome from a combined analysis of 8 TeV and 13 TeV data [226]. In [227], it was
concluded that the large-width scenario is disfavoured by a combination of the 13 TeV data
from ATLAS and CMS, and is slightly preferred if including the 8 TeV data, because it is easier
to absorb the signal of a broad resonance into the background model. The local statistical
significance was changing by at most of 0.50 between these two options [7].

To summarize, in the different RS scenarios, any of the three chosen benchmark points could
reproduce the reported di-photon signal, and was consistent with the exclusion bounds derived
from Run 1 data of the LHC. Strongly differing results were observed in particular for the S — gg
and S — tt decay modes, whereas the S — Zv decay mode turned out to be very small in all
the considered scenarios.

~(1.1—-4.3)-107*. (5.39)

5.1.5 Higgs “portal” couplings

In principle, the Higgs field can couple to the new scalar S in a direct way, following the demands
from gauge invariance and renormalizability. In this sense, the Higgs field can form a “portal”
to the new-physics sector, which in the present case is the framework with the new scalar field
S. Such a Lagrangian with the Higgs portal couplings reads [236}239,291,292]

A2
2
In any caseEL the Higgs portal couplings were inevitably induced at the one loop order, by
diagrams similar to those in Figure m, where the external gauge fields would be replaced by

A A
0Lei = —Mimg S [P — = 5% |9 € —Elmg S(v+ h)? — f S%(v+h)? . (5.40)

4In the RS model with a brane-localized Higgs sector, one could implement an odd bulk scalar S, which
completely vanishes on the IR brane. In such a scenario, direct Higgs portal interactions would be avoided. In
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Figure 5.6: Regions in the parameter spaces of the different RS scenarios, where the di-photon
signal is reproduced at 1o (green area) and 20 (blue area), with the inclusion of Higgs portal
couplings. The meaning of the colors is the same as in Figure It is used ¢;/ger = —1.5 for
the custodial model I, g;/gegr = 0 for the custodial model 11, and g;/ger = —1.5 for the minimal
model, together with s = 1 and ¢; = 0.4. In the lower right plot, a variation of the central
fit values is illustrated, for g = 1 (black dashed), s = 10 (green dashed) and Ss — oo (red),
respectively.

principle, such a scenario would be more natural, because a Z-odd bulk scalar .S would naturally vanish on both
branes to avoid a non-continuous behaviour at the boundaries, in contrast to the present scenario, where it was
necessary to implement mixed-typed IR boundary conditions in order to get a mass for S below the KK mass
scale, mg ~ 750 GeV, as presented before.
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Higgs bosons. Also, an effective Lagrangian from the type considered in induces a portal
coupling A proportional to ¢, from top-quark loop graphs below the electroweak scale. In this
sense, Higgs portal couplings in the RS model cannot be omitted completely.

In the following, the interactions are computed that are induced by the Higgs portal couplings,
given in . The first portal coupling can induce three different and interesting effects. The
presence of a tadpole demands for a shift of the physical field S, such as S — S—(Av?)/(2mg). If
performing this shift in , the SM Yukawa couplings receive corrections, and wave-function
corrections are induced to the gauge fields. Furthermore, there is a direct decay mode of S into
two Higgs particles, as illustrated in the upper three diagrams of Figure 5.5l To the leading
order in the portal coupling A;, this decay rate can be computed as

321w

3m3 — 22902\ >
D(S — hh) = 5 32 (1 ; m—) N (5.41)
Mg — my,

Also, there is a mixing between the scalar S and the Higgs boson, which modifies the results for
the tree-level decay modes S — tt, WW, ZZ, via the diagrams that are given in the lower row

of Figure 5.5, The modified S — tt and S — WW decay rates read

3m; 3/2 MY
F(S — tf) = (1 — 4It) mgscCy + )

8mmg I -z
(S = WW) = =2 /T— Iz [m%‘%vw ( - )2<1 — dzy + 62%) (5.42)
167 2 TSy W .
+ ( Al )2 (1 — 4oy + 1223,) — 6mgcww ¢ _M rw (1 — 27w)
1—ay nsh 1 — 7

and a similar decay rate can be found for S — ZZ. And further, the mixing between the field S
and the Higgs has an impact on the properties of the Higgs boson. In this case, the physical Higgs
boson is given by a combination (cos 6h — sin 65), with sin 20 = 2\;mgv/(m?% —m3) ~ 0.67\q,
where mg and m; are referred to after the field redefinitions. Measurements of the Higgs
branching fractions constrain cosfl to be larger than 0.86, to 95% CL [293]294], which implies
|A1] < 1.3 as a rather weak constraint.

The S decay mode into two Higgs bosons, and the contributions to the S decays into WW
and ZZ states, have a strong impact on the phenomenological analysis of the di-photon signal
in the RS scenarios. Similar to the evaluations before, in Figure [5.6] the 1o and 20 fit regions
to the di-photon signal from are presented in dependence of the portal coupling A;. The
values for g;/ger are fixed to those of the benchmark points, given before, and also, the meaning
of the colors of the various curves is the same as before. In the case of Higgs portal couplings,
the exclusion bounds from the S — ZZ decay rate from Run 1 of the LHC provide the strongest
constraints, and exclude portal couplings as |A;| > 0.06 (0.07) in the custodial RS model I
(IT), respectively. In Table the results for the branching fractions of the various S decay
modes, and the total S decay widths, for A\; = 0.02, and \; = 0.04, are included. Even for such
small portal couplings, the S — hh branching fraction can have a sizeable portion of the decay
modes, and the branching fractions of the S — WW, ZZ decays can be enhanced significantly.
The parameter space of the minimal model suffers from the strongest exclusion bounds, similar
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Figure 5.7: Diagrams that describe the three-body decay mode S — tth.

to the evaluations before. However, for small Higgs portal couplings, as |A;| < 0.03, natural
parameter choices are possible for Mgk /gog. The lower right plot gives the dependence of the
fits on the central values for fs = 1 (black dashed line), Sg = 5 (green dashed) and fs — oo
(red), indicating a minor dependence on the bulk localization parameter g, as before.

5.1.6 Three-body decay rate S — tth

The LHC experiments measured results for the ¢tth production rate that are enhanced compared
to the SM prediction [295,296]. The framework, considered here, includes a coupling of the new
field S to a tf pair and a Higgs boson at the tree level. In this regard, it was interesting to
see whether the hypothetical scalar S might also has contributed to the enhanced tth-rate. The
diagrams that describe the S — tth decay mode are illustrated in Figure .71 The two Higgs
portal couplings, governed by A; and As, contribute in this case. The kinematics of a three body
decay can be described in a Dalitz distribution by means of two variables, which are the squares
of the invariant masses of two pairs of the decay products, for example [279]. In the present case,
one can derive the following result in dependence on the dimensionless variables z = mZ/m?
and w = mg, /m5 (7],

d*T'(S — tth)  3yim¢

= A?*(z — 4z,) — 2ABz, (1 — 2w — 2
dwdz 56 Cit (A2~ 4w1) @(l = 2w = 2 20 + 22 (5.43)

_|_Bth((l—w—l—xt)(w—l’t—xh)_z<w_xt))] )

2 2 1 A
A=14+ Lt 1 Lt 14 1
l—w—z4x+x, w—uz mgcy 1 — p,

1A 3 2 )\
! (1+ x’"‘)—”— 2 (5.44)

mecy 2 — T, 1—ay mil—z

1 1 1 A
B= - 1+ ! .
l—w—z4z4+z8 WwW—124 mgcy 1 — xp,

with
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A1 Custodial 1 Custodial II Minimal

0 |3.92244 x 107* 1.49561 x 1073 9.37345 x 1075
0.02 | 6.33963 x 10™* 1.93907 x 10=* 2.27213 x 10~*
0.04 | 9.35606 x 107 2.44245 x 10™3 4.20614 x 10~*

Table 5.4: Results for the decay rates S — t¢th in [GeV], obtained by numerical integrations
over the Dalitz plot in the different RS scenarios, for three different and small choices for Ay,
and Ay = 0. The resulting branching fractions are given in the previous to last column of Table

respectively.

The phase space for the variables w and z is bounded by [7]

Winin(2) < W < Winax(2) dry < 2 < (1—/xp)?, (5.45)
with
(1 - .Q?h)z 1 B 2
Winax /min(2) = L <\/z(z —4dxy) F \/(1 —z—xp)? — 4th> ) (5.46)

The results for the decay rates in [GeV], obtained from numeric integrations over the Dalitz
distribution, are summarized in Table[5.4] The predicted signal strengths, o(pp — S) x BR(S —
tth), do not exceed 5 fb in the considered RS scenarios. The results for the S — tth branching
ratio are given in the previous to last column of Table [5.3] Typically, these are two orders of
magnitude smaller than the S — ¢ branching ratios. Nevertheless, all the results were too small
to explain the enhanced Higgs production rate in association with a tt-pair.

5.1.7 Intermediate summary

The anomalous excess of photon pairs, detected by both the experiments from ATLAS and CMS
at 750 GeV in the invariant mass spectrum from first 13 TeV data, had raised enormous hopes
on finally having detected a hint on new physics beyond the SM. Unfortunately, the excess was
not verified by future analyses, leading to the conclusion that the presumed resonance was, in
fact, a statistical fluctuation. Alternatively, the resonance would most likely have been created
by the decay of a new, scalar boson with a mass of 750 GeV, produced by gluon fusion. It
was remarkable that the simple addition of a single new scalar to the SM, as well as several,
well motivated UV completions, including the MSSM, had failed to explain the resonance. We
argued that the diphoton signal could straightforwardly be reproduced from an extension of the
RS model, by identifying the resonance with the lightest KK excitation of an additional bulk
scalar field [7]. In the RS model, the gluon fusion production rate of a scalar, and the decay
rate of the scalar into two photons, can have large magnitudes, due to the large multiplicity
of vector-like KK fermion states that contribute in the virtual loops. By summing up the KK
tower of fermions with the help of the five-dimensional fermion propagator function, we were
able to derive remarkably simple, analytic expressions for the effective S couplings to gluons
and photons. In good approximation, these simply count the number of the fermionic degrees
of freedom in the loops, weighted by group-theory factors. In this regard, the RS framework
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with a custodial bulk gauge symmetry, featuring a larger number of fermion states compared
to the minimal model, was particularly suitable to explain the excess. It was found that, with
O(1)-couplings of the resonance to fermions, and KK masses in the multi-TeV range, one could
explain the di-photon signal, without violating any of Run 1 exclusion bounds from the resonance
searches in various di-boson and di-jet channels. By working with an effective Lagrangian of
local interactions to subsume the RS corrections into Wilson coefficients, the findings can be
adapted to any model that considers a similar resonance. In the case of a possible, but unlike,
reappearance of the di-photon signal, or of a new and similar signal, our findings could open the
door to detailed studies of the parameter spaces of the RS models.

5.2 Localization mechanism of fermions by an Zs-odd bulk
scalar

A scenario similar to the one considered in the last section can form a particularly interesting
framework to describe a localization mechanism for fermions in the extra dimension. This
localization mechanism is a crucial ingredient of the RS model, grounded on the Z;-odd bulk
fermion masses that determine the fermion profiles along the extra dimension. The odd bulk
fermion masses have to be generated via couplings of the fermions to the vev of an odd bulk
scalar. The different fermion localizations in the extra dimension can account for the mass
splitting of the four-dimensional zero-mode fermions in a natural way, as has been explained in
the end of Section 2.2.3

Considering a five-dimensional Dirac fermion f with a mass M; of the order of the funda-
mental scale M, which propagates in a five-dimensional space with RS metric, one can write its
most general action as follows

S = /d4x /_7r dp VG {f (iTYVar — sgn(¢)My) f — Lyuc} - (5.47)

The odd Dirac bulk fermion mass terms include the scalar density of the vector-like fermions

sgn(¢)My (ff) = sgn(@)My (FLFr + FrFr + fufr+ frfL) (5.48)

where Zs-even fermion fields are combined with Zs-odd fermion fields, where F' denote SU(2)
doublets and f are singlets. The left-handed doublets and right-handed singlets are Zs-even, and
their counterparts of opposite chiralities are Zs-odd. To ensure the SU(2)-invariance, two doublet
and two singlet fermions are combined in the mass terms, respectively. In order to maintain the
Zy-invariance of the action, the five-dimensional fermion mass terms have to transform with an
odd behaviour under the Zs-symmetry, obeying to a sign change under ¢ — —¢, as it is provided
by the sgn¢. The Zs-odd bulk mass terms can be induced by a spontaneous breaking of the
Za-symmetry, which origin has to be described by an underlying mechanism.

For such a framework, one can consider the implementation of a new scalar field Sy, just as
before, with the Lagrangian

AL

™ MN 2 _
/ dip re-1(®) [97 (811 S1) (OnSL) + ’;—Lsz - 753 =Y (SLfGf)| (5.49)
Y -
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including now a quartic self-coupling term that scales with Ap. The fermion bulk mass terms
will be induced by the last terms, which couple the scalar to the scalar density of vector-like
fermions, with the coupling-strength matrices G¢. For p, > 0 and Ap > 0, the potential of the
scalar will exhibit a Mexican-hat behaviour in the five-dimensional space, similar to the Higgs
case, with a region of degenerate, non-zero minima.ﬂ With one particular of these minima, the
couplings to the fermions induce a spontaneous symmetry breaking of the Zj-symmetry. One
can write the vev of the scalar, induced by the potential, as follows
wr, (T

(Sp(z,t)) = \jée) : (5.50)
which depends on the extra dimensional coordinate, similar to the case of the bulk-Higgs vev.
Here, a factor 1/(1/7¢) is extracted so that the vev wy (t) and the field Sy (, ) have the dimension
of energy. The scalar field can be expanded around that vev by

Sy t) = —— [wp(t) + Su(a,1)] . (5.51)

Te

With this expansion, and by using the redefinition of the fermions in (2.105)), one rewrites the
scalar Lagrangian as

o [tdt [n™ - - M? = 2
f ) ? |:ﬁ [auSL(ZL’,t)} [&,S,—J(x,t)} — 2?2 (@[wL(t) + SL(I,t)])
pi€’ G 2 AL G 4
+ 50 [wr(t) 4+ Sp(x,t)]” — ) [w,(t) + Sp(z,t)] (5.52)
[we(t) + Sp(@,t)] (- Gr 0
_ ; Tre Fir(z,t) 0 G Fr(z,t) + h.c.
The KK expansion for the field Sz (z,t) is chosen as
Splet) =3 x5S (@) | (5.53)
n=1
and the equation of motion for the scalar profiles reads
3 IuQ 3€ mSQ
2 L 2 n SL —
(8t — Zag + W — t_2wL(t) + M?(K Xn (t) =0, (554)

where & = % The term scaling with £ is new, compared to the equation of motion for the
K

Higgs proﬁles.KThe function wy,(t) of the vev is the value of s(t) that minimizes [258]
2m ! dt )\L

o M @ + S 0 - o ] (5.55)

SFor convenience, in the case of the Higgs field, considered in this thesis, the electroweak symmetry breaking
is maintained on the IR brane, even for a bulk-Higgs localization. For that reason, a quartic coupling term is
solely included on the IR brane, rather than in the bulk.
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Figure 5.8: Plots of the zero-mode fermion profiles in the conventional RS model, for bulk mass
parameters as ¢ = —0.38 (blue curve), ¢ = —0.58 (black curve), ¢ = 40.34 (red curve), and
¢ = —0.84 (orange curve). It can be observed that for O(1)-differences between the fermion bulk
mass parameters, the profiles considerably differ in the magnitudes. This behaviour is crucial
for explaining the mass differences between the four-dimensional zero-mode fermion particles in
a natural way.

subject to the boundary conditions
s(e) =s(1)=0. (5.56)

Due to the Zs-odd behaviour, the boundary conditions demand the function to vanish on the
branes. By means of a variational principle with respect to wy(t), one derives the equation of
motion for the vev as follows

2w (t) — 3tw] (t) + 'Z—ZLwL(t) —&wi(t)=0. (5.57)

There is a tension between the boundary conditions and the potential that determines a non-zero
vev in the bulk. It is only possible to solve the differential equation in , while fulfilling the
boundary conditions to a good approximation. The mass matrix expression M ;(t), determining
the equations of motion for the fermion profiles, is modified in the present framework and
contains the coupling to the vev wy(t), as

M,ﬂt):wz(t)\/%(golw _(;f) +1\)/(§—]\;£3t1+5 (;{)} ng) : (5.58)

where the dimensionless coupling matrices are defined by

gry = +VkGpy . (5.59)

To the lowest order in v/M, the equations of motion for the zero-mode fermion profiles read

O _ welt) 7 (gp 0 0)
ath (t)_ t \/Z(O _gf>fL (t>7

o (5.60)
0 wiy, t m F 0 0
07y (1) = t VL (go —gf) AUk




CHAPTER 5. A NEW, HEAVY BULK SCALAR IN THE RS MODEL 177

In the case of the conventional RS model with constant fermion bulk masses cf, as has been
described in Section [2.2.3] the fermion profiles read to the lowest order

FO@) = (Flep)ter 0, FP@®) =0 Fle)tr)" (5.61)

where F(c) is the “zero-mode fermion profile” from (2.115), and c are the diagonal 3 x 3 bulk mass
matrices. For the following choices of bulk mass parameters ¢ = —0.38, —0.58, +0.34, and —0.84,
the individual zero-mode fermion profiles in the conventional framework are plotted in Figure[5.8]
It is essential in deriving the natural explanation mechanism for the four-dimensional fermion
mass hierarchies that the magnitudes of these various fermion profiles show a strong hierarchical
behaviour for O(1)-differences between the bulk mass parameters c. In this connection, the small
profile for ¢ = —0.88 accounts for a light lepton mass, whereas the profile for ¢ = —0.38 gives a
mass for a quark of the second generation, and the IR-localized profile for ¢ = 4-0.34 can explain
the heavy top quark mass. The explicit mechanism to derive the zero-mode fermion masses in
the conventional RS model has been summarized in Subsection 2.2.3

5.2.1 Framework with a flat extra dimension

For the case of a flat extra dimension, as discussed in Subsection in the context of models
with universal extra dimensions, the localizer mechanism was worked out in [257,258]. In this
case, the differential equation for the vev considerably simplifies, to [258]

Opsw(zs5) = —A*w(zs) + Aw(zs)? (5.62)

with the boundary conditions, w(0) = w(L) = 0, where L is the size of the extra dimension. A
solution for the limiting case L = oo is given by a single kink,

A
w(xs) = v tanh\/;vxg, ) (5.63)
1

whereas for large, finite L? > 17> it was possible to construct an approximate solution by a
series of well-separated kinks [257,258], as

w(ws) = v tanh\/gv(—[/ — x5) tanh\/éwxg, tanh\/év(L —x5) . (5.64)

This result for the vev has an odd behaviour at the boundaries of the extra dimension, as can be
observed from Figure 5.9 Furthermore, the function can be approximated by a step function,
assuming M\v2L > 1 [257],

+1 O<zs<L

w(xs) = ue(xs) , e(z5) = { . (5.65)

-1 —L<uzs5<0

In this way, the Z-odd, approximately constant bulk fermion mass terms of the conventional
model are reproduced via the couplings of the fermions to the bulk vev.

In the case of a warped extra dimension, the differential equation complicates due to the
warp factor in the kinetic terms of the scalar action, as given in (5.57)).
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Figure 5.9: Plot of the approximate solution w(zs), derived in [257,258], and given in ([5.64]), for
v=2.5, L =10 and A = 8, in a framework with a flat extra dimension.
5.2.2 Analytic solutions for wy(t)

By fixing the parameters
P _ 32
kK297
one can analytically solve the differential equation for the bulk vev in (5.57)), where the solution

reads
wi(t) = %\/? [tanh (g In(a - t)) + 1] _ %\/? ﬁ | (5.67)

The solution adopts the following values at the branes

B L A L
wL(G)—B\/g (@} (1) 3\/2 @l (5.68)

Obviously, these are in contradiction with the boundary conditions in (5.56)). In the ¢-coordinate,
the equation of motion for the vev reads

(5.66)

k A
T (0) — san(@)uw) (6) + pun(8) — L w9 = 0 (569

r

which is fulfilled by the following solution (for the special case of u3 = 2k?),

_ 4 —krm r Sgn(¢)
) = e N T e T (5.70)

The solution depends on the parameter «, which is in principle arbitrary, but determines the
shape of the solution. For the three parameter choices a = 1, 1000, 10'°, the solutions are plotted
in Figure [5.10] For these cases, the UV boundary condition is approximately fulfilled, whereas
the functions remain constant on the IR branelf] For higher values of «, a kink-like behaviour is
observed. However, it is not possible to construct a series of well-separated kinks, repeatedly for
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Figure 5.10: Plots of the analytic solutions for the vev wy, in the t-coordinate on the left-hand
side, and the ¢-coordinate on the right-hand side, for { = 5, and @ = 1 (black curves), « = 1000
(blue curves), o = 107 (green curves), and o = 10'° (red curves), respectively. The solutions
decline to zero at the UV boundary in good approximation, whereas they remain constant at

the IR boundary.

every half of the extra dimension, as has been shown before for the case of a flat extra dimension.

From the equations of motion in (5.60)), one determines the following zero-mode fermion
profiles to the lowest order, which are induced by the analytic solutions for the vev,

4 gF\/iZg R 0
0 = ([ @03 N ) A

18/ 5.71
: et e, | 0T

These profiles respect the boundary conditions for the fermions at the branes. Furthermore, the
normalization condition for the fermion profiles gives

Niy =

(5.72)

1
\/fel dt [1 + (ozt)%] 2r.1\/%

The question is whether it is possible to reproduce hierarchical zero-mode fermion profiles in
this framework, similar to the conventional model. For av = 107, £ = 5, and the coupling choices
g = —5,—2.5,—1,+1, the results derived for the zero-mode fermion profiles are plotted in Figure
. Intriguingly, these results look very similar to the profiles of the conventional model with
the constant bulk fermion masses, plotted in Figure [5.8] which provide a hierarchical behaviour
in the magnitudes. All coupling choices for g are of the same order of magnitude, although one
order of magnitude larger than for the case of the conventional profiles. Solely, the parameter
« is chosen to have a high value. It turns out that for smaller values of «, it is not possible to

6Tt should be noticed that the Dirac fermion mass terms, myyy = m (FF + ff) =
m (FLFR + FpFr+ fufr+ fr fL), inevitably vanish on both branes, following from the fermion bound-
ary conditions that are chosen such that Fg(t;) = fr(t;) = 0 for t; = ¢, 1, as presented before.
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Figure 5.11: Zero-mode fermion profiles implied by the analytic solutions for the vev in ,
for a = 107, £ = 5, and g=-5 (orange curve), -2.5 (black curve), -1 (blue curve), and +1 (red
curve), respectively. For these parameter choices, a hierarchical behaviour for the profiles can
be observed.

derive hierarchical zero-mode fermion profiles. In Appendix [D.2] the zero-mode fermion profiles
are plotted for & = 1000 and « = 1 for the same coupling choices as used in Figure (.11} In
principle, it can be observed that the magnitudes of the fermion profiles are less hierarchical for
a lower value of the parameter a.

Moreover, by fixing the input parameter values, one can also determine numeric solutions
for the bulk vev wyg (). Some numeric solutions are shown in Appendix |[D.2]

5.2.3 Intermediate summary

The origin of the Zs-odd bulk fermion masses can possibly be explained by couplings of the
fermions to the vev of an odd bulk scalar. The bulk fermion masses are a crucial ingredient
of the RS model to explain the mass splitting of the zero-mode fermions, as has been shown
in the last paragraph of Section [2.2.3] However, the defining differential equation for the bulk
scalar vev has a complicated non-linear behaviour, making it challenging to determine solutions
compatible to the boundary conditions for a Zs-odd field. For the special parameter choice
u3 /k? = 32/9, we have been able to determine analytic solutions that approximately vanish at
the UV boundary. The solutions depend on an arbitrary parameter «, which has to be large
~ 107 to derive zero-mode fermion profiles with a hierarchical behaviour, which is necessary to
explain the mass splitting of the fermions. In addition, it is possible to solve the differential
equation for the vev numerically, where it has turned out that the solution must reproduce a
kink-like behaviour in the ¢-coordinate in order to have hierarchical zero-mode fermion profiles.
For other choices of parameters, the resulting zero-mode fermion profiles cannot reproduce the
necessary hierarchical behaviour.

Therefore, most parts of this intriguing, but challenging project of finding the “localizer”
mechanism for the bulk fermions of the RS model, by means of an odd bulk scalar, has to
remain for future work.



Chapter 6

Summary and Conclusions

The discovery of the Higgs boson at the LHC in summer 2012 finally proved the existence of
the last missing element of the SM of particle physics [67,68]. Indeed, the couplings of this new
particle are close to those predicted by the SM [200-202]. As a consequence, an explanation for
the gauge hierarchy problem, inevitably arising in scalar sectors in or additionally included to the
SM, is demanded more than ever. The precise determinations and experimental measurements
of Higgs interaction strengths with SM particles provide important tools to test different new-
physics approaches to the gauge hierarchy problem and to distinguish between different ones.
In this thesis, concepts and implications of scalar sectors have been investigated in a framework
of new physics beyond the SM with a small and warped extra dimension: the RS model.

In the first chapter of the thesis, the main features of the SM have been dealt with. The
most pressing open questions have been discussed, such as the gauge hierarchy problem, as
well as two approaches to this problem, provided by theories of new physics. Furthermore, in
the second chapter, theories with extra dimensions and the main features of the minimal RS
model with a bulk-Higgs localization have been dealt with. In this context, the bulk-Higgs
field, as considered in this thesis, has a profile function that depends on the extra dimensional
coordinate t = ¢ e¥l7s| with a power of (14 3) [2,154,157]. The sectors of the gauge fields and the
spontaneous symmetry breaking mechanism have been illustrated, and it has been shown that,
in the bulk-Higgs RS model, the gauge hierarchy problem is mitigated to a very small amount
of fine-tuning that is still necessary to compute the correct Higgs mass. The sector of physical
scalar fields, exclusively present in the bulk-Higgs RS model, and the realization of the fermion
sector have been displayed. In addition, a scenario has been discussed where the Higgs sector is
implemented on, or very close to, the IR brane. After that, the main characteristics of the RS
model with a custodial bulk gauge symmetry have been presented. In this context, the S, T, U
parameters by Peskin and Takeuchi [82] have been derived at the tree level in the different RS
scenarios, and the excluded parameter regions implied on the KK mass scale Mg g, which is the
scale of the lightest additional particles predicted by the RS model, have been summarized.

Then, in Chapter 3 of the thesis, a set of five-dimensional propagator functions has been
presented in the mixed momentum-position representation [188]/189,/196-199]. With the help
of these propagator functions, one has been able to compute the various Higgs production and
decay processes in the RS model with a minimal bulk gauge group similar to the SM and a
bulk-Higgs field. The computations have been done and explained in detail in Chapter 4. In an
extra-dimensional model, modifications of the effective, four-dimensional Feynman rules arise
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due to integrals over the particles profiles in the extra dimension, which modify the tree-level
Higgs couplings to fermions and gauge bosons. The Higgs couplings to gluons and photons are
induced at the one-loop order, where the largest technical differences, compared to the SM, are
infinite summations over virtual KK particle states contributing in loops. These summations
can be related to the five-dimensional propagator functions. A concise and clear result has been
obtained for the tree-level Higgs couplings to fermions and the loop contributions of KK fermions,
after having approximated the 15 different fermion bulk-mass parameters ¢y by the value -1/2,
respectively. For the bulk-Higgs localization parameter, the limit § — oo could be smoothly
performed, giving results computed in a narrow bulk-Higgs scenario, e.g. in [2}[3]/5,171,/172,[212].
In these references, the narrow bulk-Higgs state was described by a normalized distribution
d"1(t—1) of width nn < 1, in contrast to the bulk-Higgs profile used in this thesis. Furthermore, the
contributions of W bosons and scalars to the Higgs decay into two photons have been computed
in the bulk-Higgs RS model, as well as the corrections to the decay rates h — WW™* and
h — ZZ*. All Higgs couplings to gauge bosons and fermions, which form the Higgs production
rates of gluon fusion, vector boson fusion and Higgsstrahlung, and the Higgs decay rates into
vy, WW*, ZZ* bb and 77 final states, have been determined. Analytic results, valid to the first
order of v? /M3 -, could be derived for all the different Higgs processes, which visualise the first,
significant corrections in the RS model compared to the SM.

The results for the various Higgs processes have been numerically and graphically evaluated in
dependence of the KK mass scale Mg, the Yukawa matrices Y ¢, and the bulk-Higgs localization
parameter S. In this connection, enhanced predictions, compared to the SM prediction, have
been observed for the gluon fusion cross sections. On the contrary, the other Higgs production
rates and all the decay rates are suppressed compared to the SM. The largest contributions to the
processes are caused by virtual KK fermions, in correspondence with [2,3,5,/1511[152}/154171.[193].
The physical KK scalars of the bulk Higgs RS model only give very small contributions to the
Higgs decay into two photons. Also, the contributions from W bosons to this process have a
small effect compared to the SM. Consistently, it has been detected that the predictions for
all the Higgs processes lie the closer to the SM predictions the lower the value of 3 is and the
stronger the bulk-Higgs field is located in the extra dimension. Besides, the results for § = 10
lie already very close to the results for the very narrow bulk-Higgs scenario, corresponding to
B — o0.

The predictions for the LHC signal strengths of the Higgs decays into two photon, gauge
boson or tau lepton states are consistently augmented compared to the respective SM predictions.
The augmentations result from the dominant, augmented contributions of the gluon fusion cross
sections, which are extenuated by the negative contributions stemming from the other Higgs
productions, the Higgs decay rates, and the corrections to the total Higgs decay width. For the
signal strengths of the Higgs decays into a pair of b quarks, only the Higgsstrahlung’s production
process that causes suppressed predictions compared to the SM has been included. Remarkably,
the experimental results, reported by ATLAS and CMS [6], agree with the tendencies of the RS
predictions to enhanced or suppressed rates compared to the SM. For that reason, it has not been
possible to constrain the parameter space of the bulk-Higgs RS model in any significant manner
by means of the evaluations, comparing the RS predictions with the experimental results.

As an outlook, the various Higgs couplings in the bulk-Higgs RS model have been compared
to the possible experimental capabilities of a future, upgraded ILC facility [214-218]. Even in
this case, it might be very challenging to constrain the parameter space of the bulk-Higgs RS
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model in a significant way, also if all measurements would prove the SM’s predictions.

In contrast to these outcomes of the bulk-Higgs RS scenario, previous investigations of Higgs
processes in a brane-Higgs scenario of the RS model gave suppressed predictions for the cross
sections of the gluon fusion, which dominate the signal strengths of the various Higgs decay rates.
As a consequence, even the parameter space of the custodial RS model can be constrained
very strongly, as proven in [2-4]. Accordingly, one may conclude that, as well as having the
most natural Higgs setting and predicting reduced exclusion bounds by the Peskin-Takeuchi
parameters, also the examinations of the Higgs processes favour the bulk-Higgs scenario of the
RS model. This framework provides a compelling alternative to the complex RS model with a
custodial protection mechanism [151}[174H176|, and in fact might appear to be the most plausible
and interesting scenario of the RS model.

In a second part of the thesis, the analyses have been enlarged to explain the temporarily
reported di-photon anomaly, seen in first data from Run 2 of the LHC, performed at /s = 13
TeV [8,9,1224,226]. Unfortunately, the excess did not pass future verifications, indicating that
it resulted from a statistical fluctuation [231,[232]. Alternatively, and most likely, it could have
been created by the decay of a new scalar boson with a mass of 750 GeV. For this reason, the
framework of the RS model has been extended by a single, new scalar field, and the anomaly
has been identified with the decay of its first KK resonance [7]. It has been able to especially
well explain the di-photon signal in the framework of the custodial RS model [151}|174H176],
for O(1)-couplings and KK masses compatible to electroweak precision tests. But, also the
framework with a minimal bulk gauge group has been suitable for explaining the excess. The
Higgs localization in the extra dimension has been irrelevant in these evaluations since the
processes have been considered for v < m%, where the significant effects have been scaling with
m%/M#% . The various S decay rates into gg, vy, WW, ZZ, Z~,tt, hh and tth final states have
been computed, and the exclusion bounds implied by Run 1 measurements of the LHC have
been derived, and have been taken into account in the evaluations. In addition, the effects of
possible Higgs portal couplings on the production and decay rates of the new scalar S have been
determined. In this case, the excluded parameter regions, following from Run 1 searches, have
been detected to be more significant.

Furthermore, a mechanism can be found to explain the origin of the mass differences of the
SM fermions by coupling the fermions to the vev of a similar, new bulk scalar field, as considered
for the di-photon excess [257,1258]. Such a framework has to some extend been explored in the
last section of Chapter 5, but there remain many more features to be investigated in future
analyses.

Altogether, calculations of scalar production and decay processes, to be tested at present-day
experiments, are important tools to investigate new approaches of physics to the gauge hierarchy
problem. In this context, the RS model with a small and warped extra dimension forms one of
the most suitable frameworks of research in this field, and the thesis, too, would like to contribute
to this task by its computations and analysis.
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Appendix A
The Randall-Sundrum Model

A.1 Notations for the extradimensional coordinate

In the following, a short compendium of relations between the original five-dimensional coordi-
nate x5 = r¢ and the dimensionless coordinate t = ee*"1¢ [155], which is used throughout this
thesis, is given. The t coordinate reflects the orbifold compactification of the extra dimension,
where the UV boundary at x5 = 0 transforms to € = e ¥ and the IR boundary at x5 = +rrm
transforms to t = e #*""e#"™ = 1. The non-linear correlation between the 5 or ¢ coordinates and
the ¢ coordinate is plotted in Figure [A.I] The ¢ coordinate effectively maps the inverse warping
of the space along the extra dimension, getting a sizeable amount only in the last region of the
orbifold, close to the IR brane. Partial derivatives transform according to

0 10
— - = kt— Al
between the coordinates. For the integration over the zs-coordinate, there is [150]
T 0 T € 1 1
r dt 7r dt  2mr dt
drs = d des=—— | —F+— [ —=—[ — A2
/—Tﬂ' " /;TW x5+/0 8 L 1 t+L € t L € t ’ ( )
since dths = sgn(zs) - kt. The metric reads in the two notations
2 1
ds* = GyndaMdax™ = =21y | datde” — r?d¢® = € Nudatdes” — ——dt* |, (A.3)
such that the matrix notation for the metric is
—2kr|¢| 2kr|¢] v
C:MN - (e 0 Ty ?ﬂ) ) GMN = <€ 0 1 01) ) m = 6_4kT‘¢‘T ) (A4)
- T2

in the ¢ coordinate, and

%77 v 0 MN %77’“’ 0 e*rr
GMN == t OM 1 ) G - € 0 _thQ ) V ‘Gl = t5L (A5)

T R2e2
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Figure A.1: A sketch of the relation between the ¢ = ** and the ¢ = ee®l7sl coordinates.
The t coordinate effectively maps the inverse warping of the space along the extra dimension,
compactified on an orbifold, in this way getting a sizeable amount only in the last region of the
orbifold, close to the IR brane.

in the t coordinate. Considering the brane-localized potentials Vv and Vig with the original
Lagrangian

Liranes = / dzs e @) [—Vuvd(zs) — Vird(|xs| — rm)] (A.6)

—Trm

the o-functions can be transformed according to
d(zs) — ked(t —e) , d(|zs| —rm) — ko(t —1) . (A.7)

However, a symmetric integration interval is needed for the integration over the d-function. For
that reason, the full transformation reads

ar [Ldt e

Ebranes = f ? t_4 [—MKK5(t — E)VUV — kd(t — 1)‘/}3] y (A8)

€

where there is no factor 2 compared to the transformation shown in (A.2) before.



Appendix B

Five-Dimensional Propagator Functions

B.1 System of equations involved in the calculation of
the fermion propagator

Here, the determination of the coefficient matrices C;= of the five-dimensional fermion prop-
agator function, derived in Section [3.3.1] is presented. These coefficient matrices are defined
by a system of equations resulting from the boundary conditions at the branes and the jump

condition for the propagator function, given in (3.56)), (3.60) and (3.61). In the following, we
name eequation I:

’ 1 v
—CF =¢t°F. + YA - c>—c<] , B.1
F=tr | e YA (€ - € (B.1)
ecquation II:
v ,
C:=Ci— ——t-9YBI(¢).CT, B.2
3 3 \/§MKK ( ) 1 ( )
and eequation I11:
2M 2
v AM 5

By inserting equation I into equation II, one gets:

C; =G5 + =t Y Pi(t)or . { Lo AW (ci - c;)}

V2Mpg i Mgk 2Mgk ’
1)2 / / U2 / ’
e Sl G B e R R S G 5
2MZ . 3 2MZ . 3
v ’ ’
+ =t Y
v ’ ’
& Cy=0C; — ——t “YBi()er
3 3 \/EM?{K ( )

(B.4)
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And by setting equation I into equation III, one derives:

2M 2
c5 = Y2Mik [—(YE)* e (YO <YE>-1YG)] Cf
KK
eq. / 2
- [<YE>1 s (Y- (YEVYG)} v (Y21 v o - o)
AMG v
02
_ (YE)—lt/cFﬁ + YO - (YE) YO t/cFﬁ (B.5)
v AMZ, v
+ |:(YE)_1t/cFYA(t/) 4M2 (YCT (YE)—lYG) t/cFYA(t/>:| C;
KK
o |:(YE)_1t’cFYA(t/) 4 4M22 (YCT o (YE)—lYG) t/cFYA(t/):| X C; '
KK
By combining the upper two results, one finds:
’ ! I 2 2 i 2
3> _ v ; t —chBT(t/)t cr _ (YE)_lt CF£ + Ug [YCT o (YE)_IYG} tCF£
V2MZ v AME v
02
+ |:<YE)1t/cFYA(t/) 4M2 (YCT (YE>—1YG) t/cFYA<t/):| C;
KK
2
— |(YFE flt’cFYA t) + v YCT _ YE 71YG t/CFYA ' :| . |:C> _ v t’foYBT t/ t’cF
(VYA g (YO (VX)) €5 = )
=
V2 v V2,
C> — YE —lt cp vV~ t CfYBT
F= (V) (1)t
2 / 2 2 ! / ’
KK KK
/ 2 2 2 ! ’ !
= (YE)’lthi + 2]\22 v2 [(1 +(YF)~ 1t°FYA(t/)>t*°fYBT(t’)t cr
1 /
5 (YC’T (YE)leG) t(:p:| )
(B.6)
In a similar manner, we name eequation I’:
\/§MKK _ v?
Ci=—, { (Y™ + e (=Y + (Y")"'YY) | - C5 (B.7)
KK
and eequation I’
v e
S = VoY, trYAl) - (C7 —CY) (B.8)
KK
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as well as eequation 11’

t'es
MKK '

CC=Cs— £ YBi ). Cs +
4 4 2

v
V2Micx
One can put equation II’ into equation I’ and obtains:

Cy = (YP) ' rYA(t)(C7 - Cf) , & (1 + (YE)—lt’CFYA(t’))-Cj = (YE)“HerYyA(t)-Cy .

(B.10)
By combining this result with equation III’; one finds up to O ( Mf{K>:
> P > B yenyarn] L
C; = Cf + . e C4:[1+(Y) fory (t)}—. (B.11)
MKK MKK
By inserting equation II” into equation III’, one obtains
C; =Cs + v Y B erYA(t) (C; — CF) + L (B.12)
and by using the result for C7 in (B.11)), one gets
1 / /
Cy = —— (YY) leery () ¢ (B.13)
Mgk
Then, by using equation II’; one obtains
v ’ ’
Cs=——=——trYA(tt . B.14
=Y (B.14)

Again, by inserting equation I into equation II, one finds

> < v? '—cyN Bt (44 cF \/i Al > <
CF = Cf + oyt Y)Y | = =YA() (G - C5) | &
KK
2
2 / ’
Cs;=C; — U_Qit —erY Bi(¢)ter
2Mp e v
’ 2 2 2 ’ ! ’ 1 ’
_ (YE)_lt CF£ + v £ (YE)_lt CFYA(t,)t —CfYBT(t/)t °r 4 (YCT _ (YE)—IYG) ter 7
v 2MZ v 2
(B.15)
and from equation I, one derives
ter
Cy=-— + ... (B.16)

MKK
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Altogether, the two solutions A, (t,¢;0) and A7, (¢,77;0) read up to the order O <1\f5 ):

KK
AEL(ta t,, 0) -

i (DT YA ()T YA YA

ter (YvE)_ltlcF\/T§ 4 \/51\1212(1{ [YBT(t)t’CF
+1 (= YBIH)YE + YFi(1)) (YE) Her :
+tor (YE)Her YA )t —erY Bt (¢)t'er

+1ter (YO — (YE)7LY ) ter]

SR CGT

Ag(t,50) =

tes (YE)flt/Cp\/Tﬁ
e [3 (CYPHOYP + YD) (YF) e
+5 (YO = (YF) 1Y €) der
tef (]- + (YE)_lt/cFYA(t,)) t/_CfYBT(t/)t’cF} M;KK [(%)Cf + tef (YE)_lt/CFYA(t,)t/(_Cf} )
B.17

With the help of these results, analytic expressions can be determined for the sum over the KK
fermion tower in the calculations of the loop-induced Higgs production and decay processes, as
presented in Chapter 3 of this thesis.




Appendix C

Higgs Productions and Decays

C.1 Feynman parameter integral, and loop form factors
of Higgs couplings

In the calculation of the W boson contribution to the Higgs decay into two photons, presented
in the following Feynman parameter integral appears

! 1-2 1 1 - 1
/ dz arctanh (\/1 = z) -2 - / dz arctanh (\/E) < 2 _>
0 ™w — % 0 W — 2 2 (C 1)
wy (', arctanh(v1—2) 1 '
(- [ VI—e) 1
27 Jo W — % 2
containing the remaining integral
1 arctanh (v/1 — 2 1 ! l-z 1
/dZ ( )Z——/dx/ dy ——
0 Tw — % 2 Jo 0 oy + m—VQV
" (C.2)

IR h 1
:_5/0 dz ~In {1—:;—;93(1—93)} =3/,

W
where £ = :nn—gi Here, the integral is retyped according to the relations in (4.21)). The integral
w
J (&) is the most difficult part to determine. Luckily, its calculation is presented in great detail
in [297]. The argument of the logarithm is positive in 0 < x < 1 for £ < 4, and touches the

x-axis for £ = 4. For & > 4, the argument has two roots, and after an integration by parts, the
integral J () can be written as

2z) Inx

1 (1_
J(g):g/o L ey ey S (C.3)

The denominator vanishes at the two roots in the integration range, and one splits the integral
into the principal part and the contributions of the poles, by using the rule

/d—xl - p/ Id‘”/ +ir 6(2' — ) . (C4)

T —x Fie r—x
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One uses the condition
(1wt +0%6) = €187 5w — 51+ ) + 8z — 51— 8)] (C5)

with the abbreviation 8 = /1 — 4 =1, to determine the imaginary part of J(§). If £ > 4 holds,
the parameter [ is real, and one obtains

1
Im J(§) =—n lnljg : (C.6)
To calculate the real part of the integral, one differentiates the definition of J(¢) in (C.2]) with
respect to &, yielding
d.J ! 11—z
—=—d : C.7
dé /0 T (l-a)¢ (G7)
One substitutes z = (1 4 u), and obtains
dJ Y du
bk B C.8
i | e 9

after dropping an antisymmetric term in the integrand. For positive § values, resulting from
& >4 or £ <0, one obtains

1 1 |1+53
= —1 . .
iemme) v (o ats) =gty ()
For the case of 0 < ¢ < 4, one obtains
C;—%] = —5 (_41 5 arctan (u 4i—§> 1
(C.10)
£ 1
tan arcsing/ —
—4 = arc T 5 o) 4
One can integrate (C.9) and (C.10]) over £ and derives
J(&) =-2 (alrcsim/1 £+ const., (0<&<4),
4
(C.11)
Re[.J()] = %m? % + const. | (€>4, £<0).

One concludes that the constants are zero for the case of £ < 4, because J(§) vanishes at £ = 0.
A comparison between the solutions in (C.11) at the point £ = 4 shows that one has to include
a constant —37? for the case of £ > 4. Then, the solutions for J(€) read

s’ 5 (€<0)
J(§) = § —2 (arcsing /1 €)? 0<&<4) (C.12)
1n? HB —3m? —ir In Hg (& >4)
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Figure C.1: The behaviour of the form factors Ay (7) (blue), As(7) (yellow), B¢(7) (green) and
A,(7) (orange) for large arguments is indicated. They are all normalized in such a way that
they approach to 1 in the asymptotic limit.

2
The case of £ = ;n—Qh < 0 is not possible in the present considerations. The solutions for the
w

other cases can be rewritten as J(§) = J(4/mw) = —2f(mw) [205], by writing Ty = 4m¥,/m3,

and with

arctan? \/#7_1 (tw > 1)

flrw) = 2 : (C.13)
L = G
This result appears in the loop-form factors, describing the KK contributions of W bosons,
fermions and scalars in the loop-induced Higgs production and decay processes. One has

Aw(r) = % 2437 +3r2—1)f(r)] ,  Ay(r) = —3r[1—7f(1)] ,
; (C.14)
Af(r) = S+ =7f()] By(r) =1f(r) .

They are normalized in such a way that they converge to 1 in the asymptotic limit 7 — oo, as
it can be observed from Figure [C.1]
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C.2 CP-odd loop-contribution of fermions to Higgs pro-
cesses

Here, the significant steps of the calculation of the CP-odd part of the fermion contribution
to the loop-induced Higgs processes are presented shortly. Starting from equation (4.60)), the
CP-odd part of the amplitude for the fermion contribution to the Higgs decay into two photons
is
dp Tr[ysAr,]
CP odd _ * p V5 ATy
MESE = = 3 36Nl e ) [ a2 L o

f=u,d,e n=1

with
Ape = (p— K +m))y" (P +mi)y" (b + k{ +m])
+ (=P = K +m)y (—p+ml)y (P + kb +m)) (C.16)
di=p'=m}), d=(p+k]-—mj), dy=(p—kl —m}).
Using the relations
Trlany odd n. of v's] =0, Tr[yy"y"] =0, Tr[yy*y"y"°] = —4ie"?” | (C.17)
one can determine
Tr [ys Ary] = Tr [35 (= b + mi)y" (b +mp)y" (b + K + m))
H(=p = K +m)y (—p+ mi)V (—p+ kg +m]))]
= —dim, (" - [pops — kopps] + €17 - [Dppo + Ppkiro] + €7 [~ koypy — Kaphis]
+ €7 pppo + Pokio] + €Y - [popo + k1ppol + €7 - [Dpps — Ppkiao]
+7 - k1D — kiphao] + €7 - oDy — ppkzo])

= ... = 8im£€“y0pk10k2p .

(C.18)

Here, the anti-zyclic behaviour of the tensor €7 under the exchange of two indices in juxtapo-
sition with each other has been used. So, the result is

dip 1
fCP odd Vo D
i f;ze; €Q)"Ne,Im(gn )i e kaghzy, (1 )e (k2)/Wd1d—zd3 ’

= Z iCchflm(gf )i(47r)22vmf/ ddp 1 <fyfy|FwF;w|0>

f=u,d,e n=1 g 7 " 47TU " (Qﬁ)ddldeB ! '

& =i Y 3 GiN. (gl (n)2 f/ddp !

=1 o, M\ gn . e VM, [

i f=u,d,e n=1 et g (27r)d d1d2d3

(C.19)
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The parametrization in (4.7)) has been applied. The momentum integral can be expressed in
dependence of Feynman parameters, and one finds

/ d? 1
(277 (p2 — md*)((p + k1)2 — md?)((p — ka)? — mi?)

d
(27

p 1 1—x 1
y / dm/ dy I
) Jo 0 (p? —mn” + 2p(kyx — kzy))?’

dd~ 1 1—x 1
pd/ d.r/ dy = / dx/ dy ———
(2m)* Jo 0 —mi? + mizy)? 47T mi? —mizy

2 —1 21
=~ = —mﬂm) ,

(C.20)

where the momentum shift p = p+ k1@ — koy is performed, and k% = k3 = 0 and 2k1ky = m? has
been used. The calculation of the Feynman parameter integral J(£) has been presented before
in Section [CIl The full result can be determined as

Z QchfZ m(g B(ry,) , (C.21)

f=u,d,e

where B(7) = 7f(7) has been defined in the section before in Appendix [C.1]
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C.3 Dicing of the RS model parameter sets

For the input parameters of the numerical evaluations, performed in Chapter 3 of the thesis,
three sets have been diced for the Yukawa matrices Y, and Y,, whose entries are bounded in
magnitude by |(Yy)i;| < y., with y, = 1,2, 3, in dependence of the KK mass scale in the range
of Mgy € [1,10] TeV. The diced Yukawa matrices can reproduce the correct zero-mode fermion
masses and Wolfenstein parameters, according to the formulas and . In the dicing
process, the correct zero-mode fermion profiles have been used, which can be expressed in terms
of the quark masses, Yukawa matrices and Wolfenstein parameters, together with one chosen
profile, as for example F(c,,) |150],

cQ,)| = M, M) v ,
v |G Gl |y, )] |G — B | [F(ey, )]
Fleg)| = L2m____A% 1
€2 )| = ,
U |(Ya)ss| [592 — G | 15 (cuo)]
(Ya) (Yu)
|F(co,)| = V2m, |(Y3)§2 ~ s | 1
3 )
v (Y IEE—>3§ — G | F(e,,)]
<M _ (M) (Ya) (Ya)
e AX3|det(Y u>| o (C.22)
(Ya)2s  (Yu)os
m |(Yu)33|2 | (Y)ss  (Yu)ss |
F Cu — _C d 33 u)33 F Cu ,
Flen)| = Tt e, )|
e o el R — B 10 12— (1
W my AN det(Yq)] us)l
(Ya) (Ya)
Flca)] = mis |(Ya)ss|[(Ya)ss] | yZ pll s P ||F(c )
2 u3 )

my AN|(Ma) 1]

_ | (Ya)ssl
| F(ca;)| = e [(Ya)ss |[F(cus)] -

The dicing process has been performed with a program written for Mathematica by U. Haisch et
al.. The entries of the quark Yukawa matrices Y, and Y, have been diced as random complex
numbers, following a flat distribution, according to the formula

(Yp)is = \/ue - [(Y )il €, Yy el0yl, oel0,2q], (C.23)

so that every number within the allowed range 0 < |(Y,);;| < v, has been diced with an equal
probability. The two Wolfenstein parameters p and 7 have been calculated for the diced Yukawa
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matrices, and the quantity

2 Xz - Xz',exp 2
-2 (st o
with X; = (7, p), has been demanded to fulfil a FindMinimum condition of Mathematica, oth-
erwise the calculated matrices have been rejected. Then, the zero-mode profiles for the quark
fields have been determined, according to the formulas presented above, for a randomly chosen
|F(cy,)| € [0,4/3]. Using the formulas and (2.164)), a ten parameter set has been deter-
mined for the quark masses and Wolfenstein parameters, as X; = (my, me, mg, Mq, ms, mp, A, X, p, 7).
For this set, the y? has been computed, according to , with the experimentally determined
quark masses, Wolfenstein parameters and the 1o error values as inputs. It has been demanded
that x2 < 10 according to the degrees of freedom, and that max|F(c(g, )| < V2 (except of
|F'(cus)|), otherwise the calculated parameter points have been rejected. In this vein, the data-
sets for Y,, Y4 could be derived in dependence of Mkx that reproduce the physical fermion
masses and the Wolfenstein parameters. A simplification has been used for the dicing of the lep-
ton Yukawa matrices Y;, which have been determined according to the formula ((C.23)), without
imposing further chi-square minimizations adapting to lepton masses.

The experimental input values for the quark masses in GeV, and Wolfenstein parameters,
with corresponding 1o errors, used in the dicing program, have been

m,, = 0.0015 me = 0.55 m; = 140 mgq = 0.003 ms = 0.05 my = 2.2

o[m,] =0.001 o[m.] =0.05 o[m]=10. o[my =0.002 o[ms] =0.03 o[m] =0.1
A = 0.2265 A =0.807 p=0.147 n = 0.343

o[\ = 0.0008 o[A] = 0.018 o[g] =0.023 o7 = 0.016

These values might slightly deviate from the latest experimental results, which we expect to
be numerically insignificant for the evaluations. Besides, the dicing program was written for
the minimal RS scenario with a brane-localized Higgs field. The relations for the fermion mass
cigenvalues and Wolfenstein parameters in the bulk-Higgs RS scenario involve the matrices Y I3
defined in (2.115)), rather than the matrices Y/, see equation (2.119)). For that reason, the diced
sets from the program have been used for Y, and Y, in the formulas. In the end, it was set
cs, = —1/2, and the results have been rewritten in dependence of the matrices Yy, as in ,
for example. Accordingly, rescaling factors gig; Yq =Y, have been included in the calculation
of the scatter plots. For the leptons, such rescaling factors have not been included, and the
simply diced sets have been taken for Y;.
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Appendix D

A New, Heavy Bulk Scalar in the RS
Model

D.1 Corrections to the expressions A<i)(cf, B)

Here, the expressions from ([5.27)) are displayed up to O(A?Té)—corrections,
KK

A ey, ) = —%
. mg {_ (2+5) B (1—€)F*(cy)
60M2Z, | (1—2c)(4+B)B+ B —2¢5) (1 —2¢)(3+2¢s)(3+ 5+ 2¢5)
B F?(cr)(24 B8)(2 4 B — 4cy) 2F%(cp)(1 +cf)(2+ B)
(1—2¢,)(1+2¢,)2(4+ B) B+ B—2¢5)  (1+2¢7)2(3+ 2¢1)(5 + 5 + 2¢5)
F(cy) 2 (14 2¢) mg B
+(1 —2¢7)(3 + 2¢y) (1 (B3+06+ 2@«)” " AMZ [(1 +B)(2+B)(4+5)
AepI%(cs)(2+ B) _2F%(g) mg
T A0t 2)@+812)@d 18 BiA+ QCf)] e (M;%K) ’
3 B m2 1 (2+/8) 6172(3]0
AP =~z T 20 [‘ AT AB+6-2) BT+ w]

m% B ( myg )
+4M§<K(1+5)(2+5)(4+5)+O Miw) '

which have been plotted in Figure
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Figure D.1: Numeric solutions for wy(t), derived for p?/k* = 32/9,¢ = 5, /(1) =
—3.8651104855284 (blue curve), u?/k? = 32/9, & = 4.7, w'(1) = —3.8651104855284 (black
curve), p2 /k? =32/9+1.5, £ =5, w'(1) = —3.8651104855284 (gray curve), u2 /k* = 32/9, £ =
5, w'(1) = —2.6 (green curve).

D.2 Solutions for the odd bulk scalar vev wy(t)

In Section [5.2], approximate, analytic solutions have been determined for the bulk scalar vev,
which could possibly form the origin of the Zs-odd bulk fermion masses of the RS model. The
odd bulk masses determine the localizations of the fermions along the extra dimension, which
have to show a hierarchic behaviour in order to explain the mass splitting of the zero-mode
fermions. For suitable choices of parameters, it has been possible to derive hierarchic zero-mode
fermion profiles, which have been plotted in Figure [5.11]

By further fixing the parameter values for p2 /k* and &, one can numerically solve the dif-
ferential equation for the vev wy(t), given in . In Figure , the numeric results, derived
for the vev, are plotted for:

u2 Jk* =32/9 =5 w(l)=-3.8651104855284 (blue curve)
w /k* =32/9 =47 w'(l) = —3.8651104855284 (black curve)

pa/k?=32/9+15 £=5  w'(l)=—3.8651104855284 (gray curve)
pi/k? = 32/9 £E=5 w'(1) = —2.6 (red curve)

Again, due to the non-linear relation between the ¢ and the t coordinates, the shapes of the
solutions differ in the two coordinates. For the first of these results, which is the blue curve in
the plot that reproduces a kink-like behaviour over half of the extra dimension, the resulting
zero-mode fermion profiles have been determined numerically, according to . The results
are plotted in Figure[D.2] for p3 /k? = 32/9,¢ = 5,w'(1) = —3.8651104855284 and g=-5 (orange
curve), -2.5 (black curve), -1 (blue curve) and +1 (red curve). The solutions fulfil the normaliza-
tion condition for the fermion profiles, and the IR boundary values are chosen as F)(1) = 0.1,
which are arbitrary, in principle. Taking similar input parameter values as before, one deter-
mines very similar shapes for the solutions, showing a hierarchical behaviour. Moreover, the vev
fulfils the two boundary conditions in good approximation, and there is no big parameter value
needed, as for the parameter « in the analytic solutions shown before. For the other parame-
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Figure D.2: Zero-mode fermion profiles from the numerically calculated vev, for u?/k* =
32/9,& = 5,w'(1) = —3.8651104855284, and g=-5 (orange curve), -2.5 (black curve), -1 (blue
curve) and +1 (red curve), taking F© (1) = 0.1.

ter choices, indicated by the black, gray and red curves in Figure the resulting zero-mode
fermion profiles are given in Figures [D.4] and For these cases, it is not possible to derive
hierarchical zero-mode fermion profiles.

Similarly, in Figures and solutions are given for the zero-mode fermion profiles to
the lowest order, derived from the analytic vev for a = 1000 and « = 1, for which the solutions
for the vev are plotted in Figure [5.10

2.0

0.20

1.5¢ 0.15}
FOt) 1.0 FOt) 0.10F
0.5¢ 0.05F
8.0 0.2 0.4 06 0.8 1.0 0080

Figure D.3: Here, the zero-mode fermion profiles, implied by the solution for the vev in (5.67)),
are plotted for o = 1000 and p2/k* = 32/9 and £ = 5, whereat g = +1,—1,—2.5 (left-hand
side) and g = —5 (right-hand side).
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0.8 : ‘ ‘ ‘ 0.0

Figure D.4: Here, the zero-mode fermion profiles are plotted for ¢ = +1,—1, —2.5, =5, respec-
tively, implied by the solution for the vev in for 2 /k* = 32/9, £ =5, and @ = 1 on the
left-hand side, and implied by the numerically determined vev for p2 /k* = 32/9 + 1.5, £ =5
and w'(1) = —3.8651104855284 on the right-hand side.

Figure D.5: Here, the zero-mode fermion profiles implied by the numerically determined vev
for g = +1,—1,—2.5, —5 are plotted on the left-hand side for p? /k* = 32/9 + 1.5, £ = 4.7 and
w'(1) = —3.8651104855284, and are plotted on the right-hand side for p% /k? = 32/9+1.5, £ =5
and w'(1) = —2.6.
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