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Abstract

This thesis studies the Higgs-boson production and decay processes as well as the flavor-
changing neutral current b — sv in models with one warped extra dimension, where the
gauge bosons and fermions propagate into the bulk and the Higgs sector is localized on
or near the infra-red brane. These so-called Randall-Sundrum models present attractive
scenarios beyond the Standard Model of particle physics that can address the disparity
between the electroweak and the Planck scale. Furthermore, these models provide a
natural explanation for the hierarchical pattern observed in the flavor sector and the
smallness of flavor-changing neutral currents.

In order to search for hints of a warped extra dimension this work mainly focuses on
loop-induced processes, which can receive significant contributions from the exchange
of heavy Kaluza-Klein resonances in the loops. Working in the five-dimensional (5D)
framework, the Feynman amplitudes of the Higgs-production process via gluon fusion
gg — h, the Higgs decay into two photons h — v and the electromagnetic dipole
transition b — sy are expressed in terms of integrals over fermion and gauge-boson
5D propagators. Using 5D propagators avoids the notion of infinite sums over Kaluza-
Klein states and allows to obtain analytically closed expressions valid to all orders in
an expansion of v? /MI2<K The fermion 5D propagator is derived by retaining the full
dependence of the Yukawa matrices and by regularizing the profile of the Higgs vacuum
expectation value by a square box of width n and height 1/n with n < v|Yy|/Mkxk.

It is shown that the amplitude of the fermion triangle diagram that contributes to
gg — h and h — 7~ depends on the localization of the Higgs sector on or near the infra-
red brane. This leads to a classification of different Randall-Sundrum models according to
the parametric relation of the characteristic width of the Higgs-boson profile with respect
to the two ratios v|Y,|/Mkk and v|Y,|/Atev, where Atey is the ultra-violet cutoff near
the infra-red brane. In the phenomenological part of this thesis corrections to the tree-
level cw,cz, ¢, cp, ¢ and loop-induced effective cgﬁ, ciﬁ Higgs couplings are compared
with fit results of experimental data from the Large Hadron Collider. Furthermore,
modifications of the signal rates of the processes pp — h — bb,r 7~ WW?*,ZZ* 4~ are
analyzed, which can exclude large fractions of the Randall-Sundrum parameter space.

Finally, the loop-induced electro- and chromomagnetic dipole coefficients C'7. g, and
their chirality-flipped counterparts C~’7%89 are investigated at one-loop order. The main
corrections from virtual Kaluza-Klein modes arise from the scalar part of the W-boson
penguin diagrams, which includes the contributions from the fifth component of the 5D
gauge boson and from the charged Nambu-Goldstone bosons in the Higgs sector. For the
phenomenological analysis the dipole coefficients are renormalization-group evolved to
the B-meson scale while taking into account the mixing effects between the electro- and
chromomagnetic dipole operators. The branching ratio for the inclusive decay B — X,vy
and the time-dependent C'P asymmetry in Bg — K*0y are studied, showing that sizeable
corrections can only occur for large values of the entries of the anarchic 5D Yukawa
matrices.



Zusammenfassung

Die vorliegende Arbeit befasst sich mit den Produktions- und Zerfallsprozessen des
Higgs-Bosons sowie dem Flavor-andernden neutralen Strom b — sv in Modellen mit
einer gekrimmten Extradimension, in denen die Eichbosonen und Fermionen im Bulk
propagieren, wahrend der Higgs-Sektor auf oder nahe der infraroten Brane lokalisiert
ist. Diese sogenannten Randall-Sundrum Modelle stellen vielversprechende Szenarien
dar, die tiber die Physik des Standardmodells hinausgehen und den Groéflenunterschied
zwischen der elektroschwachen und der Planck Skala erklaren kénnen. Weiterhin bieten
diese Modelle eine natiirliche Erklarung fiir das hierarchische Muster im Flavor-Sektor
und fiir die Unterdriickung von Flavor-dndernden neutralen Strémen.

Der Schwerpunkt dieser Arbeit liegt auf der Suche nach Hinweisen fiir eine ge-
kriimmte Extradimension mittels Schleifen-induzierter Prozesse, die signifikante Beitrage
durch den Austausch von virtuellen Kaluza-Klein Resonanzen erhalten. In der fiinf-
dimensionalen (5D) Analyse werden die Feynman-Amplituden der Higgs-Produktion
iiber Gluonfusion gg — h, des Higgs-Zerfalls in zwei Photonen h — v und des elek-
tromagnetischen Dipoliibergangs b — sy mit fermionischen und bosonischen 5D Prop-
agatoren ausgedriickt. Die Verwendung von 5D Propagatoren vermeidet das Auftreten
unendlicher Summen von Kaluza-Klein Zustéanden und erlaubt es analytisch geschlossene
Ausdriicke zu erhalten, die exakt in allen Ordnungen von v?/MZ sind. Der fermion-
ische 5D Propagator wird hergeleitet, unter Beibehaltung der vollen Abhéngigkeit der
Yukawa-Matrizen und indem das Profil des Higgs-Vakuumerwartungswertes durch eine
rechteckige Funktion der Breite n und Hohe 1/n, mit n < v|Y,|/Mkk, regularisiert wird.

Es wird gezeigt, dass die Amplitude des fermionischen Dreiecksdiagramms, welches
zu gg — h und h — v beitrégt, von der Lokalisierung des Higgs-Sektors auf oder nahe
der infraroten Brane abhéngt. Dieses Ergebnis fiihrt zu einer Klassifikation verschiedener
Randall-Sundrum Modelle, die anhand der charakteristischen Breite des Higgs-Boson
Profils in Bezug zu den beiden Verhéltnissen v|Y,|/Mkk und v|Yy|/Atev unterschieden
werden konnen. Hierbei wird der ultraviolette Cutoff nahe der infraroten Brane mit
Atev bezeichnet. Im phénomenologischen Abschnitt dieser Arbeit werden Korrekturen
zu den Higgs-Kopplungen auf Baumgraphen-Niveau cw, cz, ¢, ¢y, ¢ und auf Schleifen-
Niveau c‘;ﬁ, cgﬁ mit Fit-Resultaten von experimentellen Daten des Large Hadron Col-
liders verglichen. Weiterhin werden Modifizierungen der Signalraten fiir die Prozesse
pp — h — bb, 777, WW?*, ZZ*,~v analysiert, die es erlauben signifikante Bereiche des
Parameterraumes im Randall-Sundrum Modell auszuschlielen.

Zum Schluss werden die Schleifen-induzierten elektro- und chromomagnetischen Dipol-
Koeffizienten C7, g, und die zugehorigen Koeffizienten mit umgedrehter Chiralitét 07%8!]
auf Ein-Schleifen-Niveau untersucht. Es wird gezeigt, dass die wichtigsten Korrekturen
der virtuellen Kaluza-Klein Moden von den skalaren W-Boson Pinguin-Diagrammen
stammen, welche die Beitrage der fiinften Komponente des 5D Eichbosons und der
geladenen Nambu-Goldstone-Bosonen im Higgs-Sektor umfassen. Fiir die phanomeno-
logische Analyse werden die Dipol-Koeffizienten mittels der Renormierungsgruppe zur
B-Meson Skala, unter Beriicksichtigung der Mischungseffekte zwischen den elektro- und
chromomagnetischen Dipoloperatoren, laufen gelassen. Es werden das Verzweigungs-
verhiltnis des inklusiven Zerfalls B — X,y und die zeitabhingige C'P-Asymmetrie in
Bg — K*0y studiert, mit dem Ergebnis, dass signifikante Korrekturen nur fiir groe
Eintrage der anarchischen 5D Yukawa-Matrizen moglich sind.



Preface

The Standard Model (SM) of particle physics is a mathematical description of elementary
particles and their interactions via the strong, weak and electromagnetic forces. So far,
the SM has successfully passed all experimental tests performed at collider experiments
up to the multiple TeV energy scale, which is currently probed by the Large Hadron Col-
lider (LHC). The discovery of the Higgs boson, the last missing piece of the SM, at the
LHC in July 2012 with a mass of roughly 125 GeV raises the question about the mecha-
nism that stabilizes the Higgs mass near the electroweak scale. In principle, the scope of
the SM can be extended up to the Planck masdl] Mp) = Vhc/G ~ 1.22x 10 GeV/c? [1],
where the gravitational force becomes so strong that it cannot be neglected in the de-
scription of elementary particleSE Since decades the disparity between the electroweak
and the Planck scale has been used as a guideline to construct new-physics models
beyond the SM. One of them is the so-called Randall-Sundrum (RS) model which sup-
plements four-dimensional space-time with one warped extra dimension. Remarkably,
this model does not only explain the separation of the electroweak and Planck scale but
also provides a natural explanation for the hierarchical pattern of the quark masses and
mixings, and the smallness of flavor-changing neutral currents. In order to find hints
for the existence of a warped extra dimension one can search directly for heavy Kaluza-
Klein (KK) resonances, which are massive copies of the SM particles with approximately
equidistant mass gaps, predicted by RS models. Unfortunately, none of these particles
have been observed yet, and electroweak precision measurements indicate that their
masses could be too large for direct detection at the LHC. Therefore, we will consider
indirect searches and comprehensively study the predictions of the RS models for the
Higgs-boson production and decay processes as well as the flavor-changing neutral cur-
rent b — s7v. In particular, we will focus on loop-induced processes since they can be
very sensitive on the exchange of heavy KK modes in the loops.

The first chapter introduces the fundamentals of this thesis. After briefly recapitu-
lating the SM in the context of an effective field theory description we will motivate the
search for new physics beyond the SM, and discuss in more detail the gauge-hierarchy
problem and the flavor puzzle. Afterwards, we will present several new-physics ideas:
supersymmetry, the pseudo Nambu-Goldstone Higgs and warped extra dimensions. In
the latter case we will cover the basic ingredients of extra-dimensional models where the
Higgs sector is localized on or near one of the boundaries of the fifth dimension. The
chapter will end with a discussion of the Higgs-sector implementation where we will
distinguish between the so-called brane-localized and narrow bulk-Higgs scenarios.

'Here, h denotes the reduced Planck constant, c is the speed of light in vacuum and G is the gravi-
tational constant. For the remainder of this thesis we will use natural units and set ¢ = h = 1.

ZWhile one can work with a perturbative quantum-gravity theory at low energies, where perturbations
around non-dynamical (metric) backgrounds are assumed to be small, such an approach loses its validity
for energies above the Planck mass E 2 Mp; because the effective graviton coupling grows like gg ~
E/Mp.

vii



The subject of Chapter 2lis to present the phenomenological RS models our calcula-
tions and analyses in the subsequent chapters will be based on. At first, we will discuss
the minimal RS model which is based on the SM gauge group and presents the simplest
extension of the SM in the context of warped extra dimensions. Since this version is in
tension with a tree-level analysis of the Peskin-Takeuchi parameters, we will also discuss
the custodial RS model which is based on an enlarged gauge group in order to protect
the T' parameter from large corrections. We will then discuss the parameter space of the
models under consideration and explain our procedure to generate RS points, which will
be required for the phenomenological implications of our results in Chapters [ and [l

The loop-induced processes considered in this work will be calculated in the five-
dimensional (5D) framework, where the corresponding Feynman amplitudes are ex-
pressed in terms of integrals over 5D propagators. The advantage of using 5D propagators
is that sums over infinitely many KK resonances can be replaced by analytically closed
expressions. Therefore, Chapter [ is being dedicated to the derivation of solutions for
the Higgs, gauge-boson and fermion 5D propagators in both the minimal and custodial
RS models. The final results will be valid to all orders in an expansion of the new-physics
scale. Especially extensive will be the calculation of the 5D fermion propagator where
we keep the full dependence of the 5D Yukawa matrices, and which is sensitive on the
details of the localization of the Higgs sector. The last section of this chapter analyzes
the ultra-violet behavior of the 5D propagators.

The fourth chapter studies the Higgs-boson production and decay processes in the
minimal and custodial RS models. In the first two sections we will study the loop-induced
processes of Higgs production via two gluons (gg — h) and the Higgs decay into two
photons (h — ~7). The main conceptual result will be that the contribution of virtual
KK-fermion modes depends on the concrete implementation of the Higgs sector. This
leads to different results for the brane-localized and narrow bulk-Higgs scenarios, which
cannot be smoothly connected to each other. Besides the loop-induced processes we will
discuss the tree-level Higgs couplings to fermions and massive gauge bosons. In order to
search for hints of a warped extra dimension we will compare the tree-level and loop-
induced Higgs couplings with fit results obtained from current experimental data of
the LHC and elucidate the potential of future measurements at high-luminosity proton
and lepton colliders. Furthermore, we will analyze the signal rates for the processes
pp — h — bb, 77— WW*,ZZ* vy with the latest LHC data, which can significantly cut
into the RS parameter space.

In the last chapter we will study the loop-induced b — sy and b — sg transitions in
the minimal RS model. We will derive integral expressions for the corresponding electro-
and chromomagnetic (quark) dipole Wilson coefficients and discuss the origin of the main
corrections. For the phenomenological analysis we will renormalization-group evolve the
dipole Wilson coefficients from the new-physics scale down to the B-meson scale, where
we will include the mixing between the electro- and chromomagnetic operators. We will
then compare the RS predictions with experimental measurements of the branching ratio
of the inclusive decay B — X,v and the time-dependent C'P asymmetry in Bg — K*0~,



1 Introduction

This chapter lays out the foundation for the subject of this thesis. After briefly recapit-
ulating the Standard Model of particle physics in the first section, we will discuss the
gauge-hierarchy problem and the flavor puzzle as motivations for new physics in Sec-
tion We will then review two popular extensions of the SM, namely supersymmetry
and the pseudo Nambu-Goldstone Higgs in Section [[3l Subsequently we will explain
the Randall-Sundrum idea and introduce the basic concepts of models with one warped
extra dimension. At the end of Section [[L4] we will discuss the implementation of the
Higgs sector in warped extra-dimensional models which plays an important role for the
remainder of this work.

Since this chapter serves as an introduction into the topic of my work, the concepts
and ideas presented here are not my own but are based on the references given in the
text below. The only exception is Section where I present some of the results that
I have derived in our publication [2].

1.1 The Standard Model as an effective field theory

As mentioned in the preface, the Standard Model (SM) should be considered as an ef-
fective field theor (EFT), representing a low-energy description of a more fundamental
ultra-violet (UV) theory. We denote the SM cutoff scale, i.e. the energy where non-SM
particles and interactions emerge, as A with A < Mp;. The effective SM Lagrangian con-
sists of an infinite series of local Lorentz and gauge-invariant operators of arbitrary mass
dimension, where the corresponding Wilson coefficients are properly rescaled by powers
of the cutoff A such that each term of the Lagrangian has mass dimension four. Phe-
nomenological viability requires the following SM gauge group

Gsm = SUB)e x SU(2)L x U(L)y , (1.1)

where the associated gauge bosons form the force mediating particles of the strong
and electroweak interactions. The matter content of the SM includes spin 0 and spin
1/2 particles, which are assigned quantum numbers under the SM gauge group. More
details will be presented below. Here, it is sufficient to remark that the Higgs and the
three Nambu-Goldstone bosons (NGBs) form a SU(2);, doublet ® transforming as a
(1,2, %) under Gsyp, such that the SU(2)p x U(1)y gauge symmetry is a linearly realized
symmetry in the scalar sector!q Then, before electroweak symmetry breaking (EWSB) in

Tt is assumed that the reader is familiar with the concepts of effective (quantum) field theories and
the renormalization-group evolution. A selection of readable introductions is given by [3-1].

2This assumption yields the simplest and most direct interpretation of the LEP, Tevatron and LHC
data. Another (more general) alternative is the non-linearly realized SU(2)r x U(1)y gauge symmetry
with a light Higgs scalar, see e.g. [g].



2 Chapter 1. Introduction

the Higgs sector the effective SM Lagrangian can be expressed by
4 2 (4) (1) Cg) (4) Céi) (4)
‘CeH:COA +02A @T¢+ZC4 Q4 +ZTQ5 +ZF 6 +, (12)

where cg, co and 04(12)5 ¢ are dimensionless Wilson coefficients. The canonical mass dimen-
sion of the operators is indicated by their subscripts. Operators of mass dimension one

and three violate the gauge symmetry and are therefore absent in (I2)). The contribu-

tion of a given operator QS) to a process with a typical energy scale E < A can be
estimated by (E/A)"~%. Operators with mass dimensions greater than four yield cutoff-
suppressed contributions and are called irrelevant operators. Dimension-four operators
are termed marginal and the ones with mass dimensions lower than four are called rel-
evant operators. The Higgs mass operator along with all marginal operators forms the
renormalizable part of the effective SM Lagrangian, which will be referred to as the SM
Lagrangian Lgn.

The first term in (L2 is sensitive to the fourth power of the cutoff scale and con-
tributes to the energy density of the vacuum of space, which presents the simplest
description of dark energgE in terms of a cosmological constant. Based on the standard
model of cosmology@ (the ACDM model) the observed dark energy contributes roughly
68.5% [12] of the total energy in the present-day observable universe which implies that
co ~ (10712GeV)%/A%. If we assume A ~ Mp) the dimensional coefficient must take
an extremely small value ¢y ~ 107120, which is referred to as the cosmological constant
problem. However, since the cosmological constant is irrelevant to the physics of ele-
mentary particles in the SM we will not dwell on this problem here. Let us continue
with the quadratic Higgs-mass term, which is the only relevant operator in the SM. In
order to spontaneously break the SU(2); x U(1)y symmetry at the electroweak scale
Mgw ~ 100 GeV the Higgs-mass coefficient has to take the value co ~ M}%W /A%, Again,
if A ~ Mp this leads to a large hierarchy and forms the gauge-hierarchy problem, which
will be further discussed in Section

The Wilson coefficients of the irrelevant operators in (I2]) contain the effects of
the underlying UV theory when integrating out the additional degrees of freedom,
i.e. heavy particles of the more fundamental theory. Interestingly, there exists onl
one five-dimensional operator consistent with the symmetries, the Weinberg operatoxé
cg] )%LETG@C@TGL;J [13] and its hermitian conjugate, which after EWSB in the scalar
sector gives rise to a Majorana mass term for the left-chiral neutrinos. At the level of
dimension-six operators the first systematic classification can be found in [14]. Preserving
baryon and lepton number, and barring the flavor structure, there are 59 independent
dimension-six operatorsﬁ In Chaptersd and Bl of this thesis, we will calculate the Wilson
coefficients of some of those dimension-six operators after EWSB and for different exten-
sions of the SM that incorporate one warped extra dimension. For instance, we will deal

®Dark energy is a hypothesis to explain the expansion of the universe at an accelerating rate [d, [10].

4This model is based upon a spatially-flat, expanding universe whose dynamics are governed by Gen-
eral Relativity and whose constituents are dominated by cold dark matter and a cosmological constant
at late times. An introduction to cosmology can be found, e.g. in [11].

SHere, L% denotes the lepton doublet of the i*® generation, C is the charge conjugation matrix and
€ is the two-dimensional Levi-Civita symbol.

SIn fact, when accounting for the flavor indices for three generations, there are 2499 hermitian oper-
ators and real parameters (1350 C'P-even and 1149 C'P-odd parameters) [15].



Chapter 1. Introduction 3

spin field SU@B3). SU2) UQ)y
G 8 1
1 W 1 3 0
B 1 1 0
Q= (") () (™ 3 2 1/6
dL ST, bL

12 | o= (") () (T 1 2 ~1/2
€L HL TL

’LLZ}'%ZUR, Cr, tp 3 1 2/3
E:dR, SR, bR 3 1 -1/3

6%:6}3, MR, TR 1 1 -1

0 P 1 2 1/2

Table 1.1: Representations of the fields in the SM. Fermion SU(2)r, doublets and singlets
come in three generations with i = 1,2, 3. The electromagnetic charge is given by Q = T3+
Y, where T denotes the third component of weak isospin and Y is the weak hypercharge.

with the effective operatorsm hGZVGa”“’ , hE, F* and 510, F"br that contribute to
Higgs production via gluon fusion gg — h, to the Higgs decay into two photons h — 7,
and to the neutral flavor-changing b — sv transition. This will allow us to search for
indirect hints of new physics effects in existing measurements of collider experiments,
and to probe the parameter space of the warped extra-dimensional models.

The renormalizable part of the effective SM Lagrangian

The historic development of the SM started in the 1960s with the unification of the
electromagnetic and weak interactions by Glashow, Weinberg and Salam [16-18§], cul-
minating in the Glashow-Weinberg-Salam (GWS) theory. Later, the renormalizability
of the (spontaneously broken) theory was proven by 't Hooft and Veltman [19], which
was back in that time a necessary condition any realistic theory had to fulfill. In 1964
the quark model was proposed independently by Gell-Mann [20] and Zweig |21]. Gross,
Wilczek and Politzer discovered that non-abelian gauge theories have the remarkable
property of asymptotic freedom [22-25]. Some of the important experimental results
were the discovery of the W and Z vector-bosons [26], the 7 lepton [27], the bottom [2§]
and top quarks [29], and recently the Higgs boson [30, [31]. More historic details about
the making of the SM are contained in the readable summary [32].

In the following we will briefly recapitulate the structure of the SM Lagrangian,
see e.g. |4, 5] for comprehensive descriptions. As already mentioned, experimental ev-
idence led to the SM gauge group SU(3). x SU(2)r x U(1)y. The associated gauge
bosons are the gluons G8, the mediators of the strong SU(3). interactions, and the
W23 and B bosons which are the mediators of the electroweak SU(2) x U(1)y interac-
tions. Table[[.Ilsummarizes the representations of the fields in the SM including fermions
(spin-1/2 particles) and bosons (spin-0 Higgs field and spin-1 gauge bosons). The SM
is a chiral theory, i.e. left- and right-chiral components of a Dirac spinor that can be

"They originate from the dimension-six operators @TQG‘;VG“’””, OTOF,, F* and Q% ®o,, F*br
after applying EWSB in the scalar sector, and are therefore suppressed by two powers of A. Here, G,
and F),, denote the chromo- and electromagnetic field strength tensors, and Q? is the quark SU((2)L
doublet of the 2°¢ generation.
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distinguished by the projection operator Pr r = (1 F 75)/2 transform differently under
the SM gauge group Gsnm. Left-chiral fermions transform as SU(2); doublets QiL, LiL
while right-chiral fermions are SU(2), singlets u’, d, €%, with generation (family) in-
dex ¢ = 1,2, 3. Right-chiral neutrinos are not included in the original formulation of the
SM, since they would transform as singlets under the entire SM gauge groupﬁ Based
on the SM field content the Lagrangian can be constructed from local operators which
respect the Lorentz and gauge symmetry including the principle of renormalizability. It
is convenient to decompose the SM Lagrangian into the form

ESM = ACFerm + EGauge + EHiggs + EYuk + EGF + ACFPG . (13)

The first term contains the kinetic terms for the fermions and reads
Lrerm = QilpQ}, + upilpuly + dpilddy + LrilD Ly, + epilPey, (1.4)

where ) = Y#D,,. In order to obtain gauge invariant operators we introduced the co-
variant derivative D), = 9, — igs G}, % — 19 W[L % —ig' B, Y where g,, g and ¢’ are the
gauge couplings of SU(3)., SU(2)r, and U(1)y. The corresponding generators are given
by the Gell-Mann matrices t* (a = 1,2, ...,8), the Pauli matrices o’ (i = 1,2,3) and the
hypercharge Y. Next, we consider the kinetic terms for the gauge bosons

1 1. ; 1
EGauge = _ZGZVGa“uu _ ZW;VWZ,MV _ ZBHVBHV’ (1.5)

with the field strength tensors G}, = 0,G}, — 0,Gy, + gs f“bCGZG,‘i, Wﬁ,, = 8MW,f —
8,,Wﬁ + g €k W,ﬂ Wf and B, = 0,B, — 0,B,,. The tensors fo%c and €% are the struc-
ture constants of the non-abelian SU(3). and SU(2)1, groups. For a proper quantization
of the gauge fields two further Lagrangians Lgr and Lypg are required, which include
gauge-fixing terms and Faddeev-Popov ghosts, but which are not relevant for further
discussion in this section. Up to this stage, all fermions and gauge bosons are massless.
Explicit mass terms are forbidden by the chiral structure of the SM and the require-
ment of gauge invariance. In order to obtain massive fermions and gauge bosons the
SU(2)r x U(1)y gauge symmetry gets spontaneously broken at the electroweak scale,
often summarily referred to as the Higgs mechanism [33-36], while keeping the SM La-
grangian gauge invariant. One introduces a scalar SU(2), doublet ® transforming as a
(1,2, %) under the SM gauge group. The most general scalar Lagrangian consistent with
the symmetries reads

Litiges = (D, @) (D*®) — V(®), V(@) = — 20t + A(0T0)?, (1.6)

where V(@) denotes the Higgs potential. Stability of the electroweak vacuum requires
that the potential V(®) is bounded from below, which implies a positive value for the
quartic coupling, A > 0. If the squared mass p? > 0 is positive, the local minimum of
the potential, i.e. the ground state (0|®|0), breaks the electroweak symmetry via the
symmetry breaking pattern SU(2);, x U(1)y — U(1)gm. The field fluctuations around
this ground state can be parametrized by

_ 1 V2t ()
(@) = V2 (v + h(x) + igo?’(m)) ’ (L.7)

8Right-chiral neutrinos are also called sterile neutrinos to distinguish them from the active neutrinos
in the SM that are charged under the electroweak gauge group.
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where v = p/v/A is the vacuum expectation value (vev) minimizing the Higgs poten-
tial. The scalars ¢ and @3 are the three NGBs arising from the global breaking of
SU2)r xU(1)y = U(1)gm. Since the electroweak symmetry group is gauged they pro-
vide the longitudinal degrees of freedom of the massive W+, W~ and Z bosons. The
remaining degree of freedom in (7)) is the famous Higgs boson h with the tree-level
mass my, = V2 \v. Mass terms for the gauge bosons arise from the kinetic term in the
Higgs Lagrangian ([L6]). Fermions obtain their masses from the Yukawa interactions that
are given prior to EWSB by

Lyu = —QLOY dl, — Q1io? Y, ul, — L} Y el, + hec., (1.8)

where Y, 4; are complex 3 x 3 Yukawa matrices in generation space. In the interaction
basis those matrices are in general non-diagonal. To obtain the physical mass eigenstates
one can diagonalize the Yukawa interactions via bi-unitary transformations, e.g. the up-
quark masses are given by diag(my, me,my) = % U:[ Y, W,, where U, and W,, are
unitary 3 X 3 matrices diagonalizing Y,. Analogous transformations can be performed
for the down-type quarks and the charged leptons. The fermion mass eigenstates can
be obtained by rescaling the fields f;, — Uy f;, and fr — Wy fg with f = u,d,e. The
lepton interactions and the interactions of the quarks with the neutral gauge bosons
(gluon, photon, Z boson) stay invariant when switching from the interaction to the
mass eigenstates. This circumstance implies that there are no flavor-changing neutral
currents (FCNCs) in the SM at tree-level. We will come back to this point in Sec-
tion However, in the mass eigenstate basis the interactions of the quarks to the
W+ bosons are given by Lperm O %EL A+ WJ Vekm dr + h.c., where Vogm = UJ Uy,
is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [37, 138]. The CKM matrix is unitary
and has in general three rotation angles and six complex phases. Five phases are un-
physical and can be rotated away by redefining the quark fields. One physical complex
phase remains, which is responsible for C' P violation in the electroweak sector of the
SM.

Flavor and custodial symmetry

In the absence of Yukawa interactions the SM fermions are invariant under the global
symmetry group U(3)g, X U(3)up X U(3)d, x U(3)r, x U(3)e, acting in generation
space, whose fundamental representation has 45 generators. The Yukawa interactions
break this symmetry group to the subgroup U(1)p x U(1). x U(1), x U(1),, which
represents baryon (B) and leptonic family (Le, L, Ly) number conservation. The 45 —
4 = 41 broken generators yield symmetry transformations that can be used to remove
unphysical parameters of the 54 real parameters of the Yukawa matrices Y,, Yy and
Y.. The remaining 54 — 41 = 13 physical parameters distribute among the 6 quark
masses, 3 charged lepton masses and the 3 angles and one CP-violating phase of the
CKM matrix. The conservation of baryon and leptonic family number are accidental
symmetries in the sense that they have not been imposed a priori, but follow from the
particle content of the SM, the gauge principle and the renormalizability condition@
In the limit ¢ — 0 the Higgs Lagrangian (IL6]) is globally invariant under SO(4) ~
SU(2)r, x SU(2)r , where SU(2)y, is just the global version of the gauge symmetry. The
vev breaks the global symmetry in the pattern SU(2);, x SU(2)g — SU(2)r+r. The

9The observation of neutrino oscillations |39] violates the leptonic family number conservation, but
still allows for the total lepton number conservation L = L. + L, + L.. Moreover, baryon or lepton
number alone are broken by (chiral) anomalies at the quantum level, only the quantum number B — L
is free from anomalies [40-42].
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remaining so-called custodial symmetry [43] of the Higgs sector implies that the W,
W~ and Z bosons transform as a triplet under SU(2)14g, implying that my = my
in the limit ¢ — 0. For instance, one implication in the SM is that the relation
p = m¥,/(m%cos?Oy) = 1 [44, 45] with the Weinberg angle Oy receives only (small)
radiative electroweak corrections, which is experimentally satisfied to better than 1%.
As a consequence, any extension of the SM must implement some mechanism to pro-
tect the p parameter from too large corrections. In Section we will discuss the
Peskin-Takeuchi parameters S,T,U [46], that parametrize contributions of electroweak
vacuum-polarization diagrams to precision experiments. The T' parameter measures de-
viations from the SM prediction of p, which imposes an important constraint on the
warped extra-dimensional models discussed in this thesis.

1.2 Motivation for new physics beyond the Standard Model

In the beginning of this chapter we have mentioned that the SM does not include a
quantum theory of gravity, which implies that the SM loses its validity at energies close
to the Planck scale. Apart from this problem, one striking argument for physics beyond
the SM is the existence of non-baryonic dark matter (DM) which is the dominant matter
component of our universe, and which cannot be explained within the particle content
of the SM [47] Furthermore, the C'P violation in the SM is insufficient to explain the
observed baryon asymmetry in the universe that may have been dynamically created by
baryogenesis from a matter-antimatter symmetric initial state. 11 At last, the observation
of neutrino oscillations |39] implies that at least two neutrino flavors are massive, while
in the SM all neutrinos are massless by construction

Moreover, there are some long-standing experimental deviations from the respective
SM predictions. In this category belongs the anomalous magnetic moment of the muon
gy — 2 where the SM prediction results in a 3 — 40 deviation from the experimental
result of the Brookhaven E821 experiment | 51 . Another severe problem is the proton
radius puzzle which can be extracted from hlgh—premsmn measurements of the Lamb
shift (25 — 2P atomic transitions) in muonic hydrogen atom [53, |54] and displays 7o
deviations from results determined from e H spectroscopy or e—p elastic scattering |1]. So
far, all observations at the LHC and at preceding high-energy experiments are in general
consistent with the SM predictions, see [55] for a status report after the first run of the
LHC. Still, we like to mention at least two recent reports from the ATLAS and CMS
collaborations, where an excess of events in the /s = 13TeV diphoton spectrum at a
mass of about 750 GeV (ATLAS) and 760 GeV (CMS) with local significances of 3.60

10VWeakly interacting massive particles around the TeV scale are considered as the leading DM can-
didates, since they would have the right annihilation cross section in the early universe to explain the
present DM relic density.

"Tn principle, the SM fulfills the three Sakharov conditions |48]. First, the weak interaction violates
P invariance maximally, while C'P invariance is violated by the complex phase in the CKM matrix. Sec-
ondly, the expansion of the universe brings the primordial plasma out of thermal equilibrium. At last,
baryon number conservation is violated due to a quantum anomaly [40-42].

20ne possibility is to add right-chiral neutrinos to the SM which allows for a right-chiral Majorana
mass term and a neutrino Dirac-mass term after EWSB. Then, a large Majorana mass scale might
explain the tiny size of the observed neutrino masses through the see-saw mechanism |49, 50].

13To address this discrepancy one possibility is to consider a dark photon, which is a light vector-boson
that couples to the SM photon via kinetic mixing. However, nowadays the g, — 2 favored parameter
region of the dark photon is severely constrained by experimental searches, see e.g. [52].
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Figure 1.1: RG running of the SM couplings in the MS scheme. The gauge couplings are
denoted by g1 = \/%g’ , g2 = g, g3 = ¢gs, the top and bottom Yukawa couplings by y;
and ¥, the Higgs quartic coupling by A and the parameter of the quadratic Higgs-mass
term by m. The plot is taken from [62].

[56] (ATLAS) and 2.60 [57] (CMS) was observed. Taking into account the look-elsewhere
effect those numbers shrink to 2.00 (ATLAS) and 1.20 (CMS)

The above-mentioned problems need a satisfactory explanation, and possibly require
new physics beyond the SM. However, there are also “aesthetic” considerations, which
have been used as a guideline for the construction of SM extensions. For instance, when
we solve the renormalization-group (RG) equations for the three SM gauge coupling
g1 = \/%g’ , g2 = g and g3 = g5 we observe that they do not exactly unify at some high-
energy scale, see Figure [Tl The lack of unification triggered the development of grand
unified theories (GUTSs) [63], where all forces are combined into a single force at the GUT
scale Mqut ~ 106 GeV. In the following, we will discuss two important issues in more
detail that motivate new physics beyond the SM, namely the gauge-hierarchy problem
and the flavor puzzle. Both are relevant for this thesis, since they can be addressed by
models in warped 5D space-time.

1.2.1 The gauge-hierarchy problem

There are various approaches to the gauge-hierarchy problem, which in their entirety
might clarify why this puzzle is one of the main guiding principles for the construction of
extensions beyond the SM. We begin with the effective SM Lagrangian (I.2]) containing
the Higgs-mass operator Qo = ®®, which is the only relevant operator present. Based on
the EFT approach and naive dimensional analysis, the corresponding Wilson coefficient
1?2 of Q4 can be expressed by a dimensionless Wilson coefficient ¢, using the characteristic
scale A, up to which the SM is supposed to be valid, such that u? = ¢y A%. If we assume
that the SM is valid up to the Planck scale (A ~ Mp;) the Wilson coefficient must take

141f the measured signal is interpreted as a new particle with a mass of 750 GeV that undergoes a
two-body decay into two photons the Landau-Yang theorem [5&, [59] forbids the new particle to have
spin 1. One possibility would be to assume a new spin-0 particle which is produced in gluon fusion
and decays into two photons via loops of new vector-like fermions. As an example, within the context
of warped extra-dimensional models, there are proposals to identify the diphoton resonance with the
lightest excitation of a new 5D scalar field, which is a singlet under the entire gauge group |60, I61].

15The factor \/% normalizes the gauge coupling g1 such that the hypercharge generator is consistent
with a SU(5) or SO(10) grand unified theory.
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Figure 1.2: A subset of one-loop diagrams contributing to the Higgs-boson mass squared
with fermions (left), spin-1 (middle) and spin-0 (right) bosons in the loop.

a tiny value

< 100 GeV
Co ~

2
—_— ~ 10734 1 1.
gy ) ~ 107 <00, (1.9)

in order to allow for p ~ 100 GeV at the electroweak scale. But, since the Higgs mass
operator is not protected by a symmetry a “natural” value for the dimensionless Wilson
coefficient would be ¢y ~ 1. The hierarchy between ([L9) and what we expect from the
EFT approach is regarded as being “unnatural”. However, the naturalness principle
is certainly not a necessary (physical) criterion for the internal consistency of the SM.
It must be rather viewed as an aesthetic criterion which is the reason why there is no
unique definition of a natural theory, see [64] for a general discussion about the natural-
ness concept. For example, Dirac’s naturalness condition states that all dimensionless
parameters are of order one and that dimensionful parameters must be of the same
magnitude in size [65, 66]. A weaker naturalness condition is formulated by 't Hooft who
says that one parameter is allowed to be much smaller than unity only if setting it to
zero increases the symmetry of the theory [67]. Moreover, there exists the terminology
of technical naturalness, which allows for hierarchies in the bare parameters of the La-
grangian but requires that radiative corrections do not exceed the corresponding bare
parameters by many orders in magnitude.

In view of the last statement, we now consider radiative corrections to the bare
Higgs mass. As an example, we calculate the contribution of the left one-loop diagram
in Figure that exchanges two virtual top quarks. Since the diagram is UV divergent
we regularize the loop integral by imposing a sharp momentum cutoff A, i.e. after per-
forming a Wick rotation of the loop four-momentum k to Euclidean momentum space
we implement the condition kg < A, where kg = vV —k2. The correction to the squared
Higgs mass is given by

A 4
ik 1 1
21— N, 2/ T
O], = ~iNe v @m)% | F—me +i0 f—my + i0

_3N.yi [ A2 9 AZ 2 1
=i [‘?*mt Wz 3) O &)

where 3; is the Yukawa coupling of the top quark, and N, = 3 is the color factor for
quarks. The first term of the result shows the quadratic sensitivity on the cutoff. If the
cutoff is set to the Planck scale (A ~ Mp)) the corresponding counter-term has to be
finely tuned in order to cancel the term proportional to A% in (II0) and obtain the
renormalized Higgs mass at the electroweak scale. This is often referred to as the fine-
tuning problem of the Higgs boson. Furthermore, we observe that m% is renormalized
additively (as opposed to multiplicatively), so that quantum corrections are parametri-
cally uncorrelated with the bare value of m}% and can be numerically much larger. The
additive renormalization comes from the fact that there is no symmetry enhancement

(1.10)
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in the limit m, — 0, and consequently the principle of technical naturalness is vio-
lated In this context, we note that the gauge bosons and fermions in the SM are
renormalized multiplicatively since their masses are protected by gauge and chiral sym-
metry. For instance, in the limit m; — 0 the left- and right-chiral components of the
fermion spinors transform independently of each other, which forbids Dirac masses at
all orders in perturbation theory. Consequently, chiral symmetry implies that radiative
corrections to the fermion masses in the SM have only a logarithmic dependence on the
cutoff my ~ my 1n(A/mf)

One might object to the conclusions drawn from the quadratic sensitivity on A
of the radiative corrections in (LI0), since this result depends on the regularization
procedure. Therefore, it is instructive to repeat the calculation of the left one-loop
diagram in Figure [[.2] implementing this time dimensional regularization [19, |68, |69].
Extending space-time to d = 4 — 2¢ dimensions with € > 0 we obtain

dek 1 1
sm? =—'N624_d/ B
Mile = ~iNeyip @m)d [ F—my +i0 F — my + 0
3Neyi o1 pro1 (1
== M E—’yE+ln4w+lnm—?+§+O(e) ,

where we have expanded the final result for ¢ < 1. The UV divergence is contained
in the pole 1/e. After modified minimal subtraction (MS) the finite correction is given
by dm2|; = 3N, y? m?/(47?)(In u? /m? + 1/3) and we observe only a logarithmic depen-
dence on the dimensionful scale x2, that is introduced by the dimensional regularization
procedure. The fine-tuning problem seems to be just an artifact of a poorly chosen reg-
ulator. However, the regulator-independent point is that the Higgs mass is still renor-
malized additively. Consequently, if the underlying UV theory introduces new particles
with a mass scale M that couple to the Higgs boson, directly or indirectly, radiative
corrections would lead in general (without additional symmetries) to corrections that
are quadratically sensitive on M. In this sense, the fine-tuning problem reappears for
large masses M near the Planck scale.

Another interesting observation, since the discovery of a Higgs-like resonance at
myp, = (125.09+0.24) GeV [70], is the multiple near-criticality of the Higgs sector, which
deals with the question of electroweak vacuum stability and symmetry breaking in the
SM. The main assumption of the following analysis is that the SM is considered to be
valid up to the Planck scale. Then, for large field values one can approximately work
with the effective SM potential Veg(h) & I Aegr(h) h* where Aegr(p) is the effective quartic
running coupling at the energy scale p. It turns out that the effective coupling Aeg () is
numerically close to A(x) which is obtained from solving the RG equations, see [71]. At
one-loop and neglecting the contribution from the gauge-couplings the running of the
quartic coupling in the MS sheme is given by [62]

d)‘(u) 1 4 2 2

6Note that in the limit where the Higgs-mass term is sent to zero the SM Lagrangian (I23)) would be
classically conformal. Still, our statement remains valid since we implicitly assume that the cutoff A is
associated with some explicit particle-mass scale M of the underlying UV theory, which then breaks the
conformal symmetry.

'"We use Inx to denote the natural logarithm of z to the base e (Euler’s number), in the literature
one also often finds the notation log x.
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Phase diagram of the SM potential
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Figure 1.3: Left (right) is shown the SM phase diagram in terms of the quartic Higgs
coupling A\ and the top-Yukawa coupling y; (mass parameter m), both renormalized at
the Planck scale. Note that in the text we denote the parameter of the quadratic Higgs
mass term by p, see (LG), instead of m as used in the plots. The SM input parameters
lead to a meta-stable vacuum close to the phases of absolute stability, instability and the
phase where EWSB does not occur below the Planck scale. Both plots are taken from

162

where it is understood that the couplings on the right-hand side are the running couplings
at the scale u. At the electroweak scale the couplings y(m;) ~ 0.93558 @] and A(my) =~
0.12711 @] imply that the first term in (I.I2]) dominates and drives the quartic coupling
towards negative values with increasing energy scale, see Figure [Tl Absolute stability
of the SM vacuum up to the Planck scale would require that A(Mp;) > 0. The left plot
in Figure [[.3] shows the phase diagram in dependence of the renormalized top-Yukawa
coupling y;(Mp;) and Higgs quartic coupling A\(Mp;) at the Planck scale. The remarkable
feature is that the SM input parametersd lead to the Yukawa coupling y;(Mp;) ~ 0.3813
@] and the Higgs quartic coupling A(Mp;) ~ —0.0113 @] which roughly correspond
to the minimum values (at fixed gauge couplings) that allow for the existence of a
sufficiently long-lived (meta-stable) electroweak vacuum [ Slightly smaller values for
A(Mpy) or y;(Mp)) would lead to an unstable vacuum (lifetime shorter than the age of
the universe) or would not allow for EWSB below the Planck scale.

Furthermore, it is convenient to plot the phase diagram in terms of the Higgs quar-
tic coupling A(Mp;) and the mass parameter p(Mp)) of the quadratic Higgs-mass term,
which is shown by the right plot in Figure Note that the quadratic Higgs-mass
parameter is denoted by m(Mp)) in the plot instead of u(Mpi), which is only a no-
tational difference. Thus, both parameters of the Higgs potential take values close to
the boundaries between different phases of the SM. The notation is such that (h) = 0
implies no EWSB, while (h) = p means that EWSB occurs at the energy scale u. The
upper bound on u? can be deduced by considering the minimization condition of the
potential @] and the green band follows from anthropic considerations ﬂﬂ] The co-
efficient 442 is the order parameter that describes the transition between the symmetric

18The analysis @] uses the pole masses mw, mz, mp, m:, the Fermi constant Gr extracted from
muon decay and the MS gauge SU(3). coupling az(mz).

190\ [eta-stability means that the probability of quantum tunnelling out of the electroweak vacuum is
small enough such that the lifetime of the SM vacuum is longer than the age of the universe.

20Roughly stated, the anthropic principle says that the parameters of the universe that we observe are
governed by the requirement that they must be able to support intelligent life, as otherwise we would
not exist to observe our universe.
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phase (positive quadratic Higgs-mass term) and the broken phase (negative quadratic
Higgs-mass term) [73]. While in principle u? can take any value in the range —M3, to
+MP2)1, the gauge-hierarchy problem can be interpreted as the observation that the value
of u?(Mpy) =~ (140.3 GeV)? [62] is close to the critical value y? = 0 (with respect to the
Planck scale) representing the boundary between the symmetric and broken electroweak
phase.

In summary, it is an interesting observation that both p(Mp;) and A\(Mp)) (the two
parameters of the Higgs potential), on the assumption that the SM is valid up to the
Planck scale, happen to lie very close to boundaries between different phases of the SM.
There are several possible explanations for the near-critical behavior of the high-energy
SM couplings:

e The occurrence of near-criticality could be a consequence of a slightly broken sym-
metry. For instance, the realization of supersymmetry (SUSY) implies that u? = 0
and if marginally broken y? would remain near zero. Another possibility is that the
Higgs is a pseudo Nambu-Goldstone boson (PNGB) of a strongly-coupled sector,
where both 2 and A vanish at tree-level. Loop-suppressed radiative corrections
might induce a potential and generate a small and negative value of A at the Planck
scale. Both ideas will be discussed in Section L3l

e In the limit where the Higgs-mass term is set to zero the SM Lagrangian only
contains dimensionless couplings and respects conformal symmetry at the classical
level. The idea is that radiative corrections lead to a Higgs potential that triggers
EWSB and that the approximate conformal symmetry stabilizes the Higgs-mass at
the electroweak scale [74]. However, this concept faces the problem how the (classi-
cally) conformally invariant SM can emerge from gravity, which is not conformally
invariant due to the presence of the dimensionful Planck scale.

e Another possibility is to accept the fine-tuning of parameters in the SM. In this
context, arguments based on the anthropic principle can be used to explain the
“unnatural” sizes of the cosmological constant [75] and the weak scale [72]. The
underlying statistical ensemble might be provided by the hypothetical idea of a
multitude of parallel universes.

While the last option cannot be disregarded, it has the major disadvantage that it
currently lacks the possibility of being tested experimentally. The major benefit of ad-
dressing the gauge-hierarchy problem via new symmetries and particles at the TeV scale
is that it will allow for experimental discoveries of new-physics phenomena at accessible
energy scales.

1.2.2 The flavor puzzle

Apart from the Higgs sector, the structure of the Yukawa interactions lacks a satisfactory
explanation. Entries of the Yukawa matrices are dimensionless couplings of marginal
operators and we expect complex values with O(1) magnitudes and arbitrary phases.
Instead they admit a hierarchical pattern which accounts for the hierarchies of the
fermion masses and mixing-angle disparities in the quark sector. The mass ratios of the
charged fermions are given roughly by [76]

Mayd Mgt Mp et My = 1:50:1000 : 100000, me : my, : mys ~1:200: 3500, (1.13)
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while the mass hierarchy of the neutrinos is not yet resolved, see |77] for a recent re-
view Assuming there are three neutrino generations with Dirac masses the so-called
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [78-80] connects the three neutrino
flavor eigenstates ve,v,,, vy with the three mass eigenstates v, 19, v3. It can be described
by three mixing angles and one C P-violating phase. While the PMNS matrix involves
large mixing angle and does not possess a simple hierarchical structure the CKM ma-
trix in the quark sector admits small mixing angles and shows a hierarchical pattern. The
Wolfenstein parametrization [81] illustrates the pattern of the CKM matrix

1—)\%/2 A AN3(p — i)
Voxkm = -2 1-— )\2/2 AN2 , (1.14)
AN(1 —p—in) —AN? 1

where the parameters are defined by (V;; = (Voxm)ij)

|vus| 1 “/cb _ . V*qub
S emoo g A=<17=, — i = - 1.15
|Vvucl|2+|vvus|2 A Vus P K ‘/cti‘/Cb ( )

The parameter A =~ 0.23 sets the typical size of each entry, since A, p and 7 are numbers
of order one. To zeroth order in A, the CKM matrix is a diagonal matrix while the
mixing of different flavors is suppressed by powers of .

As already mentioned earlier, the flavor structure of the SM forbids FCNCs at tree-
level. Besides being loop suppressed, they are further suppressed in the quark sector
by the Glashow-Iliopoulos-Maiani (GIM) mechanism [82], which states that in case of
equal quark masses the unitarity of the CKM matrix forbids FCNC processes to all
orders in perturbation theory. The size of breaking is mainly given by the disparity of
the quark masses, which is more distinctive in the up-quark sector. Both ingredients in
the SM can successfully explain the suppression of rare meson decays and neutral meson
mixing. Consequently, higher dimensional operators in the effective SM Lagrangian (L2])
that contribute to FCNCs at tree-level must be sufficiently suppressed by powers of
A, which sets the energy scale for new physics. For instance, the model-independent
analysis of AF = 2 processe, which takes into account the contribution of dimension-
six operators with general O(1) Wilson coefficients, imposes a lower bound A > (10* —
10°) TeV [83]. Any extension of the SM near the TeV scale that is consistent with
experimental data on flavor observables must explain why the Wilson coefficients of the
higher dimensional operators in ([.2]) are sufficiently small.

1.3 Extensions of the Standard Model in 4D space-time

In the following, we will briefly discuss two common extensions of the SM, supersym-
metry and theories with a composite Higgs boson. Both ideas primarily address the
gauge-hierarchy problem.

2! Assuming that the neutrino flavor eigenstates are superpositions of the mass eigenstates v, vo, 13
the squared mass differences are given by Am3; = (7.53 & 0.18) 10~°eV? |76] and |Am3,| = (2.42 +
0.06) 10~ *eV? [76], where Am?; = m7 —m3. The scenario, in which v3 is heavier (lighter), is referred to
as the normal (inverted) mass hierarchy.

22The mixing angles of the PMNS matrix are given by sin®612 = 0.304 & 0.014 [76], sin® 023 =
0.51470:0%% |76] and sin® 013 = 0.0219 + 0.0012 [76].

2In a AF = 2 process the quark-flavor quantum number changes by two units, e.g. neutral Kaon
mixing (KO-KO) is a AS = 2 process where strangeness changes by two units.
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Figure 1.4: One-loop diagrams exchanging scalar stops t;, and tg, that contribute to the
squared Higgs-boson mass in SUSY.

1.3.1 Supersymmetry

Arguably the most popular idea to address the gauge-hierarchy problem is to introduce
supersymmetry (SUSY) that relates bosonic and fermionic particles, see [84] for a read-
able introduction. In 1974 Haag, Lopuszanski and Sohnius (HLS) published a proof [85]
that weakened the assumptions of the Coleman-Mandula “no-go” theorem [86], which
states that the symmetry group of a consisten four-dimensional quantum field the-
ory is the direct product of the internal symmetry group and the Poincaré group. HLS
pointed out that the theorem implicitly assumes that the symmetry generators com-
mute, and that there exists a non-trivial extension of the Poincaré algebra by allowing
for anti-commuting symmetry generators. For instance, N = 1 SUSY inlcudes one single
set of fermionic generators Q, and the conjugate generator Qs = (Q,)! with spinor
index o = 1,2. The corresponding SUSY algebra read

{Qa @5} ={Qa: Qp} =0,  {Qu,Qp} = 20", P, (1.16)
[QQ,PM] = [Qowpu] =0, [QmMuV] = (Uul/)aﬁ Qﬁa [QdaMuu] = (5MV)dB QBa

with the four-momentum and generalized momentum generators P, and M,,,. The non-
vanishing commutators of the fermionic generators with M, indicate that supersym-
metry connects states of different spin and statistics. In a SUSY model, the fields are
grouped into so-called supermultiplets, which are irreducible representations of the SUSY
algebra. A minimal extension of the SM to a supersymmetric theory is the minimal su-
persymmetric SM (MSSM) [87], which for each SM degree of freedom includes one SUSY
partner with a spin that differs by a half-integer. In the Higgs sector the particle spec-
trum has to be further enlarged since in the MSSM a second Higgs doublet is required
to obtain gauge invariant Yukawa terms and to keep the theory free of anomalies. Two
Higgs doublets have eight real degrees of freedom, where three are unphysical and repre-
sent the longitudinal degrees of freedom of the gauge bosons. The remaining five physical
degrees of freedom distribute among a charged scalar H*, a neutral C' P-odd scalar A
and two neutral C' P-even scalars h and H, where the lighter one (usually denoted by h)
could be identified with the SM-like Higgs boson detected at the LHC.

One of the main motivations for SUSY models is that radiative corrections to the
Higgs-mass 5m% are not quadratically sensitive to the cutoff, when regularizing the UV
divergence in loop diagrams with a sharp cutoff. For instance, the top quark contribution
from the left diagram in Figure receives in the MSSM an additional contribution

24The underlying general assumptions include the analyticity and non-triviality of the S-matrix and
the presence of a mass gap.

2 Commutating and anti-commuting brackets of two operators are denoted by [4, B] = AB — BA and
{A, B} = AB+ BA, respectively. The indices a, & can be raised or lowered with the Levi-Civita symbol
in two dimensions €,3. We further used the notation o* = (1,3) and o = %[y, V0)-
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from diagrams exhanging StOp@ tr, and tg, which are the scalar superpartners of the
top quark. The radiative corrections from the one-loop diagrams in Figure [[.4l are given
by

3N.y: | A A2 | Ney2o? A2
2] _ 2V p 2 7
5mh i 47‘(2 _? +mt lnﬁ — W —1+IHW s (117)
i
where mj; is the stop mass. Supersymmetry imposes the condition y? = —y; which

implies that the quadratically divergent terms in (I.I0) and (I.I7) cancel each other,
when added together. Moreover, the logarithmic divergences would cancel in the limit of
exact supersymmetry, where m; = m; and the Higgs vev is sent to zero. In fact, exact
supersymmetry implies that all masses are not renormalized at any order in perturbation
theory [88]. Another aspect in favor of SUSY is that it allows in the MSSM for the
unification of the three gauge couplings g1 = \/%g’ , 9o = g and g3 = g5 at a scale
Aqut ~ 10'6GeV. This feature might hint at a more fundamental theory where the
three gauge interactions at low energies emerge from a single gauge group at Agur.
Furthermore, SUSY together with R—pam’t [89] implies that superpartners can only be
pair produced at colliders and that there exists a stable lightest supersymmetric particle
(LSP), which can provide a viable dark-matter candidatelq It is worth mentioning that
the MSSM constrains the Higgs-mass at tree-level to mj, < mz|cos2f| [92, 93] with
tan 8 = v, /vg, and where v,, vy are the vevs belonging to the Higgs doublets giving
masses to up- and down-type quarks. However, radiative corrections can lift the upper
bound to my, < 135GeV [94-97], which is compatible with the observed Higgs mass
my = (125.09 + 0.24) GeV [70].

The conceptual downside of supersymmetric models is that SUSY cannot be exactly
realized, as otherwise it would imply a degenerate mass spectrum of the SM particles and
its superpartners, which is in conflict with experimental searches. Therefore, SUSY must
be broken above the electroweak scale. In order to obtain a phenomenologically viable
non-supersymmetric mass pattern it is not sufficient to incorporate SUSY breaking at
tree level (via renormalizable interactions to a SUSY-breaking field) and with only the
MSSM field content [84]. One assumes a hidden sector of particles that have no (or very
small) direct coupling to the wvisible sector, that includes the chiral multiplets of the
MSSM. In the EFT approach, we can ignore how the breaking is communicated from
the hidden to the visible sector and write down all gauge and Lorentz invariant sof@
SUSY-breaking terms in the Lagrangian for a general theory. This leads to 105 additional
physical masses, phases and mixing angles in the MSSM that have no counterpart in the
ordinary SM [98]. Furthermore, one must assume some organizing principle (e.g. flavor-
diagonal squark and slepton mass matrices) for the additional parameters, since general
values of order one would yield large contributions to FCNC processes. There are mainly
two proposals how the SUSY breaking is modeled. In the so-called gravity-mediated

26The top quark is a Dirac fermion and has two complex (on-shell) degrees of freedom which dis-
tribute among the two complex scalars i, and fr, where L, R are just labels referring to the two chiral
components of the top quark spinor.

27 R-parity is a discrete Z2-symmetry and can be imposed to forbid baryon (B) and lepton (L) violating
processes at tree-level in the MSSM. Each particle is assigned the number Pr = (—1)*FTF+2 where s
denotes the spin of the particle, such that SM fields take the value Pr = +1 and their superpartners
have Pr = —1.

Z8For instance, in the phenomenological MSSM the LSP is the lightest neutralino |90, [91], which is a
massive, weakly interacting and electrically neutral Majorana fermion.

2980ft terms are renormalizable operators with couplings of positive mass dimension. The condition
ensures that the relationship between dimensionless couplings (of marginal operators) that hold in an
unbroken supersymmetric theory are maintained, e.g. that y? = —y;.
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scenario [99-104] SUSY gets broken in the hidden sector by the vev (F') of the SUSY-
breaking field F' and induces soft masses mgop ~ (F')/Mp). In the second possibility,
gauge-mediated SUSY breaking |[105-111], gauge interactions break SUSY at loop level,
with the advantage of having flavor-diagonal soft masses.

General SUSY searches look for jets and missing energy, e.g. the decay process of
two squarks Gq — qf((l)qf((f where the decaying quarks lead to two jets and the missing
energy stems from the neutralinos (LSPs) that escape the detector. Another typical final-
state signature for many supersymmetric models consists of jets plus isolated leptons
plus missing energy, e.g. the decay chain gqg — (j(jﬁcﬁc — qqliyﬁ)lil/f(? where two
leptons with the same charge are produced. However, after the first run of the LHC
no statistically significant sign for the existence of supersymmetric particles has been
found, see |112] for a review.

1.3.2 Composite pseudo Nambu-Goldstone Higgs

Another idea to address the gauge-hierarchy problem is to suppose that the Higgs boson
is an extended object with a finite geometric size of order 1/TeV, instead of being a
point-like particle as in the SM. One assumes that there exists an underlying UV theory
which contains a strongly-interacting sector, the so-called composite sector. In order
to address the gauge-hierarchy problem the Lagrangian of the composite sector must
not contain operators with a scaling dimension considerably below four, which means
that unprotected energy scales are absent in the UV theory. In the language of the
RG flow, this statement means that strongly relevant deformations are absent which
makes the RG flow from the UV scale A towards the IR scale a slow process, i.e. a
logarithmic running of the dimensionless strong coupling g, of the composite sector.
In analogy to QCD, one assumes that the RG running of g, leads to the formation
of bound states at the energy m, ~ Ae‘lGWQ/QE(A), which sets the mass scale of the
new heavy resonances of the composite sector. This mechanism by which the mass scale
m, is generated through the RG running without dimensionful couplings in the UV
theory is referred to as dimensional tmnsmutation Thus, the essential ingredient of
the composite-Higgs idea is the strongly-coupled nature of an underlying UV theory, by
which the Higgs mass is stabilized through dimensional transmutation.

Modern models with a composite Higgs implement the Higgs boson as a pseudo
Nambu-Goldstone boson (PNGB) |113-117] of an enlarged global symmetry of the com-
posite sector, which explains why the Higgs boson can be lighter than other (unobserved)
composite resonances, see e.g. the recent review [118]. A minimal model that incorporates
this idea and also includes a custodial symmetry is given by the so-called minimal com-
posite Higgs model (MCHM) [119, 120]. The Lagrangian of the MCHM splits into three
parts £ = Lep + Lol + Lmix- The first term L, describes the composite sector and is as-
sumed to be invariant under the global symmetry group G = SU(3).x SO(5)xU(1)p_r.
However, the vacuum state of the composite sector is only invariant under the subgroup
H = SU(3). x SO(4) x U(1)p_r, and spontaneously breaks G — H which gives rise
to dim G/H = 4 NGBs that can be identified with the four degrees of freedom of the
Higgs doublet. The dynamical breaking occurs at the energy scale f, which sets the
mass scale for heavy resonances m, ~ g, f in the TeV range, where g, € (1,4m) is

30The term is usually used in the context of QCD. While massless QCD is classically scale invariant,
this is not true quantum mechanically. The RG running of the dimensionless QCD gauge coupling
as(u) = g2(u) /4 is determined at one-loop by the differential equation (47)2das () /dIn p = —28oa2 (1)
with 8o = 11/3N. — Ny, where N. = 3 is the number of colors and Ny the number of active fermions. The
solution of the differential equation introduces the squared QCD scale Agcp = p” exp(—4n/(Bocws (1)),
which sets the mass scale for bound states in QCD.
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the coupling strength of the composite sector. The second term Lq contains the SM
fermions and gauge bosons, i.e. the SM Lagrangian excluding the terms that involve the
Higgs doublet. In this elementary sector the subgroup SU(3). x SU(2)r, xU(1)y C H is
gauged where the U(1)y hypercharge is given by Qy = T3 + Qp—_r/2. The Higgs field
transforms as a 4 of SO(5) and is protected by the Goldstone symmetry, which forbids
a Higgs potential at any order in perturbation theory. In order to explicitly break the
global symmetry SO(5) one includes interaction terms in Ly, that couple SM fields
to the composite sector. The gauging of the subgroup SU(3). x SU(2)r x U(1l)y C G
explicitly violates the global symmetry G and gives rise to a non-vanishing potential at
the one-loop level for the PNGB Higgs. Loops of the SM gauge bosons and fermions
generate a Higgs potential that triggers EWSB with the vev v = /€ f, where 0 < £ < 1
is obtained by minimizing the PNGB potential. In general the potential tends to maxi-
mally break EWSB, i.e. £ ~ 1. Therefore, some amount of tuning of the Higgs potential
is necessary in order to obtain an experimentally preferred value £ < 1, that allows for
a large enough mass gap between the Higgs and SM gauge bosons on the one side and
the heavy resonances of the composite sector on the other side

The most important constraint on £ is imposed by electroweak precision measure-
ments. Tree- and loop-level corrections to the Peskin-Takeuchi parameters S and T
require that ¢ = v?/f? < 0.1 [121], which can be achieved by some O(10%) amount
of tuning of the contributions to the Higgs potential. Another interesting prediction of
the MCHM is that the Higgs couplings to gauge bosons and fermions are modified with
respect to the SM couplings to [122]

ghvv A% Ihff 1—(1+n)
/A v S 1)) 4 SRR _ 118
(gnvv)sm < (ghnvv)sm < (gnff)sm vi—=¢ 7 (1-18)

where n = 0,1 depends on how fermions are implemented in the model. By comparing
the predictions with experimental fits of couplings one can derive upper bounds on &
[123], but which are currently less stringent than the one obtained from electroweak
precision tests. It is noteworthy that one adjustable parameter & controls all the depar-
tures from the SM Higgs couplings and determines the compatibility with electroweak
precision physics. This mechanism is referred to as vacuum misalignment |113, 114, [117)].
Another key ingredient of modern PNGB models is the concept of partial compositeness
[124] which means that the SM fermions are linear combinations of elementary and com-
posite fields, where light fermions are almost elementary while the third generation is
strongly or entirely composite. This leads to a structural suppression of all effects that
involve the first two generations which helps to suppress FCNCs.

1.4 Basics of models in a warped 5D space-time

This section discusses the main concepts of embedding the SM into a five-dimensional
anti-de Sitter space (AdSs), which will form the foundation for the construction of
phenomenological models in Chapter 2l The original idea of solving the gauge-hierarchy
problem with one warped extra dimension (WED) was developed by L. Randall and
R. Sundrum in 1999 [125]. Models that incorporate one WED are therefore referred
to as Randall-Sundrum (RS) models. The extra dimension is chosen to be an S'/Z,
orbifold with the parametrization ¢ € [—m,7]. This is a circle of (compactification)

3'While the contributions from the gauge-boson loops to the Higgs potential tend to align the elec-
troweak vacuum in the SU(2)r x U(1)y preserving direction |113-117], the fermion (dominantly the top
quark) loops lead to misaligned contributions that are necessary in order to trigger EWSB [119].
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Figure 1.5: The S!/Z, orbifold is obtained by identifying ¢ with —¢ leading to two fixed
points at ¢ = 0 and |¢| = 7.

radius r where the points are related to each other by a Zs symmetry transformation
(zt, ¢) < (xH,—¢), see Figure for an illustration. For a general 5D field ®(z, ¢)
the orbifold construction requires that two successive Z5 transformations leave the field
invariant. This implies the transformation behavior

O(z,¢) 2 £ 0(z,—¢), (1.19)

where the function with the eigenvalue +1 (—1) is referred to as being Zs-even (-odd). In
addition, the S! symmetry leads to the periodic boundary condition

O(z,—7) = O(z, 7). (1.20)

Both relations (.I9]) and (L20) imply that Z>-odd functions must vanish at the orbifold
fixed points ¢ = 0, £x. This orbifold construction will be important in order to arrive at
a chiral low-energy spectrum for the fermions, as will be discussed in Section The
fixed points provide support for two 3-branes which are sub-manifolds with one time
and three spatial dimensions. The 3-brane attached at ¢ = 0 is called the ultra-violet
(UV) brane and the one at ¢ = 7 is denoted as the infra-red (IR) brane3 The region
in between the two branes is referred to as the bulk of the extra dimension. The local
geometry of the 5D space-time is given by the metric [125]

ds? = Gy daeMda™ = e727(9) N dat dx” — r2dg? (1.21)

where Latin (Greek) indices M, N = 0,1,2,3,5 (u,v = 0,1,2,3) denote the 5D (4D)
space-time coordinates with 2° = r¢. Here, Nuv is the 4D Minkowski metric with signa-
ture (+,—, —, —) and Gy is the representation of the 5D metric

—20(¢)

The function o(¢) contains information about how the geometry of the 4D space-time
varies along the fifth dimension. For an arbitrary function o(¢) the metric (L21]) rep-
resents a general ansatz that respects four-dimensional Poincaré invariance in the z#
directions. The classical 5D action that describes the above set-up, with the addition of
brane-localized vacuum-energy densities, is given by [125]

W)y, 3= )

v — Vit Lrielas | » (1.23)

S:/d‘*x/ dor/|G] [2M§R5—A5—

where |G| = ¢87(?) is the determinant of the metric (22), Mj is the 5D Planck mass,
R5 is the 5D Ricci-scalar and Aj is the 5D cosmological constant. The energy densities

32In the literature one also finds the term Planck (TeV) brane for the brane localized at ¢ = 0

(¢ = £m).
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Vuv and ViR are localized via d-functions on the UV and the IR branes. At the IR-fixed
point we define the d-function in terms of a limiting procedure

(16| —7) = lim_ < [8(6 — 7+ ) + 86+ 7 — )] (1.2

n—07+

where it is understood that the limit  — 0% is taken after the integration over ¢ is
performed in (I23]). This procedure ensures that possible discontinuities of some of the
5D fields at the IR brane are moved into the bulk, such that the RS model is properly
defined. We will discuss the implementation of the J-function at the IR brane in more
detail in Section The Lagrangian Lpieqs contains the gauge- and matter fields
(at least the SM fields) of the specific model under consideration. It is assumed that
the back-reaction of those fields is negligible when calculating the metric [125]. The 5D
Einstein equations, that follow from the variational principle of the action (L23]) with
Lrields set to zero, can be solved by [125]

—As
2403’

Vv = —Vir = 24M2k, o(¢) = krl|ol. (1.25)

The parameter k is referred to as the curvature since it is related to the 5D Ricci-scalar
Rs = 24k?, which is positive and corresponds with our conventions to a 5D anti-de
Sitter space-time. This is consistent with the requirement of a negative 5D cosmological
constant required by the first relation in (I.25)). The second equation in (23] relates
the energy densities on both branes. It turns out that their contribution to the 4D
cosmological constant exactly cancels the one coming from As, which is consistent with
the 4D Poincaré invariant ansatz (L2]]) in the z# directions Due to the non-vanishing
5D cosmological constant the extra dimension has a finite curvature, which can be seen
by the non-constant solution for the function o(¢) in (IL25]). Therefore, RS models are
referred to as warped extra-dimensional models and (L21]) with o(¢) = kr|¢| is denoted
as the RS metric, see Figure [[LGl for an illustration of the setup. The important ingredient
of the RS metric is the so-called warp factor |125]

e~kriol, (1.26)

which exponentially rescales length and energy units when moving along the extra di-
mension. This feature will allow for a solution to the gauge-hierarchy problem. At this
point the theory contains three fundamental scales M5, k and r. Considering massless
fluctuations around the vacuum solutions one can derive the reduced effective 4D Planck
mass and finds M3, = (M2 /k) (1 — e~2+"™) [125]. We will see that the solution to the
gauge-hierarchy problem requires that the product kr ~ 10, which implies that Mp is
very weakly dependent on the warp factor. Since we do not assume large hierarchies in
the fundamental parameters, such that M5 ~ k, the above-mentioned relation implies
that Msy is of Planck size.

Later in Chapter 2l we will see that the presence of 5D fields in Lgiegs leads to
interaction couplings of negative mass dimension, which directly follows from a quantum
field theory in more than four dimensions. As a consequence RS models must be treated
as EFTs with a 5D cutoff of order the Planck scale, and which must be replaced by a

33However, the cosmological-constant problem of the SM is only reformulated in the RS model into
the question why the contributions from the energy densities and the 5D cosmological constant cancel
each other (to very high precision).
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Figure 1.6: Visualization of the RS model with the warp factor e~ *"I¢l. While the Higgs
sector is confined on the IR brane, the fermions and gauge bosons are allowed to propagate
into the bulk. The blue line indicates the effect of the warp factor.

more fundamental theory above this scale. This translates into an inherent, position-
dependent UV cutoff given by the warped Planck mass Ayy (¢) ~ Mpj e~ *71¢l [126-130)],
which accounts for the fact that RS models do not provide a description of quantum
gravity. For the calculation of Feynman diagrams it implies that each vertex at a position
¢; is associated with a position-depending cutoff Ayy(¢;). We can think of it as modeling
the effect of a form factor, which accounts for the impact of quantum gravity on energy
scales above the effective Planck scale at that point. In general the coordinates ¢; are
integrated along the complete extra-dimension —7 < ¢; < 7, and hence the cutoff values
vary between Mpj e *™ and the fundamental Planck scale.

1.4.1 Solution to the gauge-hierarchy problem

Let us investigate how we can address the gauge-hierarchy problem assuming that all
fundamental parameters of the RS model take values of order the Planck mass, i.e. M5 ~
k ~ 771 ~ Mp). The main idea is to localize the Higgs doublet ®(z) at the IR brane
such that the action of the Higgs sector reads

" A v2\?
SHiggs = /d4x/_ dg /|G| 6(|¢| — m) |G* (D, ®) D, ® — 75 <<1>T<1>— g) ] . (1.27)

where A5 is the dimensionless 5D quartic coupling and vs denotes the 5D vev. Later
in Section we will come back to the issue of how to properly localize the Higgs
sector at the IR brane, since this subject will be very important when performing loop
calculations in the RS model. However, for the purpose of this section the d-function
can be defined according to equation (L.24]). Without introducing large hierarchies we
assume that A\s = O(1) and vs = O(Mp). Using the metric representation (L22]) with
o(¢) = kr|¢| the Higgs action reads

A 2\ 2
SHiggs = /d433 [UW(DM(I))TDVQ’ - 75 (‘I’T‘I’ — e 2T %5> ] ) (1.28)

where we have redefined the Higgs field ®(z) — €™ ®(z) such that the kinetic term
is canonically normalized. The crucial feature is that the position of the minimum of
the classical potential is given by the effective 4D vev v = e *"" v5, where e *"7 is the
warp factor (L26]) evaluated at the IR brane ¢ = 7. The dimensionless coefficient A5 is
not rescaled. Consequently, the Higgs mass at tree-level is given by the 5D Higgs mass



20 Chapter 1. Introduction

reduced by the warp factor at the IR brane, such that
mp = Mp5 e kT (1.29)

with mp 5 = v/2X5 v5. A small tuning of the product kr =~ 12 is sufficient to reproduce
the physical Higgs mass if my, 5 is of order the Planck mass. However, we have to choose
a slightly smaller value kr =~ 10. The reason is that the physical cutoff evaluated at the
IR brane is given by

ATeV = Mp] e_km ~ 10 MKK7 (130)

where Mgy sets the mass scale of new particles predicted in the RS model. The so-called
Kaluza-Klein (KK) scale is defined via

Myg = ke Fm. (1.31)

For example, RS models generically predict the existence of a massive version of the SM
gluon, the so-called first KK gluon resonance, with the mass M, g =245 MKK The
non-observation of this particle implies a lower bound of Mk = 1TeV, see Section
for more details. Thus, equation (L30]) ensures that the RS model contains new heavy
particles with masses lying below the physical cutoff, in order to deserve the attribute
“extra-dimensional” I>] Throughout this thesis we will therefore implement the following
valu

L = krm~ 335, (1.32)

where L is referred to as the volume of the RS space. Such a value can be stabilized by
the Goldberger-Wise mechanism [131]. In order to reproduce the Higgs mass in (I.29)
we need to assume that the 5D mass my, 5 is a factor of roughly 100 smaller than the
Planck mass (little hierarchy problem).

Finally, we have to consider radiative corrections to the tree-level Higgs mass in RS
models. As an example, we consider the one-loop Higgs self-energy diagram exchanging
virtual fermions where both vertices are localized at the extra-dimensional coordinates
¢1 and ¢o. Due to the presence of a position-dependent 4D cutoff, the Euclidean loop
momentum is bounded from above by pr < min(Ayy(¢1)), Auv(¢d2) = Agey. Conse-
quentially the Higgs mass will receive radiative corrections dependent on the scale Arey
instead of Mp). With the help of naive dimensional arguments (NDA) the one-loop cor-
rection to the squared Higgs mass can be estimated to ém? ~ A%, /(1672 Mz2y) [132].
The correction grows like the fourth power of the cutoff scale, not like the second power

34Later in this thesis, we will often quote bounds on the mass of the first KK gluon resonance, which
can be directly translated into bounds on the KK scale.

35For instance, the first four KK resonances of the gluon have the masses M,a) = 2.45 Mxk, M ) =
5.57 Mkk, M @) = 8.70 Mxk and M, = 11.84 Mkxk, which shows the approximately equidistant mass
spectrum. Equation (I30) implies that the first three KK-gluon modes have masses below Arev.

36Let us motivate this value for L. The starting point is that the RS model should solve the gauge-
hierarchy problem, which implies that the “little” hierarchy between the electroweak and the KK scale
should be as small as possible. Experimentally, Mxk cannot be smaller than 1TeV. Furthermore, Mk
should not be larger than roughly 10 TeV, otherwise the “little” hierarchy problem becomes worse and
the detection of KK resonances gets out of reach for current collider experiments. So, assuming the
range Mxk € [1,10] TeV, equation (L30) leads to Arev € [10,100] TeV. With Mp; = 1.22 X 10 GeV
this translates into L € [32.4, 34.7]. Instead of varying L within this range we have decided to choose the
specific value (L32)). We emphasize that all analytical results in this thesis are presented for arbitrary
values of L, the specific value (132 only enters the numerical calculations in the phenomenological
sections.
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as it is the case in the SM. Again, we see that some amount of tuning is necessary in RS
models with a Higgs sector localized at the IR brane since there is no mechanism that
separates the cutoff scale Aoy from the electroweak scale Still, the large hierarchy
between the Planck mass and the multiple TeV scale can be successfully addressed by
the RS models considered in this thesis.

1.4.2 Bulk fields in a warped space-time

Apart from the Higgs doublet all other fields are genuinely five-dimensional. In the
following we will present the basic properties when dealing with bulk gauge bosons and
bulk fermions in a warped space-time, the content is partly based on [135, [136]. Let us
start with the 5D action S5 for a general bulk field, which is denoted in this section
by ®(x,¢), and apply the variational principle §S5 = 0. In general, the variation of the
action can be written in the form

(1.33)

555 = /d%; dord® (DP) +/d4x5<1>(8<1>)|¢:0 tr

—T
where D and B denote differential operators. Requiring that the first term in (L33)
vanishes leads to the so-called equation of motion (EOM) D ®(x, ¢) = 0 of the bulk field
®. The second term in (L33)) is evaluated at the orbifold fixed points at ¢ = 0, £7 and
vanishes if B®(x, ¢)|4=0,+x = 0, which defines the boundary conditions (BCs) of & at
the UV and IR branes. The bulk fields are assumed to vanish in the limit z#* — £o0o. In
order to solve the EOM one can make the ansatz (separation of variables)

B(x,¢) = % S (@) 2 (6), (1.34)
n=0

which is referred to as the KK decomposition of the bulk field ®. The factor 1/4/r is
a conventional choice in order to arrive at the canonical mass dimension for the KK
modes ®( . In this thesis we only consider KK decompositions into mass eigenstates,
where the corresponding mass spectrum is determined by the BCs of the bulk fields. The
lightest KK mode that corresponds to a particle in the SM is referred to as the zero mode
(n = 0). The remaining KK modes have masses that increase with their mode number
n, starting with the lightest KK resonance (n = 1) that typically has a mass of order
Mxkx. The functions x® in (IL34]) depend on the position along the extra dimension and
are referred to as the profiles of the KK modes. They form a complete set of functions
and are subject to the orthonormality condition

/_ " A2 (8) XO(B) = B (1.35)

As mentioned earlier each field ® is assigned a Z,-parity, see (I.1I9)), that depends on the
low-energy spectrum of the theory and which is reflected in the corresponding BCs. There

3"There are also realizations of the RS idea where the Higgs boson corresponds to the fifth component
of an additional bulk gauge boson. In this case the gauge symmetry forbids a scalar potential at tree-level
and implies that the Higgs mass is smaller by a loop factor than the typical mass scale of the lightest KK
resonances, see [119, 133]. In fact, based on the AdS/CFT correspondence conjectured by Maldacena
|134] those 5D models are to be considered dual to 4D models where the Higgs is a composite PNGB,
which we have discussed in Section [[.3:2] An introduction to this subject can be found, e.g. in [135].
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are two basic types of BCs which are given by

O(2,0)] 4oy =0 (Dirichlet BC), (1.36)
O0p®(x, ¢ =0 (Neumann BC), '

) ‘¢:O,i7r

with 0, = 0/0¢. Requiring that the field ® vanishes at the fixed point ¢ = 0, £7 we
speak of a Dirichlet (D) BC, which is automatically imposed for Zs-odd fields. The
important feature is that if the EOM allows for a constant solution of the zero-mode
profile x%’ (¢) = const, the assignment of Z3-odd parity, or equivalently the Dirichlet
BC, removes this solution from the spectrum. On the other hand, if one assigns a Zs-
even parity to the field, or equivalently the Neumann (N) BC, the constant solution is
included in the spectrum. Now, upon inserting the KK decomposition (L.34]) into the
5D action S5 and performing the integration over ¢, while making use of the EOMs and
the BCs, we obtain an effective 4D action that contains the SM particles and massive
KK modes. We refer to this as the KK-decomposed theory. Next, we will present more
details on gauge bosons, fermions and interactions in the bulk of the extra dimension.

Bulk gauge bosons

Any phenomenological RS model is based (at least) on the SM gauge group which is
extended to a bulk gauge group acting on 5D fields. As an example we can discuss the
bulk photon, which is the gauge boson of the U (1) bulk gauge group. The corresponding
5D action is given by

S5 = —/d4a:/ dor /|G| EFMNFMN, (1.37)

with the field strength tensor Fasy = Oy An — OnApr. We see that the 5D gauge field
has a canonical mass dimension of [Ay/] = 3/2 instead of 1 as in the SMPY An explicit
bulk mass term is forbidden by gauge invariance. Applying the variational principle to
(L37) yields a mixed boundary term such that the BCs for A, and As are correlated.
The phenomenologically interesting choice is

0pAu(2,9)|g . =0, As(2,0)|o 1, =0, (1.38)

where A, is Zs-even and As is Zs-odd. The first condition implies the existence of a
massless solution with a constant (normalized) profile x4 (¢) = 1/v/2m, and the corre-

sponding zero mode AELO) can be identified with the SM photon. Concerning the fifth
component of the gauge field the Dirichlet BC implies the absence of a (scalar) zero
mode. In fact, the remaining KK modes of A5 are unphysical since they provide the
necessary degrees of freedom for the vector-fields A,Snzl) in order to become massive.
The mass spectrum of the KK photons is given by

1
my, = 2.45 Mgk , MA,>, R <n — Z) Mgk [135] , (1.39)

which is the same for KK gluons. We observe that the KK masses increase with the
mode number n in approximately equidistant steps of mMgkk.

38This explains why we pulled out the factor 1//7 in the KK decomposition ([234]).
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Bulk fermions

We continue with the treatment of bulk fermions. At first, we need a generalization
of the gamma matrices in five space-time dimensions. The Clifford algebra is given by
{F“,Fb} = 27 with a,b € {0,1,2,3,5}, where the metric 7% is flat and has the
signature (+,—,—, —,—). This condition can be fulfilled by a set of five 4 x 4 Dirac
matrices I'* = {y*, —ivs} with p € {0,1,2,3}, where v* are the usual Dirac matrices
in four dimensions and 5 = iy9y17273. Secondly, in a curved space-time we have to
generalize the Dirac operator iIT'™ 9, of flat space-time. Since spinors transform under
the Lorentz group and are not subject to the diffeomorphism group of General Relativity,
one has to introduce a tangent frame that is spanned by the so-called vielbeins. For
our purpose we need the inverse vielbeins in five dimensions, which are defined via
the relation GMN = Eé” Eév n®. In addition, the curved space-time requires to use
the covariant derivative Dy ¥ = (Op — wMaab)\Il with the spin connection wM and
Oap = %[ya, ). Finally, the kinetic 5D action for a Dirac fermion ¥ in the bulk reads

S5 = /d%;/ dpr /|G| (EM Win" Dy T) | (1.40)

which is invariant under general coordinate transformations of General Relativity as well
as Lorentz transformations. Making (L[.40]) manifest hermitian leads to [137]

Sy = /d%;/ dor /|G| [EM<%\I!7 <aM - a})wp + wbgM\I/{'ya,ch}\If>

—sgn(¢) mq,\Il\Il} , (1.41)

where we have added a bulk mass for the fermion field in the last line. The sign function
sgn(¢) of the bulk-mass term is required such that the term is Zs-even and does not
vanish under the integration over the extra-dimensional coordinate ¢. The vielbeins are
given by EM = diag(e?(®),e7(?) ¢7(9) ¢7(®) 1) with o(¢) = kr|¢|. Since the RS metric
is diagonal the term with the spin connection in (LZI]) actually vanishes [137]. The
third important issue concerning fermions in five dimensions is the question of obtaining
a chiral spectrum. In a 4D theory the matrix «5 can be used to distinguish between
left- and right-chiral solutions of the Dirac equation by means of the projectors Pr, r =
(1F75)/2. The Dirac-spinor representation in four dimensions is reducible and allows for
left- and right-chiral (2-component) Weyl spinors. But in theories with an odd number
of dimensions the Dirac-spinor representation is irreducible and does not allow for two
independent solutions. In our case 5 is part of the 5D gamma matrices and cannot be
used to construct a chiral projection operator. However, the orbifold construction will
allow for a chiral projection via BCs. The idea is that a 5D fermion can be decomposed
into two Weyl spinors in four dimensions, V7, and Wi with ¥; rp = Pr, gV, which can
be distinguished by having different BCs. In fact, applying the variational principle to
(L4T)) with respect to ¥ automatically leads to a correlation between their BCs. For
example, let us assume a Dirichlet BC for Wi then the BC for ¥, is automatically fixed
by the fermionic EOM to

k
WR(x7¢)‘07iﬂ =0 — _8(15\11[/ x ¢ |0 — = <§ - m\I/> \IIL(:Z:7¢)|O7i7r7 (14'2)

where we see that the BC for Wy, is of a mixed type. Combined with a positive parity
for U, and a negative parity for Vg, equation (I.42]) implies the existence of a left-chiral
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but not of a right-chiral zero mode. Only the low-energy spectrum is affected. At the
level of KK modes there are both left- and right-chiral modes present. Thus, the BCs
can be used in order to obtain the low-energy spectrum of the SM in case of the SU(2)y,
quark doublet Q(x,®). While at the zero-mode level one degree of freedom (the right-
chiral zero mode) has been removed, the number of degrees of freedom is doubled at
the level of massive KK modes. In a similar way we can proceed in case of a SU(2)p,
quark singlet g(z, ¢), where we impose negative Zs-parity and Dirichlet BCs on ¢. A
further important consequence of the chiral projection via boundary conditions is that
the RS model allows for explicit bulk-mass terms for the SU(2)r, doublets and singlets,
see ([L41]), without breaking the gauge symmetry.

Interactions in the bulk

The strength of interactions is determined by the 5D coupling constant and the so-called
overlap integrals. For instance, a vertex that couples one gauge boson and two fermions
has a (4D) Feynman rule that is proportional to

/ "o 6) () 1 (). (1.43)

—T

where n, m, k are the corresponding mode numbers. The integral becomes trivial for the
special case of a SM photon or gluon (n = 0). Their constant profiles allow to use the
orthonormality relation (L35 for fermions, such that the integral is trivial for m = k
and vanishes for m # k. Consequently, in case of the SM photon and gluon the gauge
interactions are universal which means that their couplings to fermions are independent
of the localization of the fermion profiles.

1.4.3 Switching to the t-notation

Before discussing the solution to the flavor puzzle, we introduce the so-called t-notation
that will allow for a simplification of the calculations in the subsequent chapters. There-
fore, we define the dimensional variable

t=eelel, = (1.44)
where € denotes the warp factor at the IR brane and ¢ can take values in the region
[e,1]. The UV and IR branes are localized at ¢ = ¢ and ¢ = 1, respectively. When we
integrate over the extra-dimensional coordinate we can substitute ¢ with ¢ and replace

4 or [Ladt
do ... — — ... 14
[ — T[T (1.45)

€
where the integration on the right side extends from the UV to the IR brane. In terms
of the new extra-dimensional coordinate the RS metric now reads

2 1
ds? = & (W detdz’ — T dt2> . (1.46)

2 2
t KK

Note that the dimensionless variable ¢ is related to the conformal coordinate z frequently
used in the literature by the simple rescaling z = t/Mgk = R't.
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UV brane IR brane

Higgs

Figure 1.7: Qualitative description of the fermion localization along the fifth dimension.
Light fermions must have a small overlap with the IR brane, where the Higgs is localized,
and are therefore localized close to the UV brane. Heavy fermions like the third generation
of the quarks are more localized towards the IR brane in order to generate larger masses.

1.4.4 Solution to the flavor puzzle and the RS-GIM mechanism

Now, we are in a position to discuss the second motivation for RS models which con-
cerns the flavor sector. We begin with the explanation how the hierarchical pattern
of the quark sector, discussed in Section [[2.2] can be generated without introducing
large hierarchies in the fundamental 5D parameters For this purpose we only need
approximate solutions for the fermion profiles, which will be calculated in full detail in
Chapter[2l The Zs-even profiles of the left- and right-chiral zero modes are given to good
approximation by

L
Xo.4(t) &~ \/;F(CA) teats A=L,R, (1.47)

where we made use of the ¢t-notation defined in (@) The dimensionless coefficients
cr, and cgr are the bulk masses of the left- and right-chiral fermions rescaled by the
Planck mass. They are called bulk-mass parameters and we expect them to be of O(1)
without introducing new hierarchies. Importantly, their values determine the overlap of
the profiles (L47) with the IR brane at ¢ = 1 via the function

1+ 2¢

F(c) = sgn(cos mc) =T

(1.48)
which is referred to as the zero-mode profile. This function can be approximated for two
different ranges of the bulk-mass parameters by

—|i+c|L _
F(c) ~ sgn(cosme) /|1 + 2¢| x { ¢ el o< 1/2, (1.49)
1, c>—1/2.
We observe that the size of F(c) is exponentially sensitive on small O(1) variations of
the bulk-mass parameters for ¢ < —1/2. Keeping in mind that e L~ 10715 for L ~ 33.5
the zero-mode profile can generate large hierarchies. For instance, the quark masses are

39In this thesis we focus on the quark sector, while it is also possible to include leptons in RS mod-
els. The main difference is that the neutrino mixing angles are non-hierarchical, which requires an
additional 5D flavor structure, see e.g. |[13§].

“0The exact fermion profiles for three family generations are given by (Z28)).
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Figure 1.8: Tree-level diagram of four external fermions with flavor indices i, j, k, [ that
exchange a bulk photon, which can be decomposed into the SM photon and a tower of
massive KK modes. The zero mode (n = 0), which is identified with the SM photon, has
a flat profile such that FCNC processes are forbidden. Massive KK modes (n > 1) have
non-flat profiles and allow for FCNC transitions at each of the two vertices.

given approximately by (¢ = u,d)

my, = 5 Vol IP(eq))| IF(eq)l, (1.50)
where Y, denotes a typical entry of the 5D Yukawa matrix Yq We can assume anar-
chic 5D Yukawa matrices where each entry has a magnitude of O(1) with an arbitrary
complex phase, since the presence of the zero-mode profiles in (50 are sufficient to
generate the required hierarchies observed in the quark-mass spectrum. The bulk-mass
parameters for the SU(2)r, doublets are denoted by cg, and for the SU(2)y, singlets by
cq;- In order to correctly reproduce the quark masses (L50]) we have to properly adjust
them. It will turn out to be sufficient to choose values in the range —1 < ¢, 4 < 1
in order to generate the hierarchies. Figure [[.7] shows qualitatively the geometrical lo-
calization of the quark profiles along the extra-dimension. Light quarks are assigned
values in the range cq, 4, < —1/2 which localize the corresponding profiles near the UV
brane. The profiles of heavier quarks must have a larger overlap with the IR brane. The
(right-chiral) singlet profile of the top quark is localized most closely to the IR brane.

Let us summarize the above findings. In the RS model all fundamental parameters in
the fermion sector, the entries of the 5D Yukawa matrices and the bulk-mass parameters,
can be chosen to have (absolute) values of order one. Small variations in the bulk-mass
parameters determine the geometric localization of the fermion profiles along the extra-
dimensions, and thus the overlap with the IR brane. And this overlap determines the
size of the effective 4D Yukawa coupling which is responsible for the generation of the
quark masses.

The fermion localization has important consequences on couplings between one gauge
boson and two fermions. Especially interesting are FCNC processes which are severely
constrained by experimental studies. Contrary to the SM, FCNC processes in the RS
model are already possible at tree-level, see for instance the diagram in Figure [[8
exchanging a bulk photon. Let us consider four external SU(2)y singlet quarks with
flavor indices i, j, k, . Neglecting the external quark spinors the corresponding amplitude
is proportional to (in Feynman 't Hooft gauge)

2 1 1 ! 0 A Ayt

€5 dt dat’ g o Xo WX @) w v

e _ - =Y oY o ( anr/Any J t t 1.51
Aijrl o | T ) T Xi,r(t) X;j.r() n§:0 2 Xe,r(t) xR,  (1.51)

where e5 is the 5D electromagnetic gauge coupling. The infinite sum in (L5I]) is part
of the 5D photon propagator, which will be calculated among other 5D propagators in

“IThe exact dependence of the quark masses on the entries of the Yukawa matrices is given by 232).
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Chapter Bl At low energies we can expand this expression for [p?| < MI%K and obtain
A Ayt
t t 1 1 1
Zixng)xng):— S+ 5 [Lt2<—t2 <——lnt> t’2< lnt>
‘= omy, — D 27p A My 2 2

o0 (i)
+—=+0 )

2L <MI2<K
which has been first derived by using a recursive approach |132]. The result can also be
obtained by expanding the exact expression ([3.23]) for small momenta. The first term
on the right side of (52]) stems from the exchange of the photon zero mode and is
independent of the ¢, coordinates, since the zero-mode profile is flat. Inserting this
term into the amplitude (I5I)) we can apply twice the orthonormality condition (L35I
of fermions for ¢t and ', which implies that only the combination 7 = j and k = [ yields
a non-zero contribution. In other words, FCNC transitions are forbidden for the photon
zero mode due to its flat profile. The remaining terms in (I.52]) stem from the exchange
of massive KK modes. Terms that depend only on ¢ or ¢’ can lead to a flavor change at
one of the two vertices, while the other vertex remains flavor diagonal. Such processes
are referred to as AF = 1 transitions. Flavor changes at both vertices can be induced by
the term proportional to t2< = min(¢2,#?) and are called AF = 2 transitions. The next
step is to determine the size of the FCNC couplings. As an example, we consider the
term proportional to t? in (IL52) which is integrated together with the fermion profiles
in (LEI). Using (L47) for the profiles the corresponding overlap integral reads

(1.52)

/ 2 X (t) X R(t) ~ Fleg) Fleg,) (1.53)

where the right-hand side sets the size of the integral provided that ¢, + ¢4, > —3. The
latter condition is fulfilled for all RS points, since cq, 4 > —1. Thus, the size of the
overlap integral depends on the localization of the fermions along the extra dimension.
One can derive analogous relations like (IL53]) for the overlap integrals including the
remaining ¢, ¢-dependent terms, see [132, (139, 140]. The fact that overlap integrals with
light fermions are automatically suppressed by their localization near the UV brane is
referred to as the RS-GIM mechanism, see Figure [L9 for a qualitative description. One
important reason why this works is that the bracket in (L52]) includes only non-negative
powers of t and ¢/, which implies that the tower of massive KK modes is either delocalized
(the constant term) or localized near the IR brane.

It turns out that the RS-GIM mechanism is very successful in suppressing correc-
tions to FCNC processes in the RS model such that many observables are in agreement
with experimental measurements for KK scales of a few TeV, or equivalently the first
KK-gluon mass in the multiple TeV range [132, 140, |142 146 . Still, there are some
exceptions. For instance, corrections to the Zbrby, coupling can be large since the left-
chiral bottom quark profile is localized close to the IR brane, which implies that the
zero-mode profile F'(¢p, ) is in general not suppressed. One can suppress the Z brbr, cou-
pling by embedding the SM quarks into a SU(2)1, x SU(2) g model, where the left-chiral
bottom quark is symmetric under the exchange of SU(2)z and SU(2)g [147, 148]. Such
a model will be discussed in more detail in Section 24l Another important observable
in the RS model is ex that measures C'P violation in the neutral kaon sector (K%-K°

42In general, RS corrections to the observables in the flavor sector depend on the 5D parameters in
the fermion sector, i.e. on the distribution of the bulk-mass parameters and the structure of the Yukawa
matrices. Therefore, one cannot formulate stringent bounds on the KK scale.
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€ t 1 € t 1
Figure 1.9: Qualitative illustration of the RS-GIM mechanism based on the description in
[141]. In both plots the dashed line represents the t>-term in (C52) which indicates that
the massive KK modes are localized near the IR brane. The left plot shows two fermion
profiles, one localized near the UV brane and the other close to the IR brane. The size
of the overlap integral (53] is indicated by the area shaded in light blue. The overlap
region is much larger when both fermions are close to the IR brane as shown in the right
plot.

mixing) [132, 144, 145, [149, 150]. Large RS corrections to the SM prediction can be
induced due to a strong chiral enhancement of the Wilson coefficient of the four-quark
operator Q4 = (dgsr)(dpsg), after performing the RG running from the KK scale down
to the meson mass. Accepting a moderate fine-tuning KK-gluon masses in the range of
(10 — 20) TeV are required to mitigate the tension [140, 144]. In order to relax the con-
straints arising from the ex parameter one possibility is to extend the strong-interaction
gauge group in the bulk by an additional SU(3), and then break the enlarged symmetry
to QCD via appropriate boundary conditions. Such a scenario was investigated in my
diploma thesis [151] and published in [141), [152], with the result that the lower bound to
the first KK-gluon mass could be reduced to roughly 5 TeV. Other approaches to mit-
igate the tension make use either of horizontal symmetries |153, [154], flavor alignment
[155] or by moving the Higgs sector into the bulk [156]. Another constraint arises from
the RS corrections to the neutron electric dipole moment (EDM), which have been esti-
mated in [142, 143] leading to a first KK-gluon mass in the range of 10 TeV. Moreover,
since the RS model is an effective field theory one can write down (non-renormalizable)
four fermion operators mediating proton decay. However, when implementing discrete
symmetries, for instance lepton number conservation to forbid operators of the type
q19293l, proton decay can be sufficienty suppressed [157, [158].

1.4.5 The Higgs-sector localization

In this thesis the primary focus lies on RS models with a Higgs sector localized on and
very near the IR brane. There are two implementations of the Higgs sector which are
referred to as the so-called brane-localized and the narrow bulk-Higgs scenarios. The
reason for this distinction was first understood after calculating the one-loop triangle
diagram for Higgs production via gluon fusion in the RS model, which is one of the main
results of this thesis. Chapter d contains a comprehensive discussion of this point. Later
it was realized that treating the Higgs boson as a general 5D field propagating in the ex-
tended bulk of the extra dimension [119, 1133, [159-162] does not spoil the solution to the
gauge-hierarchy problem. While the latter implementation of the Higgs sector seems to
be more natural in the sense that all fields are now treated as genuinely five-dimensional
the brane-localized and narrow bulk-Higgs scenarios can be treated as important bench-
mark models which should be considered first. In addition, the localization of the Higgs
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on and near the IR brane allows to obtain closed analytic expressions for the results in
Higgs production and decay and also for certain contributions in b — sv transitions,
both topics will be extensively covered in Chapters [ and Bl A comprehensive study of
the processes presented in the general set-up of a bulk-Higgs model is beyond the scope
of this thesis

The brane-localized Higgs scenario can be defined in a general way which allows for
a non-zero width of the Higgs profile, as long as it cannot be resolved by the modes of
the RS model and hence does not affect any observables. We recall that RS models are
EFTs with an inherent, position-dependent UV cutoff given by the warped Planck scale
[126-130]

Are
AU\/(t) ~ Mp; 6_0(¢) = Mp; ¢ = Tev . (1.54)

This accounts for the fact that they do not provide a description of quantum gravity.
The variation of the UV cutoff along the extra dimension is a crucial feature in order
for RS models to provide a solution to the gauge-hierarchy problem, see Section [[L4.1] If
the sector of electroweak symmetry breaking lives on or near the IR brane at ¢ = 1, then
the effective UV cutoff regularizing quantum corrections to the scalar sector is of order
Arev ~ 10 Mkk. As mentioned earlier the little hierarchy problem is not addressed by
RS models, because the theory must contain several KK modes below the cutoff (and
hence the value of Ay must be in the multi-TeV range). The scale Ay also provides
the effective UV cutoff in loop graphs involving Higgs bosons. The condition that the
modes in the effective theory cannot resolve the width of the Higgs-boson profile can be
stated as

Y,
n < ol (brane-localized Higgs), (1.55)
ATeV

where |Y;| sets the scale for the dimensionless 5D Yukawa couplings of the model. The
parameter 7 is understood as the width of the Higgs profile along the extra dimension
that extends from the IR brane into the bulk. Only if condition (53] is satisfied, the
Higgs field can be regarded as being localized on the IR brane in the sense that any
possible extension into the bulk does not give rise to observable effects. This scenario is
referred to as the brane-localized Higgs scenario. Relation (L55]) should be considered as
a condition on the regulator n at fixed, physical UV cutoff Atey. For a brane-localized
Higgs field one should take the limit 7 — 0 wherever possible, but the above condition
states that keeping 7 finite but smaller than the bound on the right-hand side would not
change the physics.

If the Higgs (zero mode) profile largely extends into the bulk such that the width
fulfills the inequality n > v|Yy|/Arey, then we speak of bulk Higgs (zero mode). In
this case we have to work with a five-dimensional Higgs field which decomposes into
a Higgs zero mode and an infinite tower of Higgs KK Inodes In order to clarify the
notation, for the remainder of this thesis we will always refer to the Higgs zero mode if
not stated otherwise The Higgs profile can then be resolved by the high-momentum
states in the effective theory. Moreover, the equivalent relation Arey > v|Y;|/n shows
that it is impossible in this case to take the limit n — 0. This would send the cutoff to
infinity, and thus the model would no longer provide a solution to the gauge-hierarchy
problem. In the general case, results for amplitudes in the RS model with a bulk-Higgs

438till, we will also discuss several aspects of the general bulk-Higgs model and will derive the profiles
of the Higgs and gauge bosons, in Chapter 2] and the Higgs and W*-boson 5D propagators in Chapter [3l

44We emphasize that Higgs KK modes are absent in the brane-localized Higgs scenario by construction,
since their masses mg, ~ Mkk /1 exceed the physical cutoff Arey.

45For instance, when we speak of the Higgs profile we always mean the profile of the Higgs zero mode.
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Figure 1.10: The presence of the rectangular regularization of the Higgs profile (L58])
splits the extra dimension into two regions ¢ € [¢,1 —n) and t € (1 — 7, 1]. In each region
one has to obtain solutions, e.g. for the fermion profiles and 5D propagators, which are
supposed to match at ¢t = 1 —n. This is symbolically shown by the gray line and the black
circle.

field depend in a complicated way on the shapes of the Higgs and fermion profiles along
the extra dimension. However, for a narrow Higgs profile, defined by the relation

Y, Y,
M <L n K M (narrow bulk Higgs), (1.56)
Atev Mxkxk

model-independent expressions can be derived. Equation (L56]) defines the so-called nar-
row bulk-Higgs scenario. It will be shown in Chapters[d and Bl that there can be different
results obtained under the two assumptions (L55]) and (L56]), which are not connected
to each other in a continuous way. Rather, one should consider the two scenarios as two
different, distinguishable realizations of RS models. In this thesis, we take an agnostic
point of view regarding the question which kind of RS model is theoretically most ap-
pealing. The overwhelming majority of the RS literature has been based on models in
which the scalar sector is localized on the IR brane. These models should therefore be
included as a benchmark in any phenomenological study.

Finally, we have to clarify how the regulator 7 is technically implemented when
performing calculations. We point out that the brane-localized Higgs sector cannot be
implemented in a well-defined way by a é-function on the IR brane §(¢ — 1). For consis-
tency reasons it is important that one can integrate by parts in the 5D action without
encountering boundary terms. Otherwise the Lagrangian would not be hermitian. Usu-
ally this feature is ensured by the Zs-parity assignments to the 5D fields, which imply
that Zs-odd profiles must vanish at the IR brane ¢t = 1. However, the presence of the
d-function 6(¢ — 1) would lead to discontinuities of some of the fermion profiles at t = 1,
see the discussion below equation ([2:2I). One possibility to solve this ambiguity is to
move the d-function into the bulk such that

dt—1)—=d6(t—1+n); n<l. (1.57)

The consequence is that the profiles now have discontinuities at ¢t = 1 — 7. At the end of
calculations the results are then obtained by taking the limit  — 0. However, for the
analysis in this thesis we will take a different approach and work with the regularized
version of the d-function denoted as 0" (t—1). For the calculations we implement a square
box of width 7 and height 1/7, such that

1
oMt —1) — Zﬁ(t—l—l—n), with n<l, (1.58)
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where 0(t) denotes the Heaviside step function. The regularized é-function is normalized
to 1 when integrated over the bulk of the extra dimension. Figure [[.T0 shows a visu-
alization of the function (L58]) which is marked as the regularized Higgs profile. The
advantage of using (58] instead of (LI7) is that the regularization prescription can
be connected to both brane-localized and narrow bulk-Higgs scenarios, as defined via
the relations (L55]) and (I.56]). We emphasize that the shape of the regularized profile
is irrelevant for the physical results as long as n < 1.






2 Phenomenological models with
one warped extra dimension

This chapter will introduce different versions of the RS model. We will limit the dis-
cussion to the basic ingredients and formulas which are necessary to perform the calcu-
lations and the phenomenological analyses in the subsequent chapters. In the first two
sections we will discuss the minimal RS model, which is based on the SM gauge group
SU3). x SU(2)r, x U(1)y. It describes the simplest extension of the SM incorporating
one warped extra dimension. While we will mainly focus on the Higgs sector localized
on or near the IR brane, as explained in Section [[L4.5] we will also discuss some aspects
of the minimal RS model for the case of a bulk-Higgs field. In general the 5D action of
the RS model can be parametrized by

S = /d4$ (ﬁFerm + ﬁGauge + ﬁHiggs + Lyuk + Lar + ﬁFPG) ) (21)

which includes kinetic terms for the fermions and gauge bosons, the Higgs and Yukawa
sectors, and the gauge-fixing and Faddeev-Popov ghost terms. The discussion of the La-
grangian terms in Sections 2.I] and is based on the content of |132], but we will use
a more convenient notation. After that we will present the extension for a bulk-Higgs
field in Section 2.3 which I have worked out, and which is based on our publications
[2,1163]. One disadvantage of the minimal RS model is that it is in tension with some
of the electroweak precision observables, especially with the Peskin-Takeuchi 7" param-
eter. As a consequence, we will consider in Section 2.4l the custodial RS model which is
based on an enlarged gauge symmetry SU(3). x SU(2)r, x SU(2)r x U(1)x, where the
additional gauge group SU(2)g protects the T' parameter from excessive corrections in
this model. The details presented here are based on [149]. In the last section we will
discuss the parameter space of the RS model and explain the generation of RS points,
which will be important when we numerically compare the RS predictions with exper-
imental measurements in Chapters 4l and [l The procedure for generating RS points is
based on a modified version of the algorithm that was first implemented in [132]. Fi-
nally, we will discuss tree-level corrections to the Peskin-Takeuchi parameters S,T,U
in the minimal and custodial RS model. The analysis will allow us to derive universal
bounds on the KK scale which are independent of the Yukawa matrices and the fermion
bulk-mass parameters. This last part is based on an updated analysis of [164].

2.1 Higgs and gauge-boson sector

We begin with the minimal RS model where the Higgs sector is localized on or near
the IR brane. Here, the SM gauge group SU(3). x SU(2)r, x U(1)y lives in the bulk
and gets broken to SU(3). x U(1)gy on the IR brane, where the Higgs field develops

33
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a vev. All gauge bosons are allowed to propagate in the bulk, i.e. in the 5D framework
we deal with the 5D photon Ay (z,t), the gluon Gps(z,t), the W+ boson Wi( t) and
the Z boson Zys(x,t). We can decompose the 5D fields into 4D mass eigenstates such
thatl (B = 4,G, Z, W) [132]

B (z,t) \/_ZB . Bs( Zm—BnSOB ) Oixn (1), (2:2)

where Bﬁn) is the n'® KK gauge boson with profile Xf and mass mp,. We emphasize

that each 5D field has the mass dimension [Bps] = 3/2 when the kinetic terms are
canonically normalized, which is the reason for the factor 1/y/r in ([2:2). The scalar
£(n) (1)

particles ¢y, 7, 0, are “unphysical” in the sense that they provide the longitudinal
degrees of freedom of the W*, Z bosons (n = 0) and their KK modes (n > 1). Similarly
the scalar particles gofff) and gpgb) provide the longitudinal degrees of freedom for the
photon and gluon KK modes.

We continue with the Higgs sector. The corresponding Lagrangian follows from (L.6])
in the SM by localizing it via the regularized J-function (L58]) at the IR brane, such

that

1
dt 2
Litgs = | 7 VIt~ 1) [G“”(Du@)T(DJI)) +ptolo - (ofe) ] o (23)
where p is the 5D Higgs-mass parameter and A is the 5D quartic coupling. Furthermore,
V|G| = (¢/t)* is the square root of the determinant of the RS metric (L46) in t¢-
notation. After EWSB we can parametrize the Higgs doublet by

L —iV2pT(a)
2w =7 < T hiz) + w3<x>> ’ 24

where the factor 1/e is introduced in order to obtain canonically normalized kinetic
terms. Here, ¢* and (> are the NGBs, h is the physical Higgs boson and v = eu/ VA
denotes the vev in the RS model. We determine the value of v from the shift to the
Fermi constant Gp which can be derived in the RS model by considering (at tree level)
the effect of the exchange of the infinite tower of KK W bosons on the rate for muon
decay. It differs from the SM value (v2Gr)~'/2 ~ 246 GeV by a small amount, see (2.94))
for the precise relation. The scalar fields ¢* and 3 in ([Z4) are the NGBs which mix
with the fifth components of the gauge fields W5i and Z5. This point can be seen by

decomposing the NGBs into the mass eigenstates goﬁ,(n) and gp(Zn), such that [132]

mw () (Y - = v
0 =2 mae Ve W)= g

2. 2
my - gs + 95 v
= E E\/waf(l)cp(zn)(x); my = 5 IS
n n

(2.5)

2mr 2

where g5 and ¢} are the 5D gauge couplings of SU(2);, and U(1)y. We will see from
(I0) that ry and 7y are the leading contributions to the W*- and Z-boson masses
in an expansion in powers of v? /MI%K Furthermore, we will find that the profile of

n case of the 5D W boson we will denote the charged scalar particles as gafv':v(") instead of go(v‘"/)i

as suggested by equation ([Z2). Furthermore, the profiles are denoted by XV without the & superscript
since the profiles coincide for positively and negatively charged W bosons.
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the zero mode is flat up to corrections of order v?/MzZy, see (ZI2). It then follows
that V271 XYVLV ’Z(l) is close to one, and hence the fields p*, ¢? coincide with goﬁ,(o), go(ZO)
to leading order. We mention that one can adjust the gauge-fixing Lagrangian so as to
cancel any mixings between the vector and scalar fields. More details on the gauge-fixing
procedure can be found in [132].

Now, let us turn to the 5D gauge couplings. We note that the covariant derivative
in (Z3)) is defined by
g5
2 cos by,

Dy =0y — in\/% (0+WAJ2 + U_WA}) — YAV (03 — 2Q) sin? Qu,) —iesQAM,

(2.6)

where ot = ol +i0?, Q is the U(1)gm charge, 6, is the weak mixing angle and ej is
the 5D electromagnetic gauge coupling. In the context of RS models the weak mixing
angle can be expressed as sin® 6, = g? (gg + g?), which can be studied experimentally
via the Z-pole polarization asymmetries observed at the Large Electron-Positron (LEP)
Collider. As in the SM the 5D electromagnetic and SU(2) [, gauge couplings are related by
e5 = g5 sin #,,. We note that all 5D gauge couplings, including the QCD gauge coupling
gs5, are dimensionful quantities with mass dimensions [g5] = [g] = [e5] = [gs5] =
—1/2. In case of the photon and the gluon we can obtain the corresponding 4D gauge
couplings in the SM by e = e5/v/2mr and gs = gs5/v/27mr [163, 1166], which follows from
the flatness of the profiles of the photon and gluon zero modes. In case of the massive
gauge bosons with non-flat profiles the corresponding gauge couplings to fermions receive
corrections of order v? /MI%K, see (2.95]). More details on the relation between the 5D
gauge couplings with physical observables will be presented in Section

Gauge-boson profiles and masses

When we insert the KK decomposition (2.2)) into the 5D action for the gauge bosons we
can derive the following EOM for the profiles (B = A, G, Z, W) [132]

1 2 B ] Lm2B B
(1070 + 23, X0 - = 1) 75 ) xE(0) =0, 2.1
KK

where zp, = mp, /Mgk. The d-function is only present in case of the W- and Z-
boson profiles and stems from the Higgs Lagrangian (2.3)). Integrating the differen-
tial equation over a small interval around the coordinate ¢ = ¢ we obtain the Neu-
mann BC 9;x2(t)|. = 0 at the UV brane. We implement (L58) for the regularized
d-function in (7). The presence of the regulator n splits the calculation into two
regions t < 1 —n and t > 1 — 7. In the first region for ¢ < 1 —n we can imple-
ment the UV BC and find x2(t) = N, /L/7t (Yo(zne)J1(xnt) — Jo(zn€)Yi(2nt)) with
one coefficient NV,, that remains to be determined. In the second region t > 1 —n
we can take care of the BC O;xZ(t)]; = 0 at the IR brane and obtain the solu-
tion x2(t) = Nu/L/mt (Ko(n~ Y2811 (=" /28,t) + Io(n~'/28,) K1 (n~Y/28,t)) with
the coefficient N, and the abbreviation S, = (Lm%/ Mz —nm%n)l/z. We can fix
one of the remaining two coefficients by demanding continuity of both solutions at
t =1 —n. The last coefficient can be numerically fixed by imposing the orthonormality
condition [132, 165, [166]

o (Ldt
2 [ SN0 XE ) = b 28)
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which then provides a solution to the gauge-boson profiles for finite values of 7.

In fact, we are more interested in the limit of very small values of n < 1, for which
we can derive closed analytic solutions. Integrating the differential equation (7)) along
the interval [1 — 7, 1] and sending then n — 0 we can derive the modified BC at the IR
brane [132]

=2

O (W), = Tin Ot — ) = — L), (29)
n—0+t MKK

which is considered as a limiting procedure. Since the derivative GtXYVLV Z s a Zs-odd
function and must vanish exactly at ¢ = 1 by symmetry arguments, the modified BC (2.9])
implies that GtXYVLV Z is discontinuous at the IR brane ¢ = 1. In other words the profiles
X,YLV Z have a kink at t = 1, which means that they are not continuously differentiable
at that point. In case of the photon and gluon profiles the absence of brane-localized
terms in the EOMs (2.7) implies that 8txﬁ’G(t)\t:1 = 0 can be unambiguously imposed
at the IR brane. As a consequence the profiles Xﬁ’G are continuously differentiable at
t = 1. The IR BCs of the profiles can be used to determine the mass eigenvalues mp, . At
leading order in v?/MZ we find the following physical W- and Z-boson masses [132]

2 72, |1 iy 7 L1+t O ot 2.10

where myy, z is defined in (2.5]). Since the masses of the KK modes are determined
by zeros of Bessel functions they admit an approximate equidistant spacing, such that
mp, ., ~ mp, +7Mgk for n > 1. As already stated in (.39) the mass of the first photon
and gluon KK mode is given by ma, = M a) = 2.45 Mgk, with small deviations from
this value in case of the first KK W- and Z-boson modes. Finally, we present the exact

results for the gauge-boson profiles (B = A, G, Z, W) [132]

Xn(t) = Nn\/g ter(t), (2.11)

with the linear combinations ¢ (t) = Yo(zpe)Ji(znt) — Jo(zne)Yi(zpt) and ¢, (t) =
Yo(zne)Jo(xnt) — Jo(xne)Yo(xnt). The normalization constant is fixed and takes the
value N, 2 = [¢f (1)]? + [¢;, (17)]2 = Z¢t(1) ¢, (17) — €[ef (e)]? [132]. In later chapters
we will need the profiles of the zero modes expanded in orders of v? /MI%K Expanding
(Z11) for n = 0 we obtain [132]

AG 1
Xo () =—=

V2T ’

2 4
W,Z 1 M.z (2 1 1 1 v
Zy=— [1- 2L (2 (L-Z4lnt)—=+—]+0O
Xo (1) \/_271[ 2MI2<K< ( st M) Tetar) T\ ) |

where the photon and gluon profiles are exact. We see that the W- and Z-boson profiles
receive corrections of order v?/MZy which is a consequence of the IR brane-localized
term in (7)) which stems from the Higgs sector (2.3)).

(2.12)
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2.2 Quark sector

The 5D quark Lagrangian contains the SU(2); doublet Q(z,t) and the two SU(2),
singlets u(x,t) and d(z,t), each of which are three-component vectors in generation
space. The 5D fermion states can be described by four-component Dirac spinors [137,
157]. We use a compact notation, where we collect the left- and right-chiral components
of the up- and down-type states into six-component vectors Uy = (Ua,us)’ and Dy =
(Da,d A)T with A = L, R, which are collectively referred to as Qy, r. Using this notation
the quark Lagrangian can be expressed by

Lterm = / dt\/\? Z Q(x,t) [Zﬁ Myxv50 — Mic (c(? Oq>]Q(m,t), (2.13)

—C
Q=U,D t

where Q = Q1 +Qpg. Equation (2I3]) contains the (dimensionless) bulk-mass parameters
cq and ¢, which are 3 x 3 matrices in generation space. It is always possible to choose
a basis where these matrices are real and diagonal [132], which we will assume in the
following. In this basis the Yukawa interactions read

1
M, _
Lvie == [ FEEE 8~ 1)[Quleit) 2(0) Y7 dalar

+ Qr(,t) D(2) Y di (2, ) + ey Qu.r (2, 1) ®f () YIP up(w,t) (214)
+ €ab Qa,r (2, 1) @Z(az) Y P up(x,t) + hee.|,

where € = i0? is two-dimensional Levi-Civita symbol with €10 = 1. Note that the entries
of the Yukawa matrix Y:;’D have negative mass dimension, [(Yq5D)Z-j] = —1. Inserting
the parametrization of the Higgs doublet (24]) into (2.14]), and neglecting the NGBs, we
obtain

Y5D
Lyva=-Y /dthrh 51t —1) Oy (x, t)k<Y8DT ¢ )QR(ac £ +he.. (2.15)
q=u,d

Based on this equation it is convenient to define dimensionless Yukawa matrices (¢ =
u,d) [137, [157]

k
Y, =3 yP, (2.16)

where k is the curvature defined in (I25]). In this thesis we will assume that the Yukawa
matrices, as defined in (ZI6)), exhibit an anarchical structure with |(Yg);;| = O(1). Note
that we can generalize (2.I4]) and (ZI5]) by introducing two different Yukawa matrices
YfD’C and YfD’S that couple to Zs-even and Zs-odd fields, respectively. In the literature
the interaction terms with Yq5D’C are often referred to as the correct-chirality Higgs
couplings, since they are also present in the SM. The remaining interactions that involve
YfD’S couple right-chiral SU(2);, doublets with left-chiral SU(2)y, singlets. Those terms
are called the wrong-chirality Higgs couplings since they are absent in the SM. The
distinction between YqSD’C and Yq5D’S is only allowed in brane-localized Higgs scenarios,
and would be forbidden by 5D Lorentz invariance for a generic bulk Higgs. However,
since we can consider the brane-localized Higgs scenario as a special limit of the more
general bulk-Higgs model we can motivate to set both Yukawa matrices equals to each
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other 3 Therefore, we will assume in the following that Y;]5D = YqSD’C = Y:ISD’S.
We continue with the decomposition of the 5D quark fields into KK mass eigenstates
and profiles

Qalz,t) =" QY1) (2); A=L.R, (2.17)

where Q,q = (U, u), (D, d). The superscript n labels the different mass eigenstates ql(f)

in the effective 4D theory, such that n = 1, 2, 3 refer to the SM quarks, whilen =4,...,9
label the six fermion modes of the first KK level, and so on. The functions Q(Ln}z denote
the profiles of the left- and right-chiral components of the n'" KK-mass eigenstate. The
upper (lower) components of QXL) include the profiles of the SU(2); doublet (singlet)
quark fields. They can be parametrized by

ao-E(E0d).  wo-fEED. e

for (Q,Q,q) = (U,U,u),(D,D,d). Here, the Zs-even profiles are denoted by C’,?’q(t)
while S’g (t) are Zy-odd functions. They are diagonal 3 x 3 matrices in generation space
with real-valued entries and they depend on the bulk-mass parameters cg and c;. The
SU(2)p gauge symmetry implies that the SU(2); doublet quark fields have the same
profile functions Cy = CY = CP and SY = SY = SD_ The 3-component complex-
valued vectors ag’“ and af? 4 in (2I8]) describe the flavor mixing of the 5D interaction
states into 4D mass eigenstates which are generated by the Yukawa interaction. Switching
off the Yukawa interactions, e.g. by taking the limit v — 0, the vectors ag’q become unit

vectors and no flavor mixing occurs |132].

Quark profiles and masses

After inserting the KK decomposition (Z.I7)) into the fermion action (2.I3]) we can derive
the fermion EOMs for the left- and right-chiral profiles [132]

[0 — My ()] Q0 (1) = —4, QW(1), [0+ My(1)] Q5 () = 24, Q0 (1), (2.19)

which are coupled first-order differential equations. The normalized masses are denoted
by x4, = mg, /Mkk. Equation (ZI9]) contains the generalized mass matriz (¢ = u, d)

1 /e 0 0 Y, v

which is a t-dependent 6 x 6 matrix. We emphasize that the regularized §-function in
([220)) is necessary. A naive treatment of the d-function would be mathematically not
well-defined as was first pointed out in [167]. We can see this from the upper component
of the second differential equation in (2I9]) which explicitly reads

(0 + jeo) 820108 = 2,02002 - o8- DY, ClO . (220

2In Chapter @] we will also comment on the possibility of two different Yukawa matrices Y;SD'C and
Yq5D’S in the brane-localized Higgs scenario. We will find find that the leading effects of the results for the
loop-induced processes gg — h and h — vy depend only on the Yukawa matrices of the correct-chirality
Higgs couplings.
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Integrating (Z.21]) along infinitesimal intervals around the IR brane at ¢ = 1 the presence
of the naive -function on the right side would lead to a non-zero value for the fermion
profile S (t) at the IR brane. But this is in conflict with the BC Sr?(l) = 0, which
follows from the Zs-odd parity of the profile. We mention that one can also treat the
Yukawa interactions as perturbations and solve the free EOMs [137, 157, [158, [168—
170]. Still, when rotating into the mass basis the Yukawa interactions are included and a
regularization procedure has to be applied. In order to solve the ambiguity, one possibility
is to move the d-function into the bulk using the prescription (L57]), which implies that
the Z3-odd profiles are discontinuous at ¢ = 1 —n |L71]. However, we focus on the other
prescription where the d-function is regularized by a box-shaped function, see (L5S]).
In the following we derive solutions with an exact dependence on the Yukawa matrices
[132, 149, 157, 1167, 172]. The presence of the regulator splits the fifth dimension into
two regions t € [e,1 —n) and ¢ € (1 — 7, 1]. Instead of deriving the full solution in both
regions we will focus on the latter region in order to correctly determine the (modified)
IR BCs for the profiles. Then, we will use the IR, BCs to determine the quark profiles in
the brane-localized Higgs scenario with n sent to zero.

We begin with the region ¢ > 1 — 7 where we can replace §7(t — 1) by 1/n in
the generalized mass matrix ([2.20). We assume that n is small enough such that the
Yukawa term dominates over the bulk-mass term, which imposes the condition n <
v|Y,|/Mxkk. Note that this upper bound on 7 is part of the definition of the narrow
bulk-Higgs scenario (L56) in Section Then, based on the EOMs (219) we can
derive the second-order differential equations (t > 1 — 1)

1 (X2 —n?a? 0
2_ — (g " Mg _ M)y — Q- _
[at n? < 0 Xq2 _ 772$2n>:| QA (t)=0; A=L,R, (2.22)

where we introduced positive, hermitian 3 x 3 matrices (¢ = u, d)

X, =0\Y,Y,, X,=0\/Y,Y,. (2.23)

The square root is understood in terms of its series representation. General solutions to
([2:22)) are given by the trigonometric functions

1-— 1-—
S(t) = sinh <Sant> , C(t) = cosh <Sant> Sy, =/ X2 Pl . (2.24)

Moreover, we need the functions S(t) and C(t) which are defined like S(t) and C(t) with
X, instead of X,. With the help of the Neumann (Dirichlet) BCs of the Zy-even (-odd)
profiles at the IR brane we can obtain the solutions

(n) cy O (n) (n) Sy O (n)
QM (t) = ( U)o ) o1, oW = ( W) e ) Qi (1,),  (2.25)

C
0 30y 0z,

where 1, = 1 —1. They depend on two coeflicients Q(Ln)(ln) and Qgg)(ln), which need to
be determined from the continuity condition at t = 1 —n. At this point we make another
assumptions that n < v|Yy|/mg,, which implies that we can neglect the mass-dependent
terms such that S, — X,. Thus, inserting the solutions (Z27]) into the first-order
differential equations we obtain the modified BCs at the IR brane

(e¥d 1) @07 =0, (1 —e¥)oPa) =0, (226)
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which are understood as a limiting procedure for  — 0. The limiting procedure is

important since the Zs-odd profiles in the lower (upper) components of QSL”) (le)) are
discontinuous at t = 1. In (2.26]) we introduced the modified Yukawa matriz

tanh X,

Y.QE Xq q»

(2.27)

that differs from the original Yukawa matrix Y, by corrections of order v? /MI%K In the

limit n — 0, the EOMs (Z.19)) together with the UV and the modified IR BCs (2.26) are
solved exactly by [132]

. co)a%
o) - va (e it ey

c ~(t,c ag
oo i (W i)

for Q,Q,q = (U,U,u),(D,D,d) and with the linear combination of Bessel functions
fE(t,c) = J_1/2—c(Tn€) Jx1/24c(Tnt) £ Jij2pc(Tn€) Ji1/2—c(Tnt). For the special case of
(c+1/2) € N, the correct solutions have to be obtained by a limiting procedure. The
orthonormality condition of the fermion profiles [132]

(2.28)

1 ’
/ dt Q11 (1) Q) () = G+ A=L,R, (2.29)
can be used to determine the normalization coefficient N,, in (2.:28]). One finds the result
N2(e) = (£ (L 2+ [f (L) =2y £ (1,0 f (L o)—e2[f;F (e, o) [132). The three-
vectors ar;'? and the physical masses mg, can be determined from the modified IR BCs

in (2.20]).

We can derive approximate formulas for the SM quarks, since their masses are much
smaller with respect to the KK scale, i.e. my, < Mgy for n = 1,2,3. Expanding the
profiles (Z:28) in the limit z,, < 1 and working at zeroth order in v?/MZ2, we obtain

(n=1,2,3)
F(eg)te@ af
Q(Ln) (t) [ ( tlteq _1+2eqp—cq ~q 5

—Zq,,0 F'(cq) T it2e,  Un (2.30)

t1+CQ_ 1+2CQt—CQ AQ
S G

F(eq)teaf

where x4, 0 = mq, 0/Mxk. We refer to (Z30) as the quark profiles in the zero-mode
approzimation (ZMA). The function F(c) has already been defined in (48] and is
called the zero-mode profile. As discussed in Section [[.4.4] the size of the function is
exponentially sensitive on small O(1) variations of the bulk-mass parameters, which
allows to generate large hierarchies in the fermion sector. The zeroth-order masses m,, o
and three-vectors 427 in ([230) can be inferred from the modified IR BCs. Inserting the
profiles (Z230) into (2:26]) we can derive the two equations |132]

2 v? fF i\ f 2 v? i\ Ty eff
<mqn,01 -3 Y (qu ) > @ =0, <mqn,01 Y (qu ) Y/ > aj, =0, (2.31)

with the effective Yukawa matriz quff = F(cq) Yy F(c,) [132]. The masses my, o are the

(real) eigenvalues and the vectors a$™? are the eigenvectors of the equations in (Z3I)). We
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can find analytical results for the SM masses |132]

B L|det(Yu)| . . B L|det(Yd)| . .
M= ey @) F el =% tagn Flee)Flea)l.

_ 0 M po e = 0 (Mo
Me = V2 (V)33 |F(cqq) F(cus)l s V2 (Y |F(c@q)F(cay )] s (2.32)
my = | (Y)ssl [Fcq ) Flew)l . miy = —=|(Ya)ssl| Flegy) Feay)],

V2 V2

where (M);; denotes the minor of Yy, i.e. the determinant of the square matrix formed
by removing the i*! row and the j® column from Y. The formulas (Z32) justify the
approximative equation (L50). As already stated in Section [[.4.4] we find that the exper-
imental mass hierarchies in the up- and down-type quark sector can be realized through
the localization of the quark profiles in the bulk. This allows for a geometrical explana-
tion of the mass splittings without relying on a hierarchical pattern in the 5D Yukawa
matrices.

2.3 Extension to the RS model with a bulk-Higgs field

This section extends the previously discussed minimal RS model to a model in which
the Higgs field and its vev have profiles along the extra dimension. The motivation is
to relate the scenario of a strongly peaked Higgs and vev profile near the IR brane to
the RS model with a brane-localized Higgs sector. The discussion follows the expositions
given in [162, 173], but we will generalize these results in some aspects and use our own
notation. The presented material is based on our publication [2].

Let us begin with the discussion of the bulk-Higgs sector. In contrast to (23] the
Lagrangian for a bulk Higgs reads

2 Lat
Lotiges = —— | T VI [GMNDM@Wx,t)DN@(x,t) — 2 |0, )
‘ (2.33)
M k
— 5 Vav(®)d(t —¢) — 5 Vin(®) 8t — 1) |,

where p provides a bulk mass for the scalar field. The scalar doublet ®(z,t) is a 5D
field with mass dimension [®] = 3/2. The potentials localized on the UV and IR
branes determine the BCs of the scalar fields and induce EWSB. They are chosen
to be Viyv(®) = Myy |®]? and Vig(®) = —Mig |®]? + Ar |®|* with mass dimensions
[Muv] = [Mir] = 1 and [A\ir] = —2. The dimensionful parameters in the 5D action
naturally scale with appropriate powers of Mp;, and we find it useful to introduce di-
mensionless O(1) parameters by the rescalings myy = Muyv/(2k), mr = Mir/(2k) and
A = Ar k/(4r). In analogy to (2.4]) we parametrize the scalar doublet ®(z,t) in the form

ot —i/ 20T (2, 1)
P@t) = — (v(t) + h(a;,f) —i—z'gog(m,t)) ’ (2.34)

where v(t) denotes the profile of the Higgs vev along the extra dimension, h(z,t) is the 5D
physical Higgs scalar after electroweak symmetry breaking, and ¢*(z,t), p3(x,t) are 5D
NGBs. For the following analysis we do not consider the NGBs any further. Integrating
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by parts, the Lagrangian (2.33]) can be rewritten in the form

or [ldt (1 t
Lhiges = — / — {5 duh(z,t) 0" h(z,t) + (t*0F + to, — B°) Q

L t
_1_@ (t28§+t8t—ﬁ2) @}}_ % {% [v(e)—l—h(m,e)]?

M2y [v(t) + 2h(x,t)
2 t

1-

+ [w B, [to(t)] + h(fz’ D g, [th(a:,t)]L_ )
—mir [v(1) + h(z,1)] gt M [v(1) + h(z, 1)]4} , (2.35)
where
B=/4+ v (2.36)
= h .

The parameter § will turn out to be very important since it defines the localization of
the vev and Higgs profiles. Requiring that the terms linear or quadratic in h(z,t) cancel
on the UV and IR branes yields the BCs

O [t h(z,t)],_ .+ = muv h(z,€), O [th(z,t)],_;— = mmh(z,1) - ]\3—1;(\1( v*(1) h(z, 1),
O [tv(t)],—cr = muvu(e), O [tv(t)],1- = mrv(l) — ]\;—2)\ v3(1). (2.37)
KK

The notation €™ and 1~ indicates that the orbifold fixed points must be approached from
the appropriate sides. We note that these conditions can also be derived by integrating
the field equations over infinitesimal intervals about the branes.

Profile of the Higgs vev

By means of the variational principle with respect to v(t) one obtains the differential
equation

(t?0F + to, — 5°) @ =0, (2.38)

which ensures that the tadpole terms in the Lagrangian (2.35]) cancel out. We then
obtain

! 2
ﬁHiggs = 2%/ % |:% 8Mh(a:,t) 8”h({1},t) + MKK h(x’t) (t2at2 + 0, — ,82) h(a;t)
- %A [—”4(1) + 4v(1) B3 (2, 1) + h(x, 1)]. (2.39)

The general solution to the differential equation (Z38]) subject to the BCs (2.37)) is given
by

- 2+ —muv
t) = N, (t”ﬁ— tt 5); =T UV 2.40
v(t) v Ty Ty = € 2— B —muy ( )

with )
N2 — Mgy (mig —2—B) —ry (mir — 2+ f)
’ 2\ (1- Tv)g

. (2.41)
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Before proceeding, let us first discuss which values the parameter 5 can take. Motivated
by the observation that the energy-momentum flux in a pure anti-de Sitter space without
an IR brane (which corresponds to taking the limit 7 — oo) vanishes at the boundary
only if the 5D scalar field obeys the Breitenlohner-Friedman bound p? > —4k? [174],
one usually assumes that S must be a real positive number, even though not necessarily
larger than 2. Unless f is very close to zero, it follows that the coefficient r, x €22 in
[2:40]) is extremely small and can be set to zero for all practical purposes. The only
exception would be the region where ¢t ~ € is very near the UV brane, which however is
irrelevant for our analysis here. It follows that

o(t) = v(1) 1145 o(1) = My ,/mm;if_ﬁ . (2.42)

The requirement that the Higgs vev be a real number imposes an upper bound on the
parameter 3, since A > 0 is required by vacuum stability. We thus obtain the allowed
range 0 < 8 < mig — 2.

We proceed to relate the parameter v(1) to the physical value vgy of the Higgs vev in
the SM. After electroweak symmetry breaking, the mass terms for the W and Z bosons
are generated by the 5D Lagrangian

om [Ldt v3(t
Litiggs 3 % / = ”i ) [g?, Wik (,6) W H (2, ) + % Zy(z,t) Z"(x,t)| , (2.43)

with the 5D gauge couplings g5 and g;. Inserting the KK decompositions as given in
(Z2) we can use that the zero-mode profiles are flat, x5 'Z(t) = 1/v/27 up to higher-order
terms in v?/M2g [165], and we can identify

2 Ldt
t

s '02
=77 S; : (2.44)

2
Uy I3

€

where once again we neglect terms suppressed by powers of €. It follows to leading order

that
o(t) = s\ /% (1+8) 5. (2.45)

The parameter vy coincides with the parameter v used elsewhere in this thesis. At lowest
order in an expansion in powers of v? /M2y, it coincides with the SM value (v2G F)_l/ 2
as defined via the value of the Fermi constant Gp.

Profiles of the SM gauge bosons

Next, we will derive solutions for the gauge-boson profiles. The photon and gluon profiles
are given by Xé’G(t) = 1/+/27. In case of the W and Z boson the corresponding EOM
reads (B =W, Z)

_ ) o (B +e)vi(D)

1
t0,=0; —op >t 2B | B t) =0; Sy =22 6y =5 0 (246
< P 5 )Xo (1) W 4r M2 7 4r M2 ( )
with the normalized mass zp = mp/Mkk. The differential equation (2.46]) cannot be
solved in closed form to all orders in v? /M2 . But we can derive a perturbative solution
by making the ansatz of a product series for the profile x&(t) = Y0 ((05)™ f,(t) and
for the normalized mass :L‘QB = > > (0B)™ ¢n, where we expand in the small parameter

dp. Inserting the ansatz into (2.46) and collecting the different orders in powers of ip
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the first three differential equations for the functions f,(¢) are given by

100 folt) =0, 1050 ult) = P fo(t) e fi(8),
—10:70, (1) = T L1(0) + e fil0) + eafolt) (247

Applying Neumann BCs for the functions f,, we obtain the solutions fy = 1/v/27 and

1+8)B+B) 1 (209 1—2Int
2L2+p8)? 202 ! <2+5 BT  (248)

1 1

" =R

with the coefficient ¢; = 1/(2L(1+ $)). Finally, the profiles of the massive gauge bosons
are given to leading order in v? /MI%K by

1 myy , (L8 1 1+8B+8) 1
_\/%[1+2MI2<K<2—|—5 —t <L—§+1Dt>+w—i>

(2.49)

W,Z
Xo (t) =

with mw = vag5/(2v27r) and 1z = va/g2 + g2 /(2v/27r). The corresponding results
in the brane-localized Higgs scenario (2.12]) can be recovered by taking the limit 5 — oc.

Profiles for the Higgs boson and its KK excitations

We now proceed to study the eigenvalue problem for the physical Higgs boson and its
KK excitations. We write the KK decomposition of the 5D Higgs field as

h(l‘, t) = Z hn(x) XZ(t) ) (2'50)
n=0

where the zero mode h(xz) = ho(x) corresponds to the SM Higgs boson. The profile
functions obey the orthonormality condition

or [Ldt
— [ X Xh () = b s (2.51)
L J. t
which ensures that the kinetic terms in the effective 4D Lagrangian are canonically
normalized. In order to obtain canonical mass terms from the Lagrangian (2.39]), we
must impose the EOM
h
t

(t20F + t0; + t*x7 — B?) X”T() =0, (2.52)
where x;,, = my, /Mg denotes the mass of the n'" KK-scalar boson in units of
Mxxk. The general solution to this equation is a linear combination of Bessel functions,
Xh(t) = Nyt [Jg(wp,t) — rnYs(zp,t)], where the BC on the UV brane in ([237) once
again implies that r, o €28 is extremely small and can be set to zero for all practical
purposes, since we are not interested in the region where t ~ ¢. We then obtain

ey = o) & tIp(@nat) . 2.53
o Ve (253)

Th,) — Jpr1(Th,) Js—1(Th,)
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The BC on the IR brane gives rise to the eigenvalue equation, which determines the
masses of the scalar modes. We find

wy, 21Em) o0 o gy = a5, (2.54)

It follows from this equation that even the zero mode (the SM Higgs boson) has a mass
that is naturally of order the KK scale which empirically cannot be less than a few
TeV. This is the little hierarchy problem which as mentioned in Section [LZ.1] is not
addressed in RS scenarios. In order to obtain a realistic Higgs mass m;, < Mgk, we
must assume that § = mr —2— 8 < 1. Once this is done, it is straightforward to obtain
a formula for the zero-mode mass in a power series in §. We find

2
mp

2
My

2=

0 207 ] . (259)

:4(1+ﬁ)5[1—2+5+(2+5)2(3+5)+...

Assuming Mgk = 2 TeV, for example, implies that (1 + 3)d ~ 10~3, which corresponds
to a fine-tuning of 1 in 1000. For the zero-mode profile, it is now straightforward to
obtain an expansion in powers of x% The leading terms are given by

xﬁ(t)zy/g(uﬁ)t”ﬁ[1—§<1fﬁ—ﬁ>+..l. (2.56)

Dropping the irrelevant constant proportional to v*(1), the Higgs Lagrangian (Z:39) can
now be written as

1 m% 2
Lh=)_ [5 Ophin () 0" () — —2* hn(m)]

— vy % (L4 BN & &m&n (@) h () hn () (2.57)

l,)m,n

LA Y 68 G hale) () @) ()

k,l,m,mn

where &, = x"(1)/v/(L/7)(1 + B). From (Z56]) we find & ~ 1 for the zero mode, while
(Z53) and 254) imply that &, ~ +1/4/1+ 3 for the KK excitations. We proceed to
relate the parameter A to the physical value A4 of the Higgs self coupling. The relevant
terms in the SM Lagrangian are

2
m A
Lom > ——" h2 — ven Asm h® — % ht, (2.58)
where m% = 2\sMm ng. Matching either one of these terms with the corresponding term
in (Z57), we obtain at leading order

ASM = Ag = % (1+8)* A= rk>(1+5). (2.59)

The relation between Agy and A4 receives higher-order corrections in v? /MI%K, which
are calculable in the model and depend on which of the three couplings in (Z58)) is used
to perform the matching.
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Yukawa interactions

We finally consider the Yukawa couplings of the neutral scalar field to the quarks. First, it
is useful to consider the brane-localized Higgs scenario with the Lagrangian (2.14]). With-
out considering the NGBs we obtain@

sl /8 _ 5D
ﬁYuk——Z/ & - +\/h—( )0 (= )QL(UC t)k<Y8DTYO >QR(35 t)+h.c.,

q=u,d

(2.60)

where §,/” (t—1) and 5,? A (t — 1) represent regularized d-functions for the localization of

the vev and Higgs boson. In order to find an explicit form of those distributions we now
consider the model with a bulk-Higgs field. We find

)+ I - 1 0 Y°b
Ly = —Z /dt 2on NG ()t )Q (z, )\/; (YS}?le q’S 1k> Or(z,t) +h.c.,
q,bu

q=u,d

(2.61)
where the 5D Yukawa matrices Yq ulk Now have mass dimension —1/2. In order to match
the two expressions (2.60) and (2.61]) onto each other, we must rewrite the functions v(¢)
from ([245]) and x?(t) from (Z56) in terms of functions with unit area, which can be

mapped onto the normalized distributions 5/° (t—1) and 52/ B (t — 1). We obtain

\/1+ 51/5

_,04 )
T 248 , (2.62)
\/7”1+ [ ek} +..l51/6(t—1)
T 248 41+ B)(2+B)(4+5) " ’
with
5/%(t—1) = 2+ B) "7,
22 2.63
5Pt —1) = 2+ p)¢1+P [1—74(1i5) <t2——iig>+...] : (26%)

We emphasize that the distributions (2.63]) can be considered as representations of the
regularized d-function in the limit of large /5. In this limit the parameter 1/ plays the
role of n in (I58). Using the quark bilinear terms as a reference, the corresponding
matching relations between the two Yukawa matrices reads

k(1+p3)
5D __
YZI - 9 _1_5 q,bulk -

Do |

Y, (2.64)
The quantities on the left-hand side of the equation are the dimensionless Yukawa ma-
trices introduced in (2.10)), whose elements are assumed to be random numbers. If one
used the hqq couplings instead, the above relation would receive corrections of (’)(a;%)

Limit of a narrow bulk-Higgs field

We are now in a position to study the limit S > 1, in which the profile functions in
(2.63) become strongly localized near the IR brane. We can then identify 1/5 with the
width of the Higgs profile, which plays the role of the regulator n in our brane-Higgs
scenario. The Yukawa matrices of the bulk-Higgs model must then be identified with

$Note that (ZB0) is consistent with the expression (ZI0]) in which we have used the same regularized
o-function for both the profiles of the Higgs boson and its vev.



Chapter 2. Phenomenological models with one warped extra dimension 47

Y, < Vk/B angﬂk = (k/\/1t) Y:fﬁllk. Finally, since ¢ is pushed near 1, we conclude from

(263) that

5Pt —1 2

Dy 0( T ) , (2.65)
o't —1) B Mg

showing that the two profiles coincide. Taking the limit of very large £ is not particularly

natural, since 8 = \/4 + p?/k? is naturally of O(1). For large 3, we have the double
hierarchy

%«k«u%@, or $~ N%. (2.66)
Large (8 can be achieved by taking k significantly smaller than the Planck scale (and 1/r
yet smaller by an order of magnitude), or by assuming that @ and Mg are significantly
larger than Mp;. The first possibility appears more plausible. Note that for large
relation (Z539) implies that Ay ~ A g2, indicating that increasing 3 by lowering the
curvature parameter k does not affect the relation between A4 and A\g in a significant
way.

2.4 Extension to the RS model with custodial symmetry

We will now present the RS model with custodial protection, which has been proposed
to mitigate large corrections to electroweak precision observables, so that the lightest
KK particles are in reach for the direct detection at the LHC [120, [147, 175, [176]. The
difference to the minimal RS model is the enlarged gauge symmetry in the bulk

SU(3)C X SU(2)L X SU(Q)R X U(l)X X PLRa (2.67)

whose SU(2) subgroups are broken on the IR brane via the symmetry-breaking pattern
SU(2)p x SU(2)gr — SU(2)y. The resulting SU(2)y supplies the custodial symmetry
and protects the T parameter, as will be discussed in Section The discrete left-
right symmetry Ppg, which exchanges SU(2);, and SU(2)g, prevents the left-chiral Zbb
coupling [148] and its flavor-changing counterparts |[145] from receiving too large correc-
tions. On the UV brane, the symmetry breaking SU(2)r xU (1) x — U(1)y generates the
SM gauge group. This is achieved by an interplay between UV and IR BCs. Thorough
discussions of this model containing many technical details can be found in [149, [150],
and we will adopt the notations of the first reference throughout this analysis.

Higgs and gauge-boson sector

The SU(2)r, SU(2)g and U(1)x 5D gauge-boson fields are denoted by LY, R}, (i =
1,2,3) and Xjs. The corresponding 4-components of the gauge fields are chosen to be
even under the Z, parity, while the fifth components are chosen to be Zs-odd, in order
to derive at a low-energy spectrum that is compatible with observation. The Higgs
transforms as a bi-doublet (2,2)p under SU(2);, x SU(2)r and is neutral with respect
to U(1)x [149],

v+ h(z) —ip3(x) —iv2p " (2) ) ’

‘I’(”’“):%< Civag(x) vt hiz) +igd(x) (2.68)
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where ¢! are real scalar fields, & = (¢! Fip?)/v/2, and v denotes the Higgs vev in the
custodial RS model. The Higgs Lagrangian is given by

Lhiggs = 61%\/@5% —1) [%ﬁ[(m@)m@] + 2 TY[(I)VD} AT [qﬂcp] 1 . (2.69)

In order to show how the symmetry breaking SU(2); x SU(2)g — SU(2)y is accom-
plished, we use the covariant derivative D,® = 9,® — igL75LfLT i P+ igR,g,@R@T}é WhQI‘G
gr5 and gr s are the 5D gauge couplings associated with SU(2)r g, and T} p = 0"/2
are the corresponding generators. In order to evaluate the kinetic term for the scalar
bi-doublet, it is convenient to rotate the gauge bosons LL and RL into a new basis of
fields fl; and V!, such that [177]

A, cosVw —sindy \ [ Lk, L, . 9R5
) = (7 M) = Ry M) sindy = ——222—— . (2.70)
V]Q) <sm dw  cos 19W> <R§W WARY ) 2 2
\VIL5 T 9Rrs

The Prp symmetry, which is imposed to protect the left-chiral Zbb couplings from
receiving large corrections [148], enforces that gz, 5 = gr 5, and hence cos Yy = sindy =
1/+/2. In our discussion in this section we will however keep the value of ¥y as a free
parameter. The Higgs vev (®) then generates a mass term Mi = vz(g%ﬁ + g?%) /4 for
the fields AL, while the fields V;f remain massless. We can also read off the coupling to
the Higgs boson, once we replace v? by (v + h)?. Note that only the fields /IL couple
to the Higgs boson h. Appropriate BCs break the extended electroweak gauge group
down to the SM gauge group on the UV boundary SU(2)r x U(1)x — U(1)y. This is
accomplished by introducing the new fields [149]

) 2)E). e
By 2 1 g2 \9X5 YRS Xum
9r5 T 9% 5

and by giving Dirichlet BCs to ZL and R}f on the UV brane. Here gx 5 denotes the 5D
gauge coupling of the U(1)x symmetry group. The field B,, can be identified with the

U(1)y gauge field. The SM-like neutral electroweak gauge bosons can be defined as in
the SM by [149]

Zm 1 grs —gvs\ (L3 _ 9x59R5
Am) 2 2 \9v5 9L5 By)'® 95 2 2
915 1t 9v5 ’ ’ 9rs5 T 9% 5

The weak-mixing angle and the 5D electromagnetic gauge coupling are given by sin 6, =
avs/ (9%75 + 932,75)1/ 2 and e5 = g5 sin 6, which agrees with the definition in the minimal
RS model when replacing g1 5 — g5 and gy,5 — g¢5. The fields L/f = L}W + L?W, R]j\} =
le\/l + R%/[, Ay, Zy and ZY, collectively define the so-called UV basis with Neumann
BCs for L, Z,, A, and Dirichlet BCs for RE, Z),, Ly, Rf, Zs, Zi, As at the UV
brane. While the photon field Aj; has Neumann BCs for the vector components A, and
Dirichlet BCs for the fifth component A5 at the IR brane the other fields in the UV
basis have in general complicated BCs at the IR brane. Therefore, it is convenient to
define the so-called IR basis which includes the fields AJT/[, Vﬁ, Zu, Z Ah} with (modified)
Neumann BCs for Aff, Vui, Zm Zf and Dirichlet BCs for A;,—L, VSi, Zs, Zg{ at the IR

brane. The fields Z v and Z AF/I[ are related to the UV-basis fields Z); and Z]’V[ via the

(2.72)
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relation [149]

ZM _ (costz —sindy Zu\ Tt
<ZJ\1L/I[> B (Sinﬁz cos ¥z > (ZM) =Ry, (wa> ) (2.73)

with the angle sindyz = g% 5/((97 5 + 925)(9hs + g§(75))1/2. Now, we are in a position

to switch between the UV and IR basis by using the matrices Ry,, and Ry, defined in
[270) and (273)). This will be frequently used in the following analysis.

We continue with the KK decomposition of the 5D gauge-boson fields. Concerning
the W- and Z-boson fields it is useful to define the vectors [149]

- A LT 5 Z Z
() m () A () () e

Those vectors can be decomposed via [149]

Tt _ Roy - ow +(n Tt _ Ry, ~ —kt i@ LW
k() = 2 SRV QWO @), Wikt = T 32 A0 o )
2 Ry - -7z n = Ry = —kt (n) Lz

(2.75)
with the Zs-even profiles Yy~ ’Z(t). Their upper (lower) components are “untwisted”
(“twisted”) functions. Untwisted even functions obey Neumann BCs on the UV brane,
allowing for light zero modes. Twisted even functions obey Dirichlet BCs on the UV
brane and are thus not smooth at this orbifold fixed point. The KK decompositions
of the photon and gluon are analogous to the case in the minimal RS model (Z2]). In
analogy to (23] we can expand the 4D NGBs in the basis of mass eigenstates and find
[149]

my . +(n - 9L5
B (2) = ZWV%ﬂRﬂW WO e =

n

(2.76)
. myz =— 7z (n) - 9%,5 + 9§2f,5 v
@Z(x) = E my 2m Py Rﬁz Xn (1) Pz s mz = o 5’

n

where P, = diag(1,0) is a projector on the upper component. As in the minimal
RS model, the parameter myy,z is the leading contribution to the W, Z-boson mass
in an expansion in powers of v?/MZy, see (ZT9) below. Inserting the KK decom-
positions (2.75]) and (276) into the 5D action on can derive the differential equation
(t0t =10y + 2% ) X2 (t) = 0 [149] for B = W, Z with the BCs

. Linj .
(P—i-at + P—) Xf(t)‘t:e“' = 07 (1 + # P+> RﬁB 8t)(£(t)‘t:1_ =0. (277)
Cop MKK
Above we used P_ = diag(0,1) and ¢y, = cos . The photon and gluon profiles Xﬁ’G
obey the same EOMs as in the minimal RS model (2.7)). Exact solutions for the profiles
can be found in [149]. For the analysis in this thesis, it is sufficient to know the zero-mode
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profiles of the W and Z boson to leading order in v? /M2 [149]

mi 2 1 1, 1
W 1 (1= [P (L3 +mt) -5+ 5]
X0 - /on sindy Lm2y, 42 ’

0050W2M12<K
my 1,2 1 1, 1
L (1= (2 (DL ame) L L

i Lm? ’
/9 sindz cos ¥z w42
& cos? 9w 2MZ t

(2.78)

where we see that the untwisted (upper) components are the same profiles as in the
minimal model, see (ZIZ). The twisted (lower) components are suppressed by v?/MZ2y.
The physical W, Z-boson masses can be determined from the IR BC (2Z.77)) and are given
to leading order by [149]

2 4
9 ~9 miy L 1 v
= 1= M (g oL
mw mW[ M2, <c - +2L> * <M§K>] ’

1 m’ 1 vt
—— =1+ = | +—2 (1——>+(’)<—> :
o 2L> 2ME 2L Mty
with my and my defined in (Z76]). We see that the (numerically) leading correction to

the Z-boson mass is proportional to Lm%v /MI%K, which is a consequence of the enlarged
bulk gauge symmetry.

(2.79)

PPN g

Quark sector

Since the bulk gauge group is larger than in the minimal model the quark representa-
tions include bi-doublets, triplets and singlets under the two SU(2) gauge groups. We
choose the quark representations such that they can be embedded into complete SO(5)
multiplets used in the context of models with gauge-Higgs unification [120, [176, [178].
As a consequence of the discrete Prr symmetry, which is instrumental in protecting the
left-chiral Zbb coupling [148] and its flavor-changing counterparts [143], the left-chiral
bottom quark has to be embedded in a SU(2), x SU(2)r bi-doublet with isospin quan-
tum numbers 77 = —T5 = —1/2. This fixes the quantum numbers of the other fields
uniquely. In particular, the right-chiral down-type quarks have to be embedded in a
SU(2)g triplet in order to obtain an U(1)x-invariant Yukawa coupling. One arrives at
the following multiplet structure for the quark fields with even Zy parity

v (R7)

A (2.80)

)

Cr={ g0’

R 3
Tr=Tir® T2r = Uz’z(_)g @(Dg) 1 Ufz_)g Ag)g%’
(=) s

Dy s

2
3

where @), is a bi-doublet under SU(2), x SU(2) g, while Tg transforms as (3,1) ®(1, 3).
The fields with odd Zy parity have the opposite chirality. Their profiles are related to
those of the Zs-even fields by the field equations. The inner and outer subscripts on the
various fields denote their U(1)gym and U(1)x charges, respectively, which are connected
through the relations Y = —TI% 4+ Qx and @ = TE + Y. The superscripts on the fields
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specify the type of BCs they obey on the UV boundary. Fields with superscript (+) obey
the usual mixed BCs allowing for a light zero mode, meaning that we impose the Dirichlet
condition on the profile functions of the corresponding Zs-odd fields. These zero modes
correspond to the SM quarksE Fields with superscripts (—) correspond to heavy, exotic
fermions with no counterparts in the SM. For these states, the Dirichlet BC is imposed
on the Zs-even fields in order to avoid the presence of a zero mode. The remaining UV
BCs are of mixed type and follow from the field equations. Note that we have chosen
the same SU(2);, x SU(2)g representations for all three quark generations, which is
necessary if one wants to consistently incorporate quark mixing in the fully anarchic
approach to flavor in warped extra dimensions. The chosen representations also play a
crucial role in the suppression of flavor-changing, left-chiral Z-boson couplings [145,[149].
Altogether, there are fifteen different quark states in the up sector and nine in the down
sector. The BCs give rise to three light modes in each sector, which are identified with
the SM quarks. These are accompanied by KK towers consisting of groups of fifteen
and nine modes of similar masses in the up and down sectors, respectively. In addition,
there is a KK tower of exotic fermion states with electric charge 5/3, which exhibits nine
excitations in each KK level.

In order to simplify the notation as much as possible, it is convenient to introduce
the vectors

uc - — — !/
U= 'LL/ s a= U, s D:d, d= D, , A:)\7 = A , (281)
U U D A

which collect the fields with same electric charges (2/3, —1/3, and 5/3). Upper-case
(lower-case) symbols denote fields whose left-chiral (right-chiral) components are Z,
even. We now collect all left- and right-chiral fields in the up, down, and exotic sectors
into the 15-component vectors (U4, 4)7 and the 9-component vectors (D 4,d4)T and
(Aa,X4)T (with A = L, R), to which we will collectively refer as Qr.rwith Q@ =U, D, A.
Similar to (2I3]) the Lagrangian, including terms bilinear in the quark fields, is given
by

Lo = [ VI S QGwit)[id = Mt~ 2 (% Yo, oo

Q=U,D,A t

with the bulk-mass parameters

cg = diag(CQ, CQ) , cp=cQ, cy =cq, (2.83)

c; = diag(cuc, cr, (27—2) , cy= diag(cTQ, cn) , cy = diag(cﬁ, (27—2) . '
Fach entry is a 3 x 3 diagonal matrix in generation space. The fields U , 5, and A are
governed by the same bulk-mass matrix ¢g as in the minimal model, while , J: and
X are associated with three different mass matrices Cuc, Cry, and c;,. The first two of
them, ¢,c = ¢, and ¢;, = ¢4, can be identified with the mass matrices appearing in
the minimal RS model. The three new parameters contained in the matrix ¢, can be
related to the other ones by extending the Prr symmetry to the part of the quark sector
that mixes with the left-chiral down-type zero modes, by requiring that the action be
invariant under the exchange of the fields D" and D [149]. This extended version of the
Prr symmetry implies that ¢; = ¢;, and hence the number of independent bulk-mass

4Note that the notation ur, dr, u%, Dg for these fields adopted here differs from the notation Uy,
Dy, ur, dr we used for the minimal RS model.
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parameters is reduced to the same number as in the minimal RS model. In the remainder
of this thesis we will implement the extended version of the Prr symmetry. Without
considering the NGBs in (268)) the Yukawa couplings are given by

1
v+ h(x - 0 Y-
tra=- % [ o) QL<x,t><Yj O‘?)QR<x,t>+h.c., (2.84)
F=a,dx "¢ q
with the dimensionless Yukawa matrices
Y., =Y, LY,
ve(y 1y %) wewetowm ew
u 2 d 2 d

The 3 x 3 block matrices Y, appearing in these expressions are the same as in the
minimal RS model. Even though the extended RS model with custodial symmetry has
a much richer structure than the minimal model, it thus features the same number of
parameters in the fermion sector, once the extended Prr symmetry is imposed.

With Qp r as defined here the corresponding KK decomposition is given by the
same equation as in the minimal model (ZI7). In the up-quark sector the superscript n
labels the different mass eigenstates such that n = 1,2, 3 refer to the SM quarks, while
n = 4,...,18 label the fifteen quark modes of the first level and so on. In the down-
and A-type sector there are nine modes in each KK level. In analogy to (2I8]) we can
parametrize the profiles

with (Q,Q,q) = (U,U,u), (D,D,d), (A,A,\). The functions C2' and S7' denote the
Za-even and -odd fermion profiles and exact solutions are given in [149]. Analogous to
the minimal RS model the flavor structure is encoded in the vectors EL’,C;? q,

2.5 The Randall-Sundrum parameter space

This section discusses the parameter space of the RS model. Compared to the SM there
are additional fundamental parameters. In the minimal model the hermitian 3 x 3 bulk-
mass matrices cq , 4 introduce 27 parameters, 18 moduli and 9 complex phasesE They
are supplemented with 36 parameters from the up- and down-type Yukawa matrices Y,
and Y. Focusing on the quark sector the global symmetry group U(3)g x U(3), x U(3)4
with 27 generators gets broken by the Yukawa interactions to the abelian subgroup
U(1)p. We end up with 27 moduli and ten phases [143]. This can be compared to the
SM with nine moduli, the six quark masses and three angles of the CKM matrix, and one
C P-violating phase. In Section 2.5.1] we will show that the experimental values for the
quark masses and the Wolfenstein parameters can be used to fix 10 of the parameters in
the RS model. We note that the number of parameters in the RS model with custodial
symmetry is the same as in the minimal RS model

An obvious RS prediction is the existence of additional heavy resonances at the TeV
scale that can be searched for experimentally. Figure 2.1l shows exclusion limits on the
lightest KK gluon via the search of resonances in the invariant mass spectrum of tt

A general N x N hermitian matrix has N (N +1)/2 real parameters and N(N —1)/2 complex phases.
5This statement is true when we impose the extended Prr symmetry, which we will assume through-
out this thesis.
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Figure 2.1: Exclusion plots for the mass of the lightest KK gluon obtained from an
analyses of the invariant mass spectrum of ¢¢ production by the ATLAS [179] (left) and
CMS [180] (right) collaborations.

production by the ATLAS (left) and CMS (right) collaborations. The current exclusion
limits rea

M, ‘ATLAS > 2.0TeV [179] and M ) |CMS > 2.54TeV [180], (2.87)
both at 95% confidence level (CL)E Besides KK gluons the RS model predicts the
existence of heavy excitations of the graviton. The 5D graviton can be decomposed into
a tower of KK excitations, where the lightest KK graviton hf},,) has the mass m;a) ~
3.83 Mkk. In order to search for this particle one can look out for high-mass diphoton
resonances at the LHC. The signal rate (o - Br)(pp — hY) — ~v) depends essentially
on two parameters, the KK graviton mass mj) and the ratio k/ Mpy, where Mp, =
Mpy/ V87 is the reduced Planck mass. Here, the factor k/Mpl = \/8_7711‘\/2% sets the
interaction strength of the KK graviton coupling to two gluons (photons)]g Current
searches by the ATLAS and CMS collaborations can put a lower limit on the KK graviton
mass M) > 2.66 TeV (1.41TeV) [183] and M ) > 2.78 TeV (1.45TeV) [184], both at
95% CL and for k/Mp; = 0.1(0.01) [

It is not surprising that KK modes have not been directly detected since indirect
searches already impose stronger bounds. However, a comprehensive study of tree-level
weak interaction processes for the minimal and custodial RS model is not the scope of
this thesis and can be found in [132, [140, 142-146]. The only exception are the Peskin-
Takeuchi parameters S, T, U, which receive corrections in the RS model at tree-level. In
Section we will derive bounds on the KK scale, which are independent of the

"We remark that in the RS model the first KK gluon coupling to quarks are roughly given by
Coqat) R (1/+/L) gs for light quarks (¢ = u,d), ¢ e ~ —gs and ¢, 5oy R —VL g., where g is
the QCD gauge coupling. However, the precise values of the couplings depend on the RS point under
consideration, and have to be calculated from the overlap integrals of the first KK gluon profile with the
corresponding quark profiles. Consequently, one has to keep in mind that the analyses, leading to the
exclusion limits in (2Z.87]), are based on a specific choice of the couplings, see [179, [180)].

81t is reported in [181] that the future exclusion limit on the first KK gluon mass at 95% CL will be
4.3 TeV (6.7 TeV) for the LHC at /s = 14 TeV with an integrated luminosity of 300 fb™* (3000 fb~1).

9For instance, the coupling of the first KK graviton to two gluons is given by the interaction L(x) >
0.054 x - —L R0 (2) T""_ (x) [182], where T""_is the 4D energy-momentum tensor of the gluon.

Mp, m, gluon gluon
0ne can alhs(o)search for KK excitations of the Z, W™ bosons and fermions. However, their production
and decay processes depend on the concrete implementation of the flavor sector (bulk-mass parameters
and 5D Yukawa matrices). Prospects for discovering these particles with future LHC collision data can
be found in |185].
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structure of the quark sector, i.e. at tree-level the bounds are independent of the bulk-
mass parameters and the 5D Yukawa matrices. Therefore, those bounds will be used as
reference values when we discuss the phenomenological implications of the RS model for
processes in Higgs physics and for the b — sy transition in Chapters 4] and [l

2.5.1 Generating RS points

The procedure of generating RS parameter sets, referred to as RS points, is based on
a modified version of the algorithms used first in [132, [140]. The numerical code is
implemented using Mathematica |186]. The first step is to generate anarchic 5D Yukawa
matrices where the real and imaginary parts of each entry are randomized with a flat
distribution. In order to investigate the sensitivity of observables on the generic size of
the Yukawa matrix elements we impose the constraint (¢ = u, d)

(Ya)igl < v, (2.88)

for different values of y,. There exists an upper limit ¥, < ymax When requiring that the
Yukawa sector remains in the perturbative regime. It is conventional to choose the value
Ymax ~ 3 [144]. In our analysis we will consider sets of RS points with different values
of y. in the range between 0.5 and 3. If we work at leading (zeroth) order in v? /M2
for the zero-mode profiles and masses (ZMA) we can directly calculate the Wolfenstein
parameters p and 7 solely from the 5D Yukawa matrices |132]

(Yyq)33(My)31 — (Ya)23(My)21 + (Ya)13(Mu)11

Yo Y, )a: M M, ’
(Ya)as(M)un [ — Qo] [Hafas — (i

p— i =

where (My);; is the ¢j-minor of Y. Next, we choose a random value for the zero-mode
function F(cy,) € [0, v/3], which implies that ¢,, € [—3, 1]. The lower bound is motivated
since the (right-chiral) top quark should have an O(1) overlap with the IR brane. The
upper bound on the other hand is motivated by the fact that the 5D bulk mass should
not exceed the curvature scale k. The remaining eight zero-mode functions F'(cq, , ),
F(cy,,) and F(cq,,5) can be calculated in the ZMA directly from the experimental
values for the six quark masses and the two Wolfenstein parameters A and A. The
required analytical relations in the ZMA are given by [132, 141]

(Mg)ar  (My)2:

V2my (Ya)zs  (Yu)2 oA
IFlea))l = v <|(Yu)33| (Ya)ss  (Ya)ss| | (Mg (M)t > |F(cus)|’
V2my (Ya)os  (Yu)as|\ ' A2A
Fleq,)l = v <|(Yu)33‘ (Ya)ss (V) > |F(cus)|’
V2my 1 1
Q= al TPl
Flew,)| = my |(Yu)ss||[(Mu)un] | (Ya)2s  (Yu)os| | (Ma)2r  (Mu)ar | [F(cus)|
' my det Yy, Yoz (Ya)ss| | (Mo (Mu)i| MNA
|F(Cu )| _ & |(Yu)33|2 (Ki)23 (Yu)23 |F(Cu3)|
’ my |(Mo)n] | (Ya)ss  (Yu)ss| A2A 7
F(cg,)] = Md |(Yu)ssl|(Ma)n| |(Ya)os — (Ya)os | |(Ma)or  (Mu)or | [F(cus)]
' my det Yy (Yo)szs  (Yu)ss| | (Mg (My)n| X34
Flca,)| = ms |(Ya)ssl|(Ya)ss| | (Ya)os  (Yu)as| [ F'(cus)|
’ my |(Ma) (Ya)ss  (Yu)ss| A2A
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@ (Yu)33
m¢ (Yq)33

|F(ca;)| = [ F'(Cus)| - (2.89)

As reference values for the quark masses we take the MS quark masses at the scale
u = 1TeV given by

my = (L0 0.7)MeV, m, = (500 £ 25) MeV, m; = (141 £5) GeV,

(2.90)
mg=(22+05)MeV, my=(43+£5)MeV,  mp = (2.31+0.03) GeV,

which have been obtained from the low-energy values given in [76]. The central values
and errors for the Wolfenstein parameters are taken from [187] and read

A =0.22548T000008 A =0.810T0053, 5 =0.145T0013 77 =0.343T0012 . (2.91)

Next, we calculate the the full set of observables = {my,,, mg, ms, me, mp, my, A, X\, p, 77}
in the RS model using the exact formulas for the quark masses and Wolfenstein param-
eters, that are valid to all orders in v? /MI%K In a first step we remove all points that
show a deviation of more than 30 in at least one observable. Secondly, we calculate the
function

X2(33) _ Z (xexp(n) - $theo(n)>2 ’ (2.92)

; Texp(1)

where Zexp (1) and eneo () denote the experimental and theoretical values and oexp(n)
is the standard deviation of the corresponding measurements. Points with y?(x)/dof >
11.5/10 corresponding to 68% CL are rejected. In order to check that we cover the
parameter space in an unbiased way we have analyzed the final distributions of the
parameters. In the complex plane each entry of the Yukawa matrices is nearly flatly
distributed. Only the (Y}, )33 element shows an excluded region in the range (Y)s3 <
%, which can be explained by the fact that this entry contributes to the top quark
mass, see (Z32). The shapes of the distributions of the quark masses and Wolfenstein
parameters are approximately Gaussian with a width of at most twice the corresponding
experimental uncertainty. It is instructive to show the distributions of the bulk-mass
parameters in Figure The probability density distributions of the nine bulk-mass
parameters are shown, which were generated from a total set of 5000 RS parameter
points with y, = 3. We observe that c,, is flatly distributed over the allowed range
Cus € [—%, 1] while the remaining bulk-mass parameters admit peaked distributions.

2.5.2 Compatibility with the Peskin-Takeuchi parameters

In order to calculate predictions for the Peskin-Takeuchi parameters we first need to
establish the connection between the parameters of the 5D Lagrangian with physical
observables [164]. We comment that new-physics effects in RS models cannot be uniquely
described in terms of oblique corrections due to the heavy KK modes and the non-
universality of the fermion and gauge-boson profiles. However, we can approximately
fit to a selected subset of the most precisely measured observables and parametrize
electroweak corrections in terms of S, T and U.

In a first step we determine the parameters v, gs, g in terms of the observables
Gr, mz (mw) and s2. We begin with the relation between the vev v and the Fermi
constant G, which can be derived by constructing the effective four-fermion interaction
mediating muon decay. Corrections in RS models originate from modifications of the W-
boson coupling to fermions and due to the presence of heavy KK resonances. Both effects
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Figure 2.2: Shown are the probability density distributions (PDF) for the bulk mass
parameters cg,, Cy;, ¢q; generated from a set of 5000 RS parameter points with y, = 3.
While we choose for ¢,, a random value in the allowed range c,, € [—3,1] the remain-
ing bulk-mass parameters are determined from the quark masses and the Wolfenstein
parameters, see the text for more details.

are encoded in the 5D W-boson propagator, which will be comprehensively discussed
in the next chapter. Here, it is sufficient to consider the 5D propagator evaluated at
zero four-momentum transfer. Working at leading order in v? /]\4%K we find that the
contribution from the W-boson and its KK excitations is given by the sum

00 W W (4t 2 4
t t 1 L
an()>2§n()_ |1 m2w (1_t2>)+(9< ”4 >] (2.93)
o miy, 2miy, 2Mgx My

where ¢t~ = max(t,t'). When calculating the amplitude for muon decay, this sum is
convoluted with the profiles of the external SM leptons. It turns out that the ¢- and
t’-dependent terms yield exponentially suppressed contributions. Thus, the dominant
correction stems from the ¢,#'-independent contribution in (Z93]). We can extract the
vev

Lm? vt

v=(V2Gp)"/? [1 + - 10 <—>] , (2.94)
AMi My

with the SM value vgy = (\/EG F)_l/ 2 ~ 246.2 GeV. Next, we consider the 5D gauge

couplings. Since the SM photon and the gluon have flat profiles we can simply obtain

the 4D gauge-boson couplings by e = e5/v/2nr and g5 = gs5/Vv/2nr [165, [166]. The 5D

electroweak gauge couplings g5 and gf can be related to the parameters my and myz in
(Z3) and we obtain

2 2
g m 1
B 3Gr [1+ e <330L— 1y ﬁﬂ R =gRtantl,,  (295)

which are valid to leading order in v?/MZy. As already mentioned in Section 2] the
weak mixing angle 0,, is defined via s2 = g2 /(g% + g#). At last, we note that if we take
Gr, mz and s2 as input parameters the W-boson mass is a derived quantity. We find

2 2 2 2 myss, 1 vt
miy(mz, Sy,) = mzc, 1+2M12<K L_1+ﬁ +0 ML , (2.96)

to leading order in v?/MZy.




Chapter 2. Phenomenological models with one warped extra dimension 57

Now, we will discuss the Peskin-Takeuchi parameters S, T and U [46]. These weak-
interaction parameters can be defined in terms of self-energy functions of the W-, Z-
boson and photon propagators, see equation (3.12) in [46]. Furthermore, they are defined
in such a way that they describe shifts relative to the SM values, hence in the SM
S =T = U = 0. The Peskin-Takeuchi parameters are useful if we assume that physics
beyond the SM appears dominantly through vacuum polarizations (oblique corrections)
and that vertex corrections can be neglected. This assumption is approximately valid
in RS models, where corrections to gauge-boson couplings of light fermions are chirally
suppressed. Rather than using a definition in terms of self-energy functions we choose
to define the Peskin-Takeuchi parameters in terms of a set of physical observables. The
S,T,U parameters can be solved for by using the three equations [46]

2 2 2
2 2 QcCy, 1 2 Cw — Sw
—cg=—"5|—=8 T+ —7=-U]|,
Cw Co C%} — S%U |: D) + Cw + 48%} :|
—Ssg=————=|=-5— T
Sx S0 C%u — S%u |:4 SwCw :| )
pr—1=0aT,
which depend on s2, 52, S%V, 8(2), px and a. Let us begin with the different definitions

of the weak mixing angle. The first definition employs the structure %03 — 52Q in the
weak neutral current, as has been measured from the Z-pole polarization asymmetries
at LEP, with s? = ¢2 /(g2 +¢2). This definition in terms of 5D gauge couplings coincides
with our definition of s2. Secondly, we can define the weak mixing angle in terms of the
ratio of electroweak gauge-boson masses, namely

2 2 2 4
9 miyy gs miy, 1 v
=1- = 1-— L-1+—|]+0—— . 2.98
W my g+ g5 [ 2Miy < 2L> <Mf4<K>] (2.98)

The third definition uses the precisely measured parameters Gr, o and my. Defining
stct = ma/(vV2GFpm%) we can find

12 2 4
2 95 my 1 < 2 1 > ( v ﬂ
Sg=—5>— |1+ sywyL—1+—|+0—]]| - 2.99
o [ aa (b ) o (5 249
As a final electroweak observable we consider the parameter p, which can be defined
via the low-energy four-fermion Lagrangian Leg = —4G—\/%[JJJ_“ + pu(J — stg)z]. It

denotes the low-energy ratio of charged- to neutral-current amplitudes. Integrating out
the W, Z bosons and their heavy KK resonances we find that

L(m% —m3,) < v >
pe =1+ 22 M)y . (2.100)
2ME My

Using the fact that the photon has a flat profile along the extra dimension the electro-
magnetic coupling can be expressed via 4ra = 51 g2gZ /(g2 + g2). Now, we can solve

[297) for the parameters S, T, U and find in the minimal RS model

2702 1 L 7?2
S=—1(1—-—= T=——r— U=0 2.101
e ( L) | i , (2.101)

to leading order in v? /MI%K The results agree with the corresponding expressions derived
in the literature [132, [188-192] up to very small O(1/L) corrections, which depend on
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how one precisely deals with non-oblique effects in the definition of S, T" and U. Equation
[2.10T] shows that the S parameter is not enhanced by the RS volume L, which is a result
from placing the fermion fields in the bulk[l] The left plot in Figure shows the
regions of 68%, 95% and 99% probability in the S-T plane. The brown-shaded regions
are obtained from a three-parameter fit performed by the Gfitter group [193] yielding
the best fit values

Sexp =0.05£0.11,  Toy =0.0940.13,  Uep =0.01£0.11,  (2.102)

with correlation coefficients of +0.9 between S and T, —0.59 (—0.83) between S and U
(T and U). For this unconstrained fit we obtain a lower bound on the mass of the first
KK-gluon resonance of

Mgy >11.3TeV,  (95%CL) (2.103)

which corresponds to Mgk > 4.6 TeV at 95% CL. To obtain this bound we have
used the SM vev vgy = 246.2 GeV obtained from the measured Fermi constant Gp =
1.1663787(6) x 107> GeV 2 [76] via muon decay and s2, = 0.23176+0.0006 [76] obtained
from a study of the Z-pole polarization asymmetries observed at LEP. If we fix U = 0 the
best fit values from the Gfitter group are Sey, = 0.06 £0.09 and Ty, = 0.10 £0.07 with
a correlation coefficient of +0.91 [193]. The corresponding contours of the 68%, 95% and
99% CL regions are shown by the gray ellipses in Figure 2.3l For the constrained fit the
lower bound on the mass of the first KK gluon resonance is given by M s = 13.5TeV or
equivalently by Mgk > 5.5 TeV, both at 95% CL. This bound is more restrictive since
the 1o error margins for the best fit value of the T parameter is smaller than in case of
the unconstrained fit. Since we only consider tree-level corrections the condition U = 0
might be violated at loop level, therefore the unconstrained fit might be more appropri-
ate to use in order to derive the lower bounds. Therefore, when we speak of the bounds
imposed by electroweak precision observables we refer to the bounds obtained from the
unconstrained fits, ([Z.103]) for the minimal RS model and (2.I07) for the custodial RS
model.

The strong bound on M a) in [2I03) results from large corrections to the 7' pa-
rameter. One possibility to mitigate those corrections is to allow the Higgs boson to
propagate into the bulk of the extra dimension in which case the lower bound can be
reduced (for the unconstrained fit) to M, s = 6.1TeV for 8 =0 [164]. Increasing S to
larger values the lower bound tends towards the brane-localized Higgs limits. Another
possibility to mitigate the T' parameter in (2.101]) would be to reduce the volume L of
the extra dimension [194]. The drawback is that one gives up the solution to the full
gauge hierarchy problem since for the so-called little RS models the cutoff at the UV
brane is reduced to Ayy ~ eXMgx < Mpy. In addition those models suffer from large
corrections to the C'P-violating observable ex [139]. The last cure for an excessive T
parameter is to implement a custodial SU(2)r symmetry, which will be discussed in the
following.

Extension to the custodial RS model

Now, we turn to the RS model with custodial protection which was discussed in Sec-
tion 24l When we calculate the amplitude for muon decay, analogously to the case in

11n RS models with bulk gauge fields and brane-localized fermions one would obtain instead S, T ~
— Lmv? /MZy, which are both large and negative [190)].
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Figure 2.3: In the left (right) plot the black line shows the predicted values for the S and
T parameters in the minimal (custodial) RS model depending on the value of the first
KK-gluon resonance. The confidence-level contours in the S-T plane are derived from a fit
to electroweak precision data using my = 125 GeV and m; = 173 GeV ﬂ@] The brown
ellipses show the 68%, 95% and 99% CL regions of a three-parameter fit to S, T and U
while the gray lines are obtained from a constrained fit where U is set to zero. The brown
(gray) and black crosses denote the central values of the constrained (unconstrained) fit
and the SM prediction.

the minimal RS model, we can extract the vev

2 4
| 4 —Lmiw +(’)< ! >] (2.104)

— 20 —-1/2
v=(V2Gp) 12z O\,

where the parameter ¢y, = cosVy is defined in (Z70)) and can take on a non-trivial
value. If we impose the Prr symmetry the parameter is fixed to ¢y, = 1/ V2, and we
observe that the leading corrections to the vev are larger by a factor of 2 compared with
the minimal model.

In order to calculate the Peskin-Takeuchi parameters we first need to determine the
different weak mixing angles s2, S%V and s3. Proceeding analogously as in the minimal
RS model, we find

2 2 ~ 9 4
9y5 9y 5 1 m 1 v
2 _ ] 2 2 _ ; w
S*:ﬁzs s Swzﬁ[l‘k_ 2 <1__ +O A s
9is5t 95 915t 95 s 2My 2L Mk
2 2 4
s (o) o ()
2 _ ] w
$2 = 1— 1——)+0(——]], (2.105)
0 95+ G 2, — 82 2M2 2L Mk

where the 5D hypercharge gauge coupling gy 5 is defined in (2.72]). The low-energy ratio of
charged- to neutral-current amplitudes is given by p, = 1, which is a direct consequence
of the custodial protection. Furthermore, the electromagnetic coupling can be expressed
by 4ra = 2—71FT 93245 9%75/(9%75 —1—932,75). Then we can solve for S, T and U in (2.97) and find
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for the custodial RS model

2mv? 1
S=——(1—-=), T=0, U=0. 2.106

i (1) (2100
This result agrees with the corresponding expressions in the literature up to very small
O(1/L) corrections [132,191,1192]. Comparing (ZI06) with the results in the minimal
RS model (2I0I]) we observe that the S parameter remains unaffected while the L-
enhanced term of the T" parameter is absent. The black line in the right plot of Figure
2.3 presents the corrections in the S-T plane for the RS model with custodial protection,
showing that the corrections are driven by the S parameter. For the unconstrained fit
we obtain the lower bound

My >4.9TeV,  (95%CL) (2.107)

which corresponds to Mgk > 2.0TeV at 95% CL. This bound is sufficiently low such
that the direct detection of KK gluons via the search for ¢t resonances can be tested
experimentally. For instance, the high-luminosity LHC with 3000fb™! at /s = 14 TeV
is expected to be able to set a 95% confidence limit on KK-gluon masses up to 6.7 TeV
[195]. On the other hand in case of the constrained fit with fixed U = 0 the lower bound
is Mya) > 11.5TeV (Mgk > 4.7TeV) at 95% which is even stronger than the bound
in the minimal model for an unconstrained fit. The reason for such a strong bound lies
in the reduced errors for S, T and in the enhanced correlation coefficient. Interestingly,
in the constrained fit scenario the protection of the T parameter would not be suffi-
cient. However, since the U parameter might receive corrections at loop level we will
refer to the bound (Z.I07) when speaking about constraints from electroweak precision
measurements in the custodial RS model.



3 Warped five-dimensional prop-
agators

In this chapter we will derive and analyze boson and fermion 5D propagators in mod-
els with a warped extra dimension. The results will be necessary in order to calculate
loop-induced processes in Higgs physics and for the b — s7v transition later in this
thesis. Technically, it will be convenient to work in the mixed momentum-position rep-
resentation of the 5D propagators, in which the extra-dimensional coordinates are kept
in position space [126, (189, [196-198], i.e. 5D propagators are functions of the form
D(t,t';p) depending on the coordinates t,# and the four-momentum p. In this case,
there exists a simple KK representation

S Xn(t) Xn ()

D(t,t';p) ~
) ? p2 _ m%

; (3.1)

n=0

where the 5D propagator is essentially the infinite sum of the propagators of the zero
and KK modes including the corresponding profile functions. The immediate advantage
of the 5D propagator is that it contains the contributions of all KK modes and therefore
encodes the full 5D theory. In Chapters [ and Bl we will perform calculations and derive
results that probe the full structure of the 5D propagators and that could not have been
explained by summing up the first few KK modes in the KK-decomposed theory. A
further advantage will be that the 5D propagator allows to find analytically closed
results for the amplitudes of loop-induced processes in Higgs physics and in case of the
b — sv transition. Moreover, we will be able to derive results for the 5D propagators
that are valid to all orders in an expansion of v?/MZy.

In the first section of this chapter we will discuss the Higgs 5D propagator in the
minimal RS model, where we will derive a solution that can also be applied for a general
5D scalar with arbitrary boundary conditions. Section deals with the solutions for
the vector and scalar components of the gauge-boson 5D propagator in the minimal RS
model with a brane-localized Higgs sector. In case of the W-boson 5D propagator, we
will extend the results for the custodial RS model and for a bulk-Higgs sector. Section [3.3]
is dedicated to the fermion 5D propagator in both the minimal and custodial version of
the RS model, where we will derive results for the brane-localized and narrow bulk-Higgs
scenarios. In the last section we will analyze the ultra-violet behavior of the gauge-boson
and fermion 5D propagators in the minimal RS model.

The content of this chapter represents my own work, which has been partly published
in our papers |2, [163, 199].
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3.1 Higgs 5D propagator

We start with the calculation of the Higgs propagator in the minimal RS model with a
bulk-Higgs sector as described in Section 2.3l Based on the Higgs Lagrangian (2.35]) the
corresponding 5D action is given by

1 o [Ydt h(z,t 1 Wz, t
s = [ e [ FHGE [ 00+ Moot - | 150 @

including only terms bilinear in the 5D Higgs field h(x,t). We emphasize that (3.2]) is
the general action for a (real) 5D scalar field with a bulk mass p when keeping track of
the factor t/(e/r) that was pulled out of h(z,t) in the definition of the Higgs doublet
234). Now, when we insert the KK decomposition of the 5D Higgs field (2.50) into
[B2]) we can define the Higgs 5D propagator via the following KK representation

X Lh h(4
Xn (1) Xn(t
Dy(t,t'sp) = E ])2(2777@%)’ (3.3)

n=0

where Xﬁ and mp,, is the profile and mass of the n'® Higgs KK mode. Based on the
5D Higgs action (3.2]) and the KK representation (3.3]) we can derive the second-order
differential equation

;ﬂﬂ Du(t,tip)  Lt?

252 | 4202 _ [ _ oy
£2p2 + 1202 + t0, <4+k2 : ZJE§6“ ¢, (3.4)

where p? = p?/MZ is the normalized momentum squared. With 8 = /4 + pu2/k?, as
defined first in ([Z36), and for time-like four-momenta p? > 0 the general solutions to
(B4)) are given by linear combinations of the Bessel functions Jg(pt) and Yg(ﬁt) The
presence of the d-function on the right side of (8.4]) requires an ansatz that distinguishes
between the two regions for ¢ > ¢ and ¢t < t/. Consequently, there are in total four un-
known coefficients that need to be determined. One of the coefficients can be determined
by requiring that the propagator is continuous at t = t/, i.e.

t=t'+0

Dh(ta t,; p) t=t'—0

=0. (3.5)
Integrating (3.4)) over an infinitesimal interval around ¢ = ¢’ yields the jump condition

— Lt
O, Dyt tsp)| =0 = 3.6
t h( ) ’p) t=t'+0 27TMKK ) ( )

which fixes another coefficient. Imposing the conditions (B.5]) and (3.0)) the general ansatz
for time-like momenta reads
Lt [CFJ(ts) + CF Yalpts)] [CF Japte) + C5 Yaljto)

Dy (t,t;p) = , 3.7

where ¢ = max(t,t') and t = min(t,t'). The coefficients C7, and CT, are functions
of the normalized momentum p. We emphasize that they are not independent of each
other, such that the two BCs of the 5D Higgs propagator will be sufficient to determine

n case of space-like momenta p? < 0 the basic solutions are given by the modified Bessel functions
Is(pt) and Kg(pt) with p = \/—p? /MZy. Note that once we have the final results of the 5D propagators
for time-like momenta we can easily obtain the corresponding expressions for space-like momenta.



Chapter 3. Warped five-dimensional propagators 63

the complete solution. In general, we can consider the conditions

be
<at - ?) Dh(tyt/;p)|t:€+ =0, (O — b1) Dh(tyt/;p”t:l— =0, (3.8)

where b, and b; parametrize the contributions of possible brane-localized terms in the
5D action. Keeping the derivation as general as possible, we apply the BCs ([3.8]) to the
ansatz (3.7) and obtain the coefficients

CF (6) = =5 Y31(8) + (b1 +8 = 1) Y (),

CE(6) = —pe Va1 (pe) + (b + 8 = 1) Yi(e) 59)
C5(6) = Js1(6) = (b + 8= 1) Js(h).

C5(6) = pe Jy1(pe) = (b + B = 1) Jo(pe).

Thus, we have obtained an analytic solution for the Higgs 5D propagator with general
BCs.

In case of the specific bulk-Higgs sector, as discussed in Section 23] the brane-
localized terms in the Higgs Lagrangian (2.33]) induce the BCs (2.37)) for the 5D Higgs
field. They translate to the values

M,
be=myy —1=—V 1,
2k
6N (3.10)
by =mR — —5—0v*(1) =1 =5+3F —2mm =1+ 2.
MKK

As explained in the text below equation ([2.54]), the parameter § = mg — 2 — 8 has to
be small in order to allow for a realistic Higgs mass m; <« Mgk, which implies that
b1 ~ 1+ ,8

3.2 Gauge-boson 5D propagator

Next, we will derive the vector and scalar components of the gauge-boson 5D propagator
in various RS models. In the minimal RS model with a brane-localized Higgs sector we
will derive solutions for the massless and massive gauge-boson propagators. For the
remaining versions of the RS model we will focus on the W-boson 5D propagator which
will be required for the analysis of processes in Higgs physics in Chapter [ This section
is mainly based on our publication |163].

Minimal RS model with a brane-localized Higgs sector

We begin with the minimal version of the RS model where the Higgs sector is localized
at the IR brane, according to the scenario defined in (L55]). The action of a 5D gauge
boson Bjs(x,t) that contains only terms bilinear in the field is given in general R¢ gauge
by [126]

1 2rr (*dt
SGauge = 5 /d433' T/ 7 BM($7t) Kg/{é\f BN($7t)7 (311)
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with the differential operators

Kﬁ@“<aﬁp"M@Kﬁ%1@> (1‘E>éway (312)

The gauge-fixing procedure leads to vanishing off-diagonal entries Kz = Be= =0and K %”5 =
0, which implies that the vector and scalar components of the gauge-boson 5D propagator
decouple. Details on the gauge-fixing procedure can be found in [126, 132]. In order to
identify the 5D propagator as an infinite sum of zero- and KK-mode propagators we
rescale the 5D field Byy — Bjs/+/r, such that the mass dimensions are consistent. Note
that Bjs has the canonical mass dimension [Bjs] = 3/2. Then, the differential equations
for the vector and scalar components are given by

9 1 w 1 ¢ . Lt " ,
p +tat¥8t n = 1—2 DByp(tvtap):_Mapé(t_t)v

P 4 € 1040h | DSy o (11 )—7”,3
p t tt2 B,55\" b)) = 27762M12<K

(3.13)
S(t—t),

where ) denotes the Kronecker delta. Beginning with the vector component of the 5D
propagator we can use Lorentz covariance to make the general ansatz

bvp bvp
J%Mwm:@ww#ﬁ%+%wwﬁmw—#g, (3.14)

with two scalar functions A£B (t,t'; —p?) and Bp(t,t'; —p?). Inserting (3.14) into the first
equation of (BI3]) we obtain two partial differential equations

~2
<p§ +t8t_8t> AR(t, ¢ —p°) = <ﬁ2 + té)%&:) Bp(t,t'; —p?),

(3.15)
<ﬁ2 + t8t¥8t> Bp(t,t; —p2) = -

Lt
27TM12<K

S(t—t).

The first equation relates both scalar functions by A%(t, t'; —p?) = Bp(t,t'; —p?/¢), such
that it is sufficient to determine Bp(t,t'; —p?) via the second equation in ([BI5). If we
insert the KK decomposition of the 5D field Bjs(z,t) into the action (B.II)) we can
deduce the KK representation of the propagator function

/
Bp(t,t; —p?) ZX" X"t) (3.16)

We can relate this propagator function to the scalar component of the 5D propaga-
tor. For that purpose, it is useful to introduce the parametrization D% s5(tthp) =
—%B B.55(t,t'; —p? /&) with the scalar propagator function Bp 55. The KK representation
is given by

L K2t 9,xB(t) oy xB (1)
Bpss(t,t'; —p*) = o ni 3.17
55 ( ) nz:%szn e — (3.17)




Chapter 3. Warped five-dimensional propagators 65

where k is the curvature scale. The propagator function [B.I7) can be related to (3.16])
by

E2tt!
Bpss(t,t; —p?) = 2 0; Oy [BB(tﬂf/;O) — Bp(t,t'; —p2)] ) (3.18)

which implies that the scalar component of the gauge-boson 5D propagator can be
determined, once a solution for the vector component is known. Therefore, we now
consider the second partial differential equation in (B.I5]) which can be reformulated to

Bg(t,t';—p?) Lt"

292 + 1207 +t0; — 1 = — S5(t—t). 3.19

This equation is very similar to the Bessel differential equation for the Higgs 5D prop-
agator in (3.4]). Following the derivational steps outlined in Section Bl we obtain the
general result

_ L#t’ [CT Jh(pts) + O Y (pts)] [CT J1(Pt<) + C5 Vi (pte)]
AMZ C7Cs — OFCy ’

Bg(t,t';—p?) (3.20)

with

CT (p) = —pYo(p) + b1 Y1(P), C3 (p) =D Jo(p) — b1 J1(p),

Cy(p) = —pe Yo(pe) + be Y1 (pe) O5 (B) = pe Jo(pe) — be Ji (e) . (3.21)

The coefficients depend on the values b, by which parametrize the BCs

be
<8t - z) BB(t7 t/7 _p2)‘t:E+ = 07 (at - bl) BB(t7 t,a _p2)|t:17 = 07 (322)

at the UV and IR branes. The general expression (B3.20]) can be used to determine
solutions for the photon, gluon, W- and Z-boson propagators, which have first been
derived in [126, (190, 200]. In all these cases the BC at the UV brane is given by the
first equation in (3:22]) with the value b = 0. Implementing this condition, the solution
(320) in the region of time-like momenta (p? > 0) takes the compact form

Ltt" [pDip(t>,1) —biD11(t>,1)] Dip(t<,€)

Bgp(t,t';—p?) = A ) 3.23
5( P 4MZy PDoo(1,€) — b1D1o(1,¢€) (3.23)
with
D;;(t,t") = J;i(pt) Y;(pt') — Yi(pt) J;(pt') . (3.24)
Later in this thesis when we calculate physical processes it will be convenient to perform a
Wick rotation to the Euclidean momentum space with pz, = —p? > 0and ]3% = p% /MI%K
In this case we obtain the solution
Ltt"  [ppDio(ts,1) + b1 D11(t,1)] Dio(t
By(t, 1 p2) = : [PE 10(A>, ) +b1D11(t>,1)] Dio(t<, €) 7 (3.25)
2 Mgy PEDoo(1,€) — bi1D1o(1,¢€)

with D;;(t,t') = L(pet) K;(pet’) — (—1)"K;(pgt) I;(pet’), where I; and K; are the
modified Bessel functions of the first and second kind. The photon and gluon propagator
functions B4 and B¢ can be obtained by setting the boundary value b; = 0 in (3:23)) and
B28). For the W- and Z-boson propagator functions, By and By, the corresponding
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values are given by

Lindy, L3,
bl‘W boson MI2(K ’ bl‘Z boson MI%K ’ (326)

where the leading-order masses m?, and m?% are defined in (Z5]). Finally, we have derived
exact results for the gauge-boson 5D propagator.

For the later analysis in Chapter @l we will need to expand the W-boson propagator
in powers of v2 /MI%K, while keeping p? and m%,[, fixed and of order v2. For time-like
momenta we find

1 1
Bw (t,t'; —p?) = — , 3.27
AU Rl 2 S Ty e e el
where
m 2 1 4
) =552 ( _752 +2LFS4 > ’

m? p? 1 1
Ot tp*) = -2 2 + Z— L2 —t* (= —Int ) —¢? [ = — Int’ .
(t,t';p%) 5 }2(1{{ t>+m2 te —t 5 nt t 5 nt

Both equations are valid up to terms of order v* /MféK The zero of the denominator
of the propagator in (5.5]) defines the physical mass myy of the ground state, such that
m¥, = m2,—X(m?,). Using the first equation in ([B:28)) we can reproduce the result (2.10)
obtained earlier in Section Il The residue of the pole in (5.5]) determines the product
of the W-boson profiles 27 x{V (t) xiY (t') = 1 — II(t, t'; m%,) — 8Z(p2)/8p2|pz:m‘zjv. Using
(B28) we can extract the zero-mode profile x}V (¢) to leading order in v?/MZ, and
reproduce the expression (2.12)). Finally, the W-boson propagator function is given for
time-like momenta p? < v? and to leading order in an expansion of v? /]\4%K by

B (bt —p?) = — [ altt) | C2(t’t/)} + O( v > (3.29)

C 2w [mdy —p? 2MPEx My

with - W

att) =2rxg )Xo (),

1 1 1 (3.30)
tt)=Lt2 + — +t*(Int — = ) +¢? (Int' — 2 ) .

et,t)=Lic+op+ <n 2>+ BT
In contrast to the exact result the expanded expression (3.29) is a simple function where
the v? /Mf(K corrections from the zero mode and from the massive KK modes are clearly
separated.

Minimal RS model with a bulk-Higgs sector

We continue with the minimal version of the RS model where the Higgs sector is extended
into the bulk as described in Section 2.3 In the following we will focus on the W-boson
5D propagator which will be required for the analysis in Chapter @l The action for the
5D gauge boson is given by (B.11]) supplemented by an additional bulk mass for the 5D
field. One can proceed in analogy to the brane-localized Higgs scenario, as described in
the beginning of the previous subsection, and derive a second-order differential equation
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for the propagator function

B (t,t'; —p? Lt"?
(£°p° + 207 + t0 — cjy (t) — 1) w ’t ) _ — o 0t - t. (3.31)
KK

In contrast to (3.19) it includes the normalized ¢-dependent bulk-mass coefficient

2 (1) = 2777721%[, t2v22(t) _ Lﬁ;%v
Mix v Mick

(1+ p)t4+28 (3.32)

where v = vy, see (2.44), and my = vgs/(2v/2nr). The propagator function is subject
to the usual continuity and jump conditions and to Neumann BCs on both branes. In
the special case of vanishing momentum p? = 0 we are able to derive the exact result

Latt Dl(t>7 ].)Dl(t<,€)

B (t,t;0) = — .
w0 = e ) DaLe (3:33)
where a = 1/(2 4 ). The t,t'-dependent functions are defined by
Di(t, ) = I,(t) [1_a(t") — I_o(t) In_1 (1),
{0) = Tt Foald) — o) s (6. -
D2(t7t ) = Ia—l(t) Il—a(t ) - Il—a(t) Ia—l(t ) )
with
- 2Lz, 1+ 3
IL(t)=1I, W—t2+5> : 3.35
=1 (a5 (339

In order to better understand the W-boson 5D propagator we can expand the result
(B33)) to leading order in v?/MZy and obtain

By (t,t;0) =

_ 1 L 2(1 4 j3)? (A (3.36)
2mmd,  ArMEy | ( ” '

2+B)(3+5) 2+ 1

When we take the limit 5 — oo (a« — 0) we recover the corresponding result in the
brane-localized Higgs scenario, see (3.29) for p? = 0.

Next, we continue with the case for non-zero momenta. In fact, for time-like momenta
with p? < v? we can derive a solution to leading order in v? /MI%K For this purpose we
make the ansatz

By (t,t'; —p*) = Bo(t,t'; —p®) + € B1(t,t'; —p*) + € Ba(t,t'; —p®) + O(e%),  (3.37)

where ¢ is a small parameter and counts the orders of v? /Mf(K Plugging this ansatz into
(3310 and collecting all terms of the same order in v?/MZy we obtain three differential
equations

1
tatgatBO(ﬂ t/7 _p2) = 07

iy (1)

1 / 2 ~2 ! 2 Lt
100 Bi (1, ' =p%) + (9" = =57 ) Bolt, 1 —p°) =

R
ESVER t=t),  (3.38)

1 2 (t
tc‘?tzc‘?th(t,t’; —p?) + <ﬁ2 — %) By (t,t;—p*) = 0.
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Each of the functions By, B; and By is subject to the continuity condition and Neu-
mann BCs at both branes. The jump condition is only relevant for B; while the deriva-
tives of By and By are continuous at ¢t = t’. The first equation in ([3:38]) implies that
Bo(t,t',—p?) = C(t') is a function only of the #'-coordinate. The BCs together with the
continuity condition at ¢ = ¢’ imply that C(t') = C is a constant. In order to determine
the value for C' we need to take the second equation of ([B3:38]) into account including
the continuity and jump conditions as well as the BCs at both branes. Analogously, the
function Bj can only be determined by using the last equation in (3.38]). Finally, we find
that the propagator function By (t,t'; —p?) is given to leading order in v*/MZ and for
Ip?| < v? by the solution ([3:29) with the modified (8-dependent) function

c(t,t) =1+

m2y [L(t4+25+t’4+25) 1+80B+p 1

M2 2+ 2+8)?2 L

1 1
—¢2 <L—§+lnt> — " (L—§+1nt’>],

while c¢o(,t') is given by the same expression as in ([3.30). We emphasize that in the
limit  — oo the function ¢y (¢,t') reduces to the expression in the first line of (3.30) and
we recover the W-boson 5D propagator in the brane-localized Higgs scenario.

(3.39)

Custodial RS model with a brane-localized Higgs sector

Next, we will focus on the RS model with custodial symmetry and a Higgs sector localized
at the IR brane, see Section [2.4] for a description of this model. This subsection is based
on our publication [163], where we have derived an exact expression of the W-boson 5D
propagator in the custodial RS model for the first time. The differential equation for the
propagator function in the UV basis, denoted by BI[/IJ/V, is the same as in the minimal
RS model B4). However, the BCs are modified to

(P 0+ P-) By (1.t —p*)|,_ =0,

Lin? (3.40)

(0 — by Ry, Py Ry, ) By (1.t —p?)|,_, - = 0; by=———
Cow KK

where Py = diag(1,0) and P_ = diag(0, 1). The first equation follows from the BCs for

the UV fields L3, and R3;. The second equation is a direct consequence of (Z77). We find

that, in the region of time-like momenta p? > 0, the general solution for the propagator

function reads

Lt 1

T AMZ,
KK [pDgo(1,€) — by D1o(1,€)] Do1(1,€) — by

B‘(/IVV(tv t,; _p2)

48§W
T2p2e
) 28129W
X { [pD10(t>,1) — b1 D11 (t>,1)] Do1(1,€) — by—2 Dy (ts,€) | Dio(t<,€) Py

T

2

2s
+ [ﬁDOO(l, 6) — le]_O(]., 6)] Dlo(t>, 1) + bl ﬂ:l;w D]_O(t>7 6)] D]_l(t<7 6) P_
2894, Coyr , ,
— blT [Dlo(t, 6) Dn(t R 6) P+ Dn(t, 6) Dlo(t R 6) Pgl] R (3.41)

which is valid to all orders in v?/MZy. The functions D;;(t,t') have been defined in
(B24), and we have introduced the 2 x 2 matrices P and Py, which have an entry 1 at
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the corresponding position indicated by the subscripts and entries 0 otherwise. Note that
up to irrelevant O(e?) terms we can replace peDy1(t,€) = —2 J,(pt) for n = 0,1. This
gives rise to a simpler expression, in which the spurious 1/€ term in the denominator
is removed. In the limit sy, — 0, we can identify the coefficient of P in (B4l with
the result (3.23) obtained in the minimal RS model. When we expand (3.41)) to leading
order in v? /Mf(K and for time-like momenta p? < v? we obtain the expression

(tt) " ca(tt)) Lm%, tan 9y 2 2
mZ,—p? " 2MZ.  2MZy (m3—p?) +(9< v > (3.42)

2 ByY (t,t'; —p?) =

LmZ, tan 9y 42 Lt2 MI%K
W W
2MZz . (miy, —p?) 2MK§K

where the functions ¢ (¢,¢') and ca(t,t') are given by the same expressions ([3.30) as in
the minimal RS model. For the special case of p? = 0 our result reduces to equation (54)
n [149], which had already been obtained earlier. However the general result (3.41]) is
valid for arbitrary momentum.

Custodial RS model with a bulk-Higgs sector

At last, we will derive the W-boson 5D propagator in the RS model with custodial
symmetry and a bulk-Higgs sector. It is convenient to work in the IR basis, see the text
below (Z72]), where the corresponding partial differential equations for the propagator
function decouple. In analogy to (B31]) we find

2 t BIR t t/._ 2 Lt/2
2 4207 4 v0, - W p, ) BEOETP) _ EE 5y ga)
C t 27TMKK

I

where ¢, (t) is defined in ([332)). After rotating the IR basis fields into the UV basis via
Ry, in [270) we can derive the BCs

Iw

[P.0,+ P_] Ry By(t,t;—p*)|,_ =0, OByttt =0. (3.44)

‘t:e )‘t:1

Imposing the continuity and jump conditions we can proceed analogously to the calcu-
lation in the minimal RS model. For the special case of p?> = 0 we can derive the exact
result

L —ratt Dl (t E)Dl( ) 2 tan 19W Dl(E 1)
B} (t,t'; ’ Py + [t2 — €&~ 2| P_
(t,£50) = 47TMKK{ sin T Ds(1,€) + ew (1)€P Do(e, 1)
2 tan 19W tDl t/Dl (t/, 1)
+—"1P 4
)el+B [ Do(L,e) 2] [ (3.45)

where o = 1/(2+ /) and ey (1) = AT?—I‘;‘;(\/ZL(l + B3). The functions D; o(t,t’) are defined
in (3:34]). We observe that the (11)-component in ([8.45]) coincides with the result in the
minimal RS model (333)). Expanding ([3.45) to leading order in v?/MZy and rotating
the propagator function into the UV basis we find

P+ 19 2(1 + 5)2 $4+28 + HA+28 2\p
2 47rM12<K 2 (24 6)(3+2p) 2+ >0

dw

o 12+28 ) 12128 5
—|—tan19W<t ( — 5 +5>P12 +1 <1 — 5 —|—ﬁ> P21> —l—t<P_:|. (346)

BYY(t,1:0) =
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In the limit 8 — oo we recover the corresponding result for a brane-localized Higgs
sector in (342)) for p? = 0.

3.3 Fermion 5D propagator

This section is dedicated to the derivation of the fermion 5D propagator in the mini-
mal and custodial RS model. We will derive results in the brane-localized and narrow
bulk-Higgs scenarios which are distinguished by the conditions (IL55]) and (L56]) on the
regulator n of the Higgs profile as discussed in Section We will need the results
presented in this section to calculate the loop-induced processes in Higgs physics and
for the b — s transition in Chapters @ and Bl Previous calculations of the fermion 5D
propagator in a warped extra dimension can be found in [189, [196], where the authors
derived results for one family generation. The authors of [198] considered three family
generations but derived the 5D propagator without including the Yukawa interactions
within the IR BCs, i.e. their solutions are only valid at zeroth order in v? /]\4%K The first
calculation in the minimal RS model including the Yukawa interactions and three family
generations was performed in [200], where solutions were obtained in the brane-localized
Higgs scenario with the regulator n sent to zero. This section contains a comprehensive
discussion of derivational steps and explicit solutions for the fermion 5D propagator in
the minimal and custodial RS model, which includes solutions in the brane-localized
Higgs scenario and also for coordinates in the region ¢,¢' € [1 — n,1] for the narrow
bulk-Higgs with finite (non-zero) 7. The presented material is based on our publications
[2,1199] but also contains unpublished work.

3.3.1 Differential equations and boundary conditions

In the following, we will derive the quark 5D propagator in the custodial RS model. Cal-
culation steps and results can be obtained by simple replacements for the case of the
minimal model. The starting point is the 5D action that contains terms bilinear in the
quark fields

SFerm — Z /d4 / dt Q l‘ t) [23 MKK’YSat MKKM ( ) Q(l‘,t), (347)

Q=U,D,A

where the six-component spinor fields U, D, A are defined in the text below (2Z.81]). The
generalized mass matrix is defined in the custodial RS model by

1/ecs O 0 Y v
()= — [ 7Q (4 _ a] . =
/\/lq(t) : < 0 _CzT> +00"(t—1) <Y:7T 0) ; 0= NGIT , (3.48)

for (Q,q) = (U, @), (D,d), (A, X). The bulk-mass parameters ¢g and ¢ and the Yukawa
matrices are given by (2.83) and (2.80). The regularized J-function is defined by equation
(C5R). From (347) we can read off the partial differential equation (7= @, d, \)

[p = Mick7s 01 — My M(t)] S7(¢, 3) = o(t — ), (3.49)

where S9(t,t';p) is the 15 x 15 (for up-type quarks) or 9 x 9 (for down- and A-type
quarks) fermion propagator in the mixed momentum-position representation. The 5D
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propagator is defined via

iSU(t,t';p) = / d'a e (0] T(Qr(w, 1) + Qr(w,1))(Qr(x,t) + Qr(x,1)) |0) 550
= AL =) p+ AT (407 Pr+ (Lo R,

where we have introduced a parametrization in the second line in terms of the prop-
agator functions A?q p with A, B € {L,R}. When we insert the KK decomposition of
the 5D fermions (2I7) with (2.86]) into the first line of ([B.50) we can derive the KK
representation of the propagator functions

q 1 n n
ATt —p) =Y 5—— QM (1) QM)

p?—mg, .
AIT (t t— 2) — Z _ Man Q ( )Q(")T(t/) (3:51)
RL\L:U; =D ) = p2 mg R L s

where analogous relations hold for A%R and A% r- With the help of ([2.81I]) and (2.86])
we directly see how to interpret the various components of the propagator functions.
As an example we consider the (15)-component of the 5 x 5 (without considering the
generation multiplicity) matrix A% - The subscripts denote the chirality of the incoming
and outgoing fields while the components give information about the charges under the
bulk gauge group. In the case at hand the outgoing field up is a right-chiral and Zs-odd
field with a Dirichlet BC on the UV brane and which is part of the SU(2) x SU(2)r
bi-doublet. The incoming field Uy, on the other hand, is a left-chiral, Zs-even field with
a Dirichlet BC at the UV brane and which is part of the SU(2); x SU(2)g triplet
representation. Using the KK representation of the propagator functions (3.51]), the
EOMs and the completeness condition for the fermion profiles we can check that equation
(B:49)) is consistent in the KK decomposed theory. Now, we can insert (3.50]) into (3.49])
and obtain the coupled first-order differential equations

P2 AL (11 —p?) — My D] AL (1,8 %) = 8(t — 1),
e
p* ALp(t s —p®) — Mk DL AY (¢, —p?) = 6(t — 1),
AL (1 —p?) — Mgk DI AL (t, ' —p?) =0,

where we used the shorthand notation DI = £, + Mg(t). The equations in (3.52) can
be decoupled at the price of turning first-order into second-order differential equations

(72~ DLDT) AT, (1,1 —p%) = My ot — 1),
(9% = DT DT ) AL (et —p%) = M2 ot 1),
52 — DI I

Dl

(7
(2

- (3.53)
AT (' —p%) = Mgk D_6(t — 1) ,

)
TD7) AL (b s —p?) = Mgk Dy 8(t — 1),
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with the normalized momentum squared p* = p?/MZ. Integrating (3.53) over an in-
finitesimal interval ¢ € [t' — 0,t' + 0] at fixed ¢’ one obtains the conditions

Al +0,t5—p*) = AL, —0,t;—p*)=0;  A=LR,
AL 0.t —p%) = AL (' = 0,1 —p) = ~ My . (3.54)
AT (' + 0,85 —p%) — A (' — 0, —p?) = My

The first equation shows the continuity of the propagator functions A% ;, and A%R at

t = t/, while the last two equations show the discontinuity of A‘};L and A%R. Fur-
ther conditions on the propagator functions are imposed on the boundaries of the extra
dimension, which follow from the implementation of the quark sector discussed in Sec-
tion [Z4l The BCs at the UV brane are given by (A = L, R)

diag(0,1,1,0,0) AY , (e, t'; —p?) = 0 = diag(1,0,0,1,1) Afg ( t':—p?),
diag(0,1,0) AL, (e, —p?) = 0 = diag(1,0,1) AL 4 (e, ' —p?) (3.55)
diag(1,0,0) A} 4 (e, ¢/ —p?) = 0 = diag(0,1,1) Ak (e, s —p?),

which differ for the corresponding quark types. The IR BCs take the simple form
diag(0 1) AL (1,¢'; —p®) = 0 = diag(1 0) AL ,(1,¢; —p?), A=LR (3.56)

where the entries 0 and 1 are zero and unit matrices of ranks according to the structure
of the propagator functions in (3.51]). Both UV and IR BCs follow from the BCs for the
fields embedded in the 15- and 9-component vectors of (Z.80).

3.3.2 Details on the derivation

Now, we can start with the calculation of the propagator functions. First, we will focus
on the determination of AqL ;, and A%L. Later, we will explain how the results for the
two remaining propagator functions with reversed chiralities can be obtained. As al-
ready mentioned, we will implement the regularized J-function (L58]) with the regulator
1. The presence of the regulator will split the calculation of the propagator functions
into two regions where ¢t < 1 —n and ¢ > 1 — 7. For both regions we will derive ba-
sic solutions for A}, and A%, , where we conveniently work in Euclidean momentum
space. Furthermore, we will have to distinguish the different cases t < t’ and ¢t > t
for the extra-dimensional coordinates. Then, we will include the continuity, jump and
BCs. Finally, we will match the solutions at t =1 — 7.

Solution in the region t <1 —1n

We begin with the region t < 1 — 7, where the regularized d-function (L58]) has no
support implying that the Yukawa matrices are absent in the generalized mass matrix
(B48)). In this case, the differential operators in ([3.53]) are given by (¢t < 1 —1n)

. 52

- dM (1) 0?2 1 (es(esF1) 0
qand — _ 2 ASCANEE T A #)
DiD:F 8t2 M ( ) dt 8t2 < 0 Cq‘(Cq‘:l: 1) ' (357)

Inserting ([B.57) into (B.53]) we observe that the basic solution to the differential equation
of A%, is given by linear combinations of the functions VtI(ppt) and VtI_o(pgt),
where o depends on the bulk-mass parameters. Here, ]5% = —p? /Mf(K denotes the
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square of the Euclidean momentum normalized to the KK scale. For the special case
of integer values for « the solutions are given by a limiting procedure. In the region
t < 1—mn we can implicitly take into account the UV BCs (3.55]) which leads to the
ansatz (t < 1—mn)

i< gy = i (PPOst) 0 ) (Kl) Ks(t)
ALL (t’t’pE)_\/%< 0 Dg(ﬁE,t)> <K3(t’) K4(t’)> ’ (359

where the superscript of A‘TE indicates that the solution is valid for ¢ < t’. The zeros
and the four integration functions K;(t') are matrices of corresponding rank. The matrix
functions DA(pE, t) and DA(pE, t) depend on the specific choice of A=U,D,A,i,d, N\
They read

Dgz( hg,t) = ( 12(PE,t D34(pEat)> )

ng( oE,t) = ( 12 (PEst), D34 (PE,1), D§?4(15Eat)) )

Di(pe,t) = Dia(e:). 550
D{,(pp.t) = ding (D55 1), Diy(bs.1)) -

Dy (ps, 1) =D§? (5. 1),

D1X,2(I5Eat) ( 34(PEst), D3 4(PE,t)) ,

where we used a short-hand notation for DZA(]}E, t) = DZA(]}E, t,e). The latter functions
are defined by (A = Q,u, 71, 72)

Ds(pe.t,t) =1,

1
A (s N o A : (3.60)
D3,4(pE7t7t) :I—CA-i-l(pEt)‘[cA:F (pEt) _ICA— )
which are (diagonal) 3 x 3 matrices in generation space. Antisymmetry in the last two
arguments implies that D2 3(pE,t t) = 0. With respect to the UV BCs we note that
D273(pE,t, €) = 0. Concerning the chirality-flipping propagator function A%L we plug
(B58)) into the first equation of (3.52]) and obtain (t < 1 —n)

T< () — 5 DEGet) 0\ (Kalt) Ea(t)
ALt pE) = pEMKK\/%< 2 OE D?(ﬁE,t)> <K3(t/) K4(t’)>' (3.61)

Equipped with the ansatz for the propagator functions for ¢ < t’ we can determine the
functions for ¢ > ¢’ by using the jump conditions ([B:54]). We obtain (t < 1 —n)

) ) w0 (L9, t,t) 0
Aq> t’t,;pQ :Aq< t,t,;p2 I 3 PE, T, o )
LL ( E) LL ( E) pE‘MKK]-?? 0 Lq(ﬁE’ t, t,)
2
: (3.62)
) ) tt" [ Lg(pg,t,t) 0
AL (15 pp) = AL (43 pp) + ——— | 74D g ’
RL( E) RL( E) MKK]-?? 0 _L({(ﬁﬁbt?t,)
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where we used the abbreviation 1, = 1 —n. We further defined the functions

el

_TPE  pApp ) i=1,2,3.4, (3.63)
2 cos (WCX)

Li(pp,t,t) =

for a compact writeup. We recapitulate that ([3.58]), (3:61) and (3.62]) are solutions for
the propagator functions A%, and AqRL in the region t < 1 — 7, which depend on four
matrix functions Kq_4(t).

Solution in the regiont >1—1n

In the region ¢ > 1 — n the Yukawa matrices contribute to the generalized mass matrix
(348). We have not been able to find solutions for general values of 7. But for small
values 7 < 1 the Yukawa contribution is enhanced by 7~! and dominates over the
term that involves the bulk-mass parameters. Therefore, we can work with approximate
expressions for the differential operators in (853]) (¢t > 1 —n)

7o 0% 0 Y, Y 0 Mgk
pipd — _~ L & 97q O
+7F ot2 + 772 0 qjy'q_, + U|}/q|

where Y, presents a typical value of an entry of the 5D Yukawa matrix. The neglected
terms are suppressed for n < v|Y,|/Mgk which presents an upper bound on 7 in order to
trust the following calculations. This also represents the technical reason for the upper
bound on 7 in the definition of the narrow-bulk Higgs scenario in (L56]). When we insert
B64) into the first equation of ([B.53) we obtain a differential equation whose basic
solutions are given by trigonometric matrix functions

, (3.64)

S(#) = sinh (sql - t) , C(t) = cosh <s¢1 - t) L (3.60)

and S(t), C(t) which are defined analogously with S; instead of Sz The hyperbolic
functions are defined via their series representations. The 3 x 3 matrices are defined by

Sg=\/ X2+ 0P, Sq =/ X2+ 1°P%, (3.66)

with

X;= 0\ YY), X;=0\/Y]Y;. (3.67)

Let us first focus on the propagator functions for ¢t > ¢/, where we can implement the IR
BC (3:50). Then, we obtain the ansatz (t > 1 —n)

e o (Cl) 0 (Ci(t) Cu(t)
Ah(’f’t’p%)‘( 0 S*<t>> <ci<t'> ciw))’

>0 0oy Mk ((SEST)  0¥7SH0)) (Cit) Cat)
ARL(t,t 7p%]) = n <Qlfg CT(t) S;[.C_T(t) ) <Cg(t,) C4(t/)> )

(3.68)

where the second ansatz for A‘}; 1 was obtained from the first line by using the first equa-
tion in (352). Both solutions in (B.68]) depend on four matrix coefficients Cy_4(t’). The
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corresponding propagator functions for ¢ < ¢’ can be obtained by taking the jump con-
ditions ([3.54)) into account, such that (¢t > 1 —n)

St(1—t'+t) 0
q- 7> n st
AT pE) = AT 0E) + 57 T Starey |
st
L s (3.69)
) N Cla—t'+1t) oY=ttt
A%t 1 ph) = Af (4,15 ph) + i g

q

Up to now, we have determined basic solutions for the propagator functions A% ;, and

A%L in both regions for t < 1 —n and ¢t > 1 — 5 and which are compatible with the
jump and BCs. In total there remain eight unspecified matrix coefficients Kj_4(t') and

01_4(t/).

Matching the propagator functions at t =1 —1n

The remaining eight matrix coefficients can be determined by requiring that the basic

solutions are continuous at t = 1 — 7. This procedure has to be performed in two steps

whether ¢ < 1 —n or t > 1 — 1. Requiring continuos solutions in case of t/ < 1 —n
s 7> 7>

leads to the condition AZ‘L (1 -n— O,t’;p%) = A%L (1 —-n+ O,t’;p%) for A = L,R.

Inserting the solutions ([3.62]) and (B:68)) for A = L we obtain the equations (¢’ <1 —n)

VT pa;

b, 1y, t +D@ﬁE,1 K (t)=C'(1,)Ci(t),
“pedE, L )+ Dy (e, 1y) Ki(t) (1) C1(t)

VI D2 (i, 1) Ky (t') = €1 (1,) Cat)),

\/7D2pEa ) Ks(t) = 8T(1,) Cs(t),
VTl g
5(

ML L (1, + /T, DY 1) Ka(t) = §1(1,) C(0).
KK

(3.70)

Together with the corresponding four equations for A = R of the matching condition we
have enough conditions to uniquely determine the eight matrix functions K;_4(¢') and
Ci_4(t') for t' <1 —n. After some algebra we find? t'<1-—mnm)

, \/t_’ . . cothSz _ 4
K, ()= L L, t R~ qZ’7
)= e o B 11 - (Ratoe) + w57 21 0
1 DGe.t >]
NP0 D1,
K,(t) = v R(pp)— L v Dilen:t)

E 2 oYg —=—
pEMKKD (pEv ) N Ng’ (pQE) Dg(pEaln)

2Some convenient relations in order to arrive at ([B22) are given by

R (pr19) LS (9p, 1n,t') — LY (pr, 1y, ) = DY (15, ) /DY (i, 1),

N B B (3.71)
L{(pp, 1y, t') — Re(pply) Li(pp, 19,t") = DI(pp, 1)/ Di(p5, 14) -
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N ) . 1 D%pp,t
Ky(t') = ————— oYy R5(hr) 7 Q( L,
PEMiy D5 (PE, 1y) Nz (v )D (PE,1y)
—Vt . 52 coth Sg

K, t') = - — L%(pE,ln,t)JrQYT 5 <R (PE) +nbE >
M2 Di(pp,1,) TXZ\° Sy

L 2 Dg(pE’t)] , (3.72)

X 2 oYg——
Ng‘ (pQE) Dg(pE, 117)
where the coefficients C1_4(t’) can be calculated from [B70). In (372) we have used the

modified Yukawa matrix

~ tanh Sqﬂ

= oy (3.73)
q Sq_’ q
and the following ratio of linear combinations of Bessel functions
D%(pp 1
Rg,(bp) = —5 fffE’ ) (3.74)
D2 ’q(pE7 ]-77)
Furthermore we defined the matrix-valued functions
2
7, — 2 S& Y A T .
Zg Pp) = 0" 5 Yq Re(Dp) Yy R (05)
1 ) (3.75)
- Sz
Z¥ () = 0° Yy Ry(p) Yy YERQ@E%
q
and
R 1 coth Sz tanh S
N2 (pp) =1+ Z} (vg) + 1be |5 172 () “R;(hp)|
R5(pp) Sz 1 Sz
(3.76)
1 cothS; tanhSy
NP2 (p%) = 14 Z2*(0%) + npe |22 (v} . 7+ TR
(r%) (pk) + nbE | Z; (pE)RQ(pE) S; S; g(PE)| -

So far, we have have derived the matrix coefficients in the region ¢ < 1 — 5. For
theﬁ other case ' > 1 — n the matching condition is given by A?fL (1 -n— O,t’;p%) =
A% (1=n+0,t;p%) for A = L, R. When inserting the solutions (358), B61) and
B69), the case A = L leads to the equations (¢’ > 1 —n)

Vo D (1, 1) Ko (1) = C(1,) Cy () — My S(H + 1) S

VI DY (5, 1) Ka(t') = C(1) Co(t), 3.7
V1, DS(p, 1) Ks(t') = S(1,) Cs(t'),

VI, Dilpp. 1) K, (') = 8(1,) Cy(t') — nM2 S(t' + 1) S

Four more equations are given by the matching condition for A = R and we can uniquely
determine the eight matrix coefficients for ¢’ > 1 —n. We find (¢’ > 1 —1n)

-1 1 . coth Sz
Kl(t,) = = M2 3 RQ(pE) + PE 3% Zg.’l(p%)
PEVRK DY (pp, 1) q

e
N2 (p3) C(1y)°
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1 1 1 St) -
Ks(t') = - - R;(pE) oYz,
PR DI(ps1,) O Ny ) S (3.75)
1 1 1 Cr(t) '
Ks(t) = - . oY R5(pr) -
MRy Di(pp,1,) N2'(p%) CT(1y)
1 1 .82 coth Sz 1 St -
Ky(t') = - - oY] —L | R5(pr) + bk 4 — L oYy,
PEMRy Di(pp,1,) ¢ Xz @ Si I NP (p3) S(1y) "

where the remaining coefficients Cy_4(') can be deduced from (B.77)). We can show
that all coefficients Kj_4(t') and Cy_4(t') are continuous at ¢’ = 1 — 7. Finally, we
have uniquely determined all eight coefficients K;_4(t') and C;_4(t') for the full range
t' € [¢,1] and have obtained final results of the propagator functions Aq; ;, and A%L.

Extending the results to A%R and A%R

We can repeat all previous steps in case of the propagator functions A‘};R and A% - We
find that the corresponding solutions can be obtained by applying the following replace-
ments to the final results for A?, and A%,

Ll 4(pE7 1 7t) — _Lil(ﬁEa 1777t)7 Y&._) _Y(‘T’

for A = U D A a, d X and q =1, d X. Furthermore, we encounter an additional global
minus sign for A? 1 r- The replacements imply that the functions Z”’ (p%) and Ny P (p2)
transform via

1 1
Z¥ (p3) Rg(be)

1 ~ 1 2 1
— 15 — R5be) Z} (vE)

1 1 ~
NM@pz) 9T T NI () Ry

21 (p%) — Rg(pp)

E)

: (3.80)
q

TS YRCEY B) < : PE) o=
NP2p3) O NPA(py) T R;(pr)

1
G
1 . 1 9 1
= Rg(0p) 75—~ 23 (0% E
In the last two subsections we will explicitly present the final results of the propagator
functions for two different implementations of the Higgs sector. Those solutions will be
crucial for the analysis in Chapters [4] and [Bl

3.3.3 Final results in the brane-localized Higgs scenario

In this subsection we will focus on the final result of the quark 5D propagator with
extra-dimensional coordinates in the range ¢,¢' € [e,1 — n] and after eliminating the
regulator by sending n — 0. The corresponding propagator functions are necessary for
the calculation of Feynman diagrams with delocalized vertices in RS models with a
brane-localized Higgs sector, where the regulator n < v|Y,|/ATev can be effectively set
to zero. The results will be especially important for the 5D calculation of the b — sv
transition in Chapter Bl In order to obtain the final propagator solutions we insert the

matrix coefficients K;(t') and C;(t') into (358]), (61, (3:62), (BE8) and (B:69). Then,
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we take the limit 7 — 0 which implies that
L,—1, S;—>X;, S;— Xz Z;l’i — Zz, N;J’i —1+Z;,  (3.81)
where Xz, X; are defined in (3.67) and
Zi(pk) = 0* Y Ry(r) Y] Rs(p5) (3.82)

The components of the propagator functions are given by the compact expressions
(7,Q) = (a,U),(d, D), (A, A)

aun_ —Vi | DP(pp,t) 1 DPGp.t) DPGrt), 6.
ALr M, o R SN e
PEMKK | Dy (pp, 1) 7DV (pp,1) Dy (pp,1)
. t' D% (pp,t 1~ Dipp,t
AL = o é}( )R@'1+Z~QY‘1 f;(A !
PE KKD (AE‘Jl) 4 DQ(pEal) (3 83)
AT t  DI(pp,t) g L D% (pp,t')
LL Mgk Di(pe 1) 0 @11 Z, 10 ’
PEMKK D2( £, 1) 7 DY (pg,1)
- Vit | DI(pp,t - Di(pp,t") DIppt .
A%,iQ 7 ;({) ) }quRQ‘ - ZﬂQYZI 2( - ) 2q_(‘pA <) Lg(pE, 1’ t>) ’
PEMKK D2( E»l) + q DQ(pE>1) D2(pE>
DY Gp) Zy DYGet) | DGwt) (3 /
1 _ 2 ), t<t
Adll _ ZVU ) DEGp1) 7 DY 1) T D) Brrtse)
RL =, DE(ppt) Z: DOppt)  D(pp,t) 5. ’
KK 2 \PE, q 1 \PE, 1 \PE, /
) _ + D R~L J1,8) L t>t
D(p1) 27 DPGe1)  DO(pp1) @2 (P, 1,¢)
adr_ VW DEGpt) 1 o Di(pe.t)
RL — 5 q T/ ~ ’
Mxx pQ(pp, 1)+ %7 " Di(pe, 1) (3.8
Ad2l _ Vit D{(pp.t) 1 _Z; Df(pp,t)
RL — 7 5 5 ’
Mgk D{(pg,1) 0¥ 1+ Zq D& (pp, 1)
Dg(ﬁEﬂf)A Z7 Dg(ﬁE,t/) D?(ﬁm) 7q( / /
N Do) V2 T2 T Do) | DYy a2 (P LE) <t
RL ™ pp D{(ppt) 1 _2Zs v DiGet) | DiGpt) 1, ;o
KK 1 = =g 2] 2
D{(pp.1) Y7 112¢" 1 Di(pp.1) * Di(pp,1) Lipe, 1,1) b=t
D?(pEvt)R 1 1 D?(pEvtl) D?(ﬁEvt) LQ N 1 t/ t /
= 5 = 5 5 Ly 9 <t
A%}%l = tt' D%(ZA’EJ) @12 By Dg(ﬁEJ) Dg(ﬁE,l) i (e )
Mgk | DGt p 1 1 DPGet) _ Di@et) 1 1G5 o
ﬂ ; . . 1,8 L t>t
D?(PEJ) Ql+Zq Ry DzQ(ﬁEﬂ) DQQ(PEJ) Rg 3 (pE )
a2 _ Vit DY (pe, t) p.Z: 1 1 Di(p, 1)
LE ™ Myg DY (pp, 1) “1+Z; Ry Qf”;j D{(pp. 1) (3.85)
q,21 _\/ﬁDg(ﬁEﬂf) Yl 1 1 D2 (AEvt,)
ALY = 2 oY R L ,
Mxx D§(pg,1) 1+ Z;R5 pepp)
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Di(E.t) 5t .1 1 1D t) Dg(ﬁE,t)L G(n / ’
N I B (O 1 BO=Z G Y Dlgen) — Diipen) B8 PE LT E <
LR = )\, Di(pgt) -t 1 1 1 Dippt)  DiGpt) yd/ ;
KK 2\PEY) o 1 _ 1
Di(pp.1) q”RQHZaR@Y;D?(pE,l) Dien) L1PE LT >
1 Vit | DSGp,t) Z; 1 DY(p,t)  DS(hp.t) G, .
ARR - M, Q‘ R 1+Z-’R-’ Q‘ N + Q‘ R L2 (pE717t>) )
PEMKK | DY (pp, 1) G DY (pp,1) DY (pp.1)
ATL2 _ —Vit' DY(pp,t) Z; 1 1 Di(pg,t)
RR — = = . )
pEMyk D9 (pp,1) 1 T Za Rg oY) Di(jr,1) 556
ad2t_ YV Dipp.t) 1 Z; 1 DY(pp.t')
RR — R =~ = )
PEMKK D (pp,1) oYzl + Z¢ R D@ (5. 1)
A‘7’22 —Vtt! I—Dg(]ﬁE,t) 1 Zq' 1 1 Dg(AE’t/) Dg(ﬁE,t<)L§(ﬁE 1L )
q C 7 - = s Ly b> .
BE ppMi | DT (g, 1) oY7L + Z¢ Rg oV DI(pp,1)  DI(pp.1)

For the sake of readability we have suppressed the arguments of the propagator functions
A%B(t,t’;p%) for A, B = L, R on the left side, and of Zq(p%) and RQ'@(ﬁE). We note
that A% r is related to A%L by complex conjugation and by interchanging the extra-

dimensional coordinates ¢ <+ t'. We have checked that the propagator functions satisfy
the continuity and jump conditions in (3.54]). Furthermore, we can easily verify that the
corresponding UV BCs (B.55) are fulfilled by noting that D? ’(T(ﬁE, €) = 0. After a short
calculation the IR BCs (B50]) are satisfied as well. In view of the KK representation
of A%, for A = }L,R, see ([B51)), we can check that the hermitian conjugate of A% ,
coincides with A% , after interchanging the extra-dimensional coordinates ¢ <+ t'. Note,
that we can obtain the corresponding results in the minimal RS model by making the
formal replacements Q — @ and ¢ — ¢ in (3.83]) - (8:86]) which implies that we only keep
the (11)-components (3 x 3 matrix) in the higher-dimensional representation space.

Alternative derivation of the results

There exists another method to determine the propagator functions without using the
notation of a regulator n of the regularized é-function (L58]). We can also compute
the propagator functions A% 5 by solving the coupled system of differential equations
B52) without including the term that includes the Yukawa matrices in the generalized
mass matrix Mg(t) in (3:48). Instead of the IR BCs ([B.56]) we can impose the modified

conditions
(gfqu 1) Al (17t —p?) = (1 - Qf%) AL (17, —p%) = 0. (3.87)

The BCs on the UV brane (3.53]), the continuity and the jump conditions (3.54]) remain
unchanged. It is a straightforward exercise to derive the propagator functions from these
equations. This method provides an independent derivation of the propagator functions
B33) - (3.8a) for RS models with a brane-localized Higgs sector, in which the notion of
a regulator 7 never appears.
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Generalization of the results to different Yukawa matrices

We can generalize the results of the propagator functions in case of two different Yukawa
matrices. This possibility was mentioned in the text below (2I6) in the context of
correct- and wrong-chirality Higgs couplings. In the following we will focus on the min-
imal version of the RS model. In this scenario the first two equations in ([3.52]) are
generalized to (¢ = u,d)

p* AL (4,1 —p®) — Mk DY A% (8,1 —p%) = 8t — 1), (3.89)
i .

AL (t, 1 —p?) — Mkk D Al (¢t —p?)

)

with DY = 8y + M,(t) and DI = 9, + Mj](t). The generalized mass matrix is now
given by

licg O 0 Y¢ > v
M (1) = = +00"(t—1 S I =——,
(1) t ( 0 _Cq> 09 )< YT oo ¢ V2Mgx
which includes the two different Yukawa matrices Y;C and Y:]S . We begin with the

propagator function Aqu. The coupled set of first-order differential equations in (3.88])
can be combined to yield the second-order differential equation

(3.89)

T o
P+ 07 — My()M(t) %:(’5) +{My(t) - M;(t)}at] AY, (¢ —p?) = 5(]’\547}2{;) .
(3.90)

In the region t < 1 — n the regularized o-function (L58]) has no support. The general-
ized mass matrix (B.89]) is hermitian and the differential equation ([3.90) reduces to the
original equation given by the first line of ([B.53]) with ([B.57). Thus, the ansatz for the
propagator functions A% and A%y are given by ([B.58) and (3.6I) as obtained ear-
lier. However, the differential equations becomes much more complicated in the region
t > 1 —n. We have not succeeded to derive a general solution for that region. But, in
case of infinitesimal values n < 1 (at fixed p?) it is consistent to only keep the terms in
(B88) that are enhanced by 1/n for 1 —n < ¢t < 1. In this limit and for ¢ < 1 — n the
resulting differential equations are given by

2 2 C~v/St
[8 Q<Yqu 0 >]A%L(t,t,;—p2):0+...,

YD) S

o PR (3.91)
o2 g2< YqSKICT 0 > Al (¢ n p2) 0+ '
YO ) C s by ™ = ey

o2 772 0 Yz] T}qu LL

where the dots denote subleading terms. The solutions to these equations involve the
hyperbolic trigonometric functions ([3.63)), whose arguments contain the matrices

X, =0\ YY), X, =0\ Y YC, (3.92)

and their hermitian conjugates. It is then not difficult to show that, in the limit n — 0,
the BCs given in (3.87) still hold, provided we use X, and X, as defined here instead
of the original definition (Z23)). Furthermore, the modified Yukawa matrix Y; is defined
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here by
= ——2YC (3.93)

instead of (Z.27)). Solving the differential equations for the propagator functions with
these BCs, we recover our previous solutions (3.83)-(3.86]) for the minimal RS model
with the substitutions just described. We further note that the function Z, (p%) is now
given by

vZ  tanh Xq tanh XJr
YO R () YT Y R (D) . 3.94
Mz X, . Be(Dr)Y, X o(PE) (3.94)

Zy(v}) =

The results for the propagator functions with two different Yukawa matrices will be
used in the discussion of the loop-induced processes in Higgs physics and for the b — sy
transition.

3.3.4 Final results in the narrow bulk-Higgs scenario

At last, we present the results of the propagator functions with extra-dimensional coordi-
nates in the range ¢,t' € [1—n), 1] while keeping the full dependence on the regulator 7. As
mentioned in the text below (3.64]) we have to impose the upper bound n < v|Y,|/Mkxk
in order to trust the calculations. The solutions will be important when calculating
Feynman diagrams with vertices that are localized on or near the IR brane, which is the
case for vertices that couple to the scalar particles of the Higgs sector. For instance the
solutions will be used in case of the one-loop triangle diagram that contributes to Higgs
production via gluon fusion as discusied i£1 ghagteg M4 We obtain the following results
with t,t' € [1 —n,1] and (¢,Q) = (4,U), (d, D), (\, A)

abi = pEJ_leK [Cc((ltj) (nﬁE%@SJZg T RQ') Nj?’l cc((f;)) - nﬁEgEi; S(t;; n|.

N P J\14KK CC((;;)) R; Nzﬂ ;((f;)) o7,

AT o 50y a0 NEZJ il (3.95)
- nﬁEgii;; ;(E;IQTQJ 0¥y,

A = ]\;I(lK [;((12) <Z‘?1 t b tar‘ls}'lq*SJR& Nzl,l CC((f;)) - 2(7177)7)6“/)

+0(t—tC(1+t— t’)] ,
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Again, for the sake of readability we have suppressed arguments of some of the functions.
The solution for the propagator function A% r can be obtained from AqRL in (3.96) by
complex conjugation and by interchanging the coordinates t <+ t'. The corresponding
solutions in the minimal RS model can be obtained by replacing Q — @ and § — ¢ in

B.95) - (3.97).

3.4 Ultra-violet behavior of 5D propagators

This final section discusses the behavior of the gauge-boson and fermion 5D propagators
in the minimal RS model with a brane-localized Higgs sector and for large Euclidean
momentum pp > Mgk /t, exceeding the effective Planck scale at each point in the
extra dimension. The results will be used to show the finiteness of the penguin diagrams
contributing to the b — s transition and to calculate boundary terms for large Euclidean
momenta in Chapter Bl Most of the material presented here is based on our publication
[199].

Gauge-boson propagator functions

We begin with the vector and scalar components of the gauge-boson 5D propagator. The
corresponding propagator functions are defined via their KK representations in (3.16])
and (3.17). Expanding the solutions (3.25]) and (3.I8) for large Euclidean momenta we
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find to leading order (pg > 1/t,1/t')

Ltt e PE(t>—1<)
2m 2ppMkxk

L(tt)?
27‘(’6 ZPEMKK

Bp(t,t';p%) = [1 + e2ﬁE(t>‘1)] [1 + e2ﬁE(E_t<)] .o,

e PET L ety LB (LE esz(t>—1))] (3.98)

Bpss(t,t';p%) =
(7 ) E) pEMKK

L] o

for (subscript) B = A,G,W, Z. In case of B = W, Z the scalar propagator function
includes the contributions from the fifth component of the 5D W, Z boson and from the
corresponding NGBs in the Higgs sector. The latter contribution gives rise to the term
proportional to Lm%/(ppMgxk). Such a term would be absent in case of the photon or
gluon scalar propagator function (B = A, G). Integrating (3.98)) with a (well-behaved)
function f(t,t") along both extra dimensional coordinates we can show the relations

/ dtdt Bp(t. 1) f(11) ~ ldtf(t D,

47Tp (pE > 1/€) (3.99)

/ dtdt’' Bp s5(t,t';p%) f(t,t') / dt f(t,t)

We cannot prove ([8.99) in general but we checked analytically that the relations are valid
for the functions relevant in the calculations of this thesis. The relations (3.99) imply
that for large Euclidean momenta the propagator functions can be effectively replaced
by the d-function 6(¢t — ¢’) apart from a constant factor.

Fermion propagator functions

The results for the quark propagator functions in the brane-localized Higgs scenario are
listed in (B.83]) - (3:86]). The solutions contain several functions that have a simple form
when expanded for large Euclidean momenta. To leading order we find the approximate
expressions Rq ,(Pr) ~ 1, Z,(p%) ~ Q2iqu~:;r and (pg > 1/t)

A (5 5o (1
D1,4(13E7t) ~ ePr(t=1) 1_’_62;3E(e—t):|’
Dfx,4(pE)1) \/z

Dgy(pp,t)  epp(t-D)
D{(pe,1) Vi

[1 + eQﬁE“—l)] , (3.100)

[1 _ GQﬁE(E—t)] ,

eﬁE(l_t)
2Vt
for A = (Q,q and ¢ = u,d. Note that the expansions are independent of the bulk-mass

parameters. Using the above expressions in case of the propagator function AqL Lt p2E)
we find (pg > 1/t, 1/t)

LﬁQ(ﬁEJ 17t) = _Lzé?)(ﬁEa 17t) ~

—pE(t>—t 2y v i
ALI(L 1 p) ~ —762%(]\2 - 1+ e2ﬁE<€—t<>} 14 1o TY Q;@jﬂ ezﬁE(t>‘”] ,
PEMKK 1+ 0°Y,Y,
e~ Pr(2—t=t) 1

12
A%L ( 7t 7p2E) ~

PEMKK + 0

—pp(2—t—t'
e PE( ) o 1

oY,
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—PE(t>—1 2v Ty
AP ()~ — e [1 - 62’3E(€‘t<)} R A lqulf'qesz(t>_1) . (3.101)
1+ 0?Y]Y,

2pp Myk

For a (well-behaved) function f(t,t') we can show that

1 1 1
/ dtdt’ AL (t,t';p%) f(t, 1) ~ —p—2/ dt f(t,t), (pE > 1/e€) (3.102)
€ E Je

implying that the propagator function behaves like the d-function §(t — t') for large
Euclidean momentum. For functions that are localized near the IR brane the equation
is already a good approximation for pp > 1. Equation ([B.I02)) is also valid in case of
the propagator function A% .

We continue with the chirality-changing propagator functions. Making use of the
second differential equation in ([3.52), after complex conjugation and replacing ¢ <> ¢/,
we can show for a (well-behaved) function f(¢,t') that

! / A%R(t,t';p%) / ! q 2 q 2
| didt! =R S (1) = i [FALL(t Lpg) f(81) + AT (6 pE) f(t €]

1
+/ dtdt’' Al (¢, p%) [0 + My(t)] f(t,t), (3.103)

where we have performed a partial integration in ¢. In the large Euclidean momentum
region we can show that (pg > 1/¢)

1
—1
[ aat e s <

P, P_?Y,Y, Py >
5 — Y,
Pg

2~~T+ 2y Ty oy 120
L+07Y Y,  1+0°YY, 1+40°YY,

~ P

t b1

— 0Y, f]f(l,l),
1+ 0°Y, Y

1

1

/ @t AL (1 k) £~ — 5 Py (). (3.104)
€ E

where higher order terms are suppressed at least by p;Jg’. The first relation is approxi-
mately valid already for pg > 1 if f(¢,1) has most of its support near the IR brane.
Using (3.104) in (3:103]) we finally find for a (well-behaved) function f(t,t") and for large
Euclidean momentum (pg > 1/¢)

1 2v Ty
Mxk P P_ %Y, P .
/dtdt'A%R(t,t';p%)f(t,t')% > < e+ e — = —0Y,
c Pe | \1+02YY] 1+0%Y]Y, 14 0%YY,
- P
_ T$> _
0y, L) f(1,1) = Py flee
Y (1,1) = Py f(e€)

_ /ldt <f/(t’t+) ‘; ft) | Mq(t)f(t,t)>] . (3.105)

where f/(t,tT) = lim,_,4+0 05 f(t, s) is understood as a limiting procedure. An analogous
equation can be derived for the propagator function A%L.



4 Higgs physics in a warped 5D
space-time

The direct detection of massive KK resonances would be a clear indication for models
with one warped extra dimension. Unfortunately, none of these predicted particles have
been observed yet, and a tree-level analysis of the Peskin-Takeuchi parameters indicates
that their masses could be too large for direct detection at the LHC. A comprehensive
discussion of these points has been given in Section Thus, indirect searches like
precision measurements of the Higgs-boson couplings to SM particles have become an
attractive alternative.

Therefore, this chapter is dedicated to the detailed analysis of Higgs-boson produc-
tion cross sections and various decay rates in models with one warped extra dimen-
sion. The first two sections will cover the loop-induced processes gg — h and h — v
in the minimal and custodial RS model. We will perform the calculations of the cor-
responding amplitudes in a novel way, as 5D loop calculations, i.e. we will work with
the fermion and boson 5D propagators derived in Chapter Bl This technique will allow
us to show that the fermion triangle diagram is sensitive on the precise localization of
the Higgs sector on or near the IR brane. The content of Section [4.1] is based on our
publication [2], where I have worked out the ideas of M. Neubert and performed all
the calculations contained in the paper. Section contains material of our publica-
tion [163], where I have done all calculations except for the R¢ gauge invariance of the
h — 7 decay amplitude in the RS model, which has been first shown by J. Hahn. The
subsequent Section [4.3] will complete the previous analysis by discussing the tree-level
Higgs production and decay processes via W and Z bosons. Here, the main source is
my work which has been published in our paper [201]. The last section includes the
phenomenological implications. Current studies by the ATLAS and CMS collaborations
indicate that the couplings of the Higgs-like boson to SM particles appear to be close to
those predicted for an elementary scalar with couplings as given by the SM. The exper-
imental one-sigma uncertainties are given roughly at the level of 10-50%, which allows
new-physics effects to hide in the data. Still, even at this level of experimental accuracy
we will see that RS corrections to the (effective) Higgs couplings cyy, Cz, Ct, Ch, Cr, cgﬁ, ciﬂ
and signal rates of the processes pp — h — vy, ZZ*, WW?*, 777, bb can significantly
constrain the RS parameter space. Section [£.4] is based on my extended and updated
phenomenological analysis of our publication [201].

4.1 Loop-induced Higgs production via gluon fusion

This section discusses the important Higgs production process of gluon fusion for dif-
ferent versions of the RS model. In order to put our work into perspective we first
summarize earlier works on the process gg — h. In |202], the authors investigated the

85
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effects on the gg — h amplitude caused by the heavy b’ state, the SU(2)r partner of
the top quark predicted in RS models with custodial symmetry. Models in which the
Higgs scalar is a pseudo NGB, such as warped gauge-Higgs unification scenarios, were
studied in [203,1204]. One finds that the result for the gg — h amplitude only depends on
the fundamental parameter v/ f of these models, but that it is insensitive to the details
about the spectrum of the KK quarks. The authors of [205, 206] studied the effect of KK
resonances on the loop-induced hgg and hyvy couplings by working out the corrections to
the top- and bottom-quark Yukawa couplings induced by their mixing with KK states. In
these papers no significant contributions from the heavy KK-quark states propagating
in the loop were observed because the Yukawa interactions coupling the Higgs to two
Zs-odd fermions (the second term in the last line of (£3]) below) were implicitly assumed
to be zero The possibly large effect on the Higgs-boson couplings induced by the shift
of the Higgs vev relative to its SM value, which can arise in RS models with custodial
symmetry, was emphasized in [206]. The first complete calculation of the hgg and hy~y
couplings, in which both types of Yukawa interactions in (43]) were included, was per-
formed in [149]. In this paper both the production of Higgs bosons in the gluon fusion
process as well as the main decay channels were studied in an extended RS model with
custodial symmetry. It was observed that the dominant corrections to the hgg and hyy
couplings arise from the towers of KK-quark states propagating in the loop, and that
these effects are to a very good approximation independent of the masses of the corre-
sponding SM quarks. The production rate was found to be suppressed in most regions of
parameter space, while the branching fraction for the diphoton channel h — ~~ tends to
be enhanced with respect to the SM. At about the same time, an independent analysis
of the Higgs couplings to gluons and photons appeared [209], which reached the opposite
conclusions. In a recent paper [207], it was shown that the discrepancy between the two
sets of results can be traced back to a subtlety in the calculation of the loop-induced
Higgs couplings to gluons and photons. In order to compute the relevant overlap inte-
grals of fermion wave functions with the brane-localized Higgs field, it is necessary to
regularize the Higgs profile in an intermediate step and give it an infinitesimal width
[210]. When the calculation of the gluon-fusion amplitude is performed in a naive way,
the limits of sending the regulator to zero (n — 0) and including an infinite number of
KK modes (N — o0) in the sum over virtual states do not commute. This ambiguity
disappears once the loop calculation is performed in the presence of a consistent UV
regulator, such as dimensional regularization with d < 4 space-time dimensions. For the
case of a brane-localized Higgs sector, one then obtains the results of [149] no matter in
which order the limits are taken. The same conclusion can be reached by using a hard
UV momentum cutoff on the four-dimensional loop integral. The physical significance
of the results found in [209] was not fully elucidated in [207], but the discussion in that
paper suggests that they might refer to a certain limit of a model featuring a Higgs boson
living in the bulk of the extra dimension. It was demonstrated that the gluon-fusion am-
plitude receives an unsuppressed “resonance contribution” from high-mass KK states,
which can resolve the wave function of the Higgs boson (see also [211]). This effect is
absent for a brane-localized scalar sector.

In this work, we shed new light on these issues by performing the calculation of the
gg — h amplitude in a novel way, as a 5D loop calculation. In this way the very notion of
KK states is avoided, and the only relevant limit to be considered is that of sending the

IThe fact that there are two towers of KK-quark states for every massive SM quark, which is deeply
connected to the finiteness of the 5D loop amplitude [207], was overlooked in [20&]. In order to obtain a
finite sum for the infinite KK tower, the authors made the approximation m,, = \g,v/v/2 with A, ~ 1
for the masses of the KK quarks, see egs. (8) and (10) of their paper, which is incorrect.
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regulator 7 of the Higgs profile to zero. In the context of dimensional regularization, we
find that this limit can be taken either before or after performing the loop integration. In
both cases we confirm the results obtained in [149, 207]. If the width of the Higgs profile
is kept finite, in a way that is specified more precisely below, we recover the findings of
[209]. They correspond to a model with a narrow bulk-Higgs field, whose shape along
the extra dimension can be resolved by the high-momentum modes of the RS model.
In Section Tl we derive an exact representation of the dimensionally-regularized
gluon-fusion amplitude in terms of an integral over the mixed-chirality components of
the 5D quark propagator in the mixed momentum-position representation, including the
contributions of the SM quarks and the full dependence on the Higgs-boson mass. To
the best of our knowledge, such a result has not been presented before. Our expression
holds for an arbitrary Higgs profile. The calculation of the fermion 5D propagator for
the case of a very narrow Higgs profile localized near the IR brane has been performed
in Chapter [Bl We use these results to evaluate the gg — h amplitude and show explicitly
that taking the limit 7 — 0 commutes with the integration over the 4D loop momen-
tum. We prove a conjecture made in [207] for the analytic form of the contribution of
the infinite tower of heavy KK quark states. We also present an alternative derivation
of the same result by implementing the brane-localized Yukawa terms via appropriate
BCs in the field equations for the fermion mass eigenstates. In this approach, the notion
of an infinitesimal regulator 7 does not appear. We also consider a generalization of the
model in which two different Yukawa matrices enter in the 5D Yukawa interactions. We
then discuss the changes that occur when the width of the Higgs profile is kept small
but non-zero, corresponding to the case of a narrow bulk-Higgs field. In Section T2l we
discuss the impact of higher-dimensional operators on our results. Then in Section A.1.3],
we derive an upper bound on the size of the 5D Yukawa couplings by requiring that
the Yukawa interactions remain perturbative. While most of our discussion refers to
the minimal RS model with the SM gauge group in the bulk, we generalize our results
in Section £.1.4] to the RS model with custodial symmetry. Finally, we summarize the
conceptual results of our analysis and make a classification of RS models in Section 1151

4.1.1 5D analysis of gg — h

We start with the calculation of the gluon-fusion amplitude in the minimal RS model. We
can summarize the results in terms of two Wilson coefficients C1, and Cs, defined by
the decomposition

Qg a v.a Qg a  Auv,a
*A(gg — h) = Olg % <0|G,uy G" |gg> - CSg % <0|G,uy G" |gg>7 (41)

where GHe = —%e‘“’ af Gog (with %123 = —1) denotes the dual field-strength tensor.
Note that the Wilson coefficients C1, and Cs, also include the contributions of the
SM quarks. The one-loop graph giving rise to the gluon-fusion amplitude is shown in
Figure d1], where at each vertex an integral over the fifth coordinate ¢ is implied, which
varies between € ~ 107!® on the UV brane and ¢t = 1 on the IR brane. The Yukawa
interactions of the Higgs boson with up- and down-type quarks can be deduced from

[2I3) and are given by
' n A 1 0 Y,
Lngg(®) = = Z / dt o, (t — 1) h(z) Qr (@, t) —= t Qr(z,t) +h.c.
q=u,d v € \/i qu 0 (4 2)
== > > gt @) 3" (@) ¢ (@) + hc.,

q:u,d m,n
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Figure 4.1: Effective hgg couplings induced by the exchange of 5D quark states. The
positions of the vertices along the extra dimension are denoted by ¢; 2 and ¢.

where the zeros in the diagonal blocks of the 6 x 6 matrix are required by gauge in-
variance. The function 52(15 — 1) denotes the normalized Higgs profile along the extra
dimension. In the second line of (&2 we have decomposed the 5D quark spinors into
4D KK modes according to (ZIT). The Yukawa couplings g, are given in terms of the
overlap integrals [149]

din = [ -nul™w (5 ) uo

(4.3)
_ v / et — 1) [all C(1) Y () ats + af S (1) Y $2(1) al]
€
and likewise in the down-type quark sector. In the last step we have rewritten the answer
in terms of the Zs-even and Z»-odd fermion profiles C2'(t) and S/ (t) which have been
introduced in the text below (2.I]]).

In order to perform the calculation of the gluon-fusion amplitude at one-loop order
consistently, it is necessary to introduce two different kinds of regulators. For a brane-
localized scalar sector, the fermion profile functions are discontinuous on the IR brane,
and hence their overlap integrals with a d-function type Higgs profile are ill defined. We
have discussed this point in the text below equation (ZZI]). Therefore, it is important
to regularize the Higgs profile by giving it a small but finite width n < 1 [210]. We
therefore use the notation 6} (¢t — 1) in (@2) and (3] where the regularized profile has
unit area and support on the interval 1 —n <t < 1, see the definition (I58]). Many of our
results will be independent of the shape of the Higgs profile and would remain valid for
the case of a general bulk-Higgs field. Only at the end of our analysis we will specialize
to the case of a very narrow Higgs profile, with n satisfying one of the conditions (L55])
or (L54).

Secondly, as has been emphasized in |207], it is important to introduce a consistent
UV regulator in the calculation, even though the final answer for the gluon-fusion am-
plitude is UV finite. This should not come as a surprise, as it is well known that even in
the 4D case the introduction of a UV regulator is required in order to obtain a gauge-
invariant answer. To see this, consider the loop diagram for a single KK mode, which
naively is linearly divergent. Using invariance under p — —p, a superficial logarithmic
divergence remains. In dimensional regularization, one encounters the integral

dip [4—d 2 A
/ (27T]))d [ d (p ]i A)? + (p2 — A e(k1) - e(ka) (4.4)

which identically vanishes for d # 4. Here, A = mgn —zy(1 —y)m% arises after combining
the denominator using Feynman parameters. Note that if the calculation was performed
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naively in four dimensions, then only the second term would be present, and it would
correspond to a gauge-dependent operator GZ G*2, In the 5D model, the UV regulator
has the additional effect of regularizing the infinite sum over KK modes, which once
again is superficially logarithmically divergent |207]. The relevant sum is of the form
(recall that n = 4 labels the lightest KK excitation)

3+6N qu 4—d
i Yy W () (45)
N—oc0, n—0 — Mg, \Mg,
q:u,d n=4

where mg, are the masses of the KK quarks and gin denote their effective 4D Yukawa
couplings as defined in (43)). For d = 4, one obtains different results depending on
which of the two limits is evaluated first. However, in the presence of the dimensional
regulator d < 4 the order of limits becomes irrelevant, and one obtains a unique answer
for the sum, which in the limit d — 4 (taken at the end of the calculation) coincides
with the result found in [149]. Note that regularizing only the ordinary (4D) components
of momentum space with a dimensional regulator is justified, since the warp factor and
the presence of the branes break 5D Lorentz invariance, and because the integral over
the compact interval ¢ € [e, 1] does not give rise to additional singularities. Introducing
a UV cutoff in a way that respects the AdSs geometry leads to a warped 4D cutoff, as
shown in (C54]). Likewise, the scale p of dimensional regularization should be replaced
by ptev in the present case.

With the regulators in place, the gluon-fusion amplitude (£I]) can be written in the
form

) dd 1 1 1
A(gg — h) = ig? 5% Z /(sz))d/ dtl/ dtg/ dt o) (t —1)
g=u,d € € €

T (g )7t = ) f0) 7t i) #(00) 70 i+ )

(4.6)

where k; denote the incoming four-momenta of the external gluons, a and b their color
indices, and e(k;) their polarization vectors. We may now insert the decomposition of
the 5D propagator given in (3.50) and try to simplify the result. This task is made
complicated by the fact that the propagator functions Ai p are complicated functions
of the four-momentum p and the coordinates ¢, . In order to simplify the calculation, it
is convenient to use in intermediate steps their representations as sums over KK modes
B351). With the dimensional regulator in place, the 4D loop integral as well as the
infinite sums over KK modes converge. The integrals over the coordinates ¢; and to
of the two external gluons can then be performed using the orthonormality relations
[229). After this is done, the 5D loop amplitude A in ([4.0]) is expressed as a single sum
over KK modes, and we find that it can be reduced to integrals of the regularized Higgs
profile with traces of the mixed-chirality components of the 5D propagator evaluated at
t =t'. We define

! 0 Y\ AL tpE) + A Rt b0
T+(p%):—z%/dtdﬁ(t—l)Tr[(YqT 0‘1> el pE); Lal qu,

q=u,d
1 q 2 q 2
9 v 0 Y,\ Ay (tt;pg) — A (Lt pE)

q=u,d

(4.7)

where p% = —p? denotes the square of the Euclidean loop momentum after the Wick
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rotation. Matching the resulting expression for the amplitude A with the two-gluon
matrix elements in ([@1]), we obtain

3 1 1 - o 3 1 m%
Ciy = 5/ dm/ dy (1 — 4xyg) L (xyg my,) = 5/ dZ(l—Z)f(Z)h(zT),
0 0 0
2

Csg = /Oldm /Oldy I_(zygm3i) = /Oldz fz)1- (z %) ,

where my, is the Higgs-boson mass, x and y are Feynman parameters, and we abbreviate
y=1—yand f(z) = arctanhy/1 — z. The quantities

N P TR A B 2 2
Ii(m)_m/o dpg vy <@> Ty (py — m* —i0)

(4.8)

4.9
eg’yElLLQé ( )

o : 0
__ e -2 9 po(p2 2
g )y e gy T == )

are the dimensionally regularized loop-momentum integrals (after Wick rotation) over
the functions Tl (p%) in ([@T), shifted by an amount m?. We work in the MS scheme with
d = 4 — 2¢ space-time dimensions. In the last step we have integrated by parts, which is
justified as long as the quantity pp 0T /Opg vanishes at pp = 0 and at pg — oo. Our
analysis in the following section confirms that these conditions are satisfied.

We can also implement a more intuitive regularization scheme based on using a
hard UV momentum cutoff on the loop integral. This can be readily implemented once
we have the answers in the form given above. Setting é = 0 and restricting the loop
momentum to the range 0 < pg < A, we obtain

0
DA

where A should be identified with the physical UV cutoff Arey of the RS model.

The relations (€8] are one of our main results. They provide exact expressions for
the Wilson coefficients corresponding to the 5D loop integral. The trick of using the KK
representation in intermediate steps is legitimate and not different from similar tech-
niques routinely used in 4D loop calculations. Note that in our analysis we have not
taken the limit mj; — 0, which is often adopted in discussions of the gluon-fusion ampli-
tude and provides a good approximation if the mass of the particle in the loop satisfies
the inequality mgn > m% /4. There would be no problem in using this approximation
for the KK excitations, but for the light SM quarks (and to some extent even for the top
quark) the Higgs mass must be kept in order to obtain a reliable result. The strategy
adopted in 149, 202-209, [212] was to first evaluate the gluon-fusion amplitude in the
limit my, — 0, then to subtract the contributions of the zero modes by hand, and finally
to add back the contributions of the top and bottom quarks using the proper loop func-
tions calculated with the physical value of the Higgs mass. Since in a 5D framework
there is no distinction between zero modes and KK excitations, we are forced to keep
the Higgs mass finite in order to include the SM contributions in the correct way.

Our results (A7) and (48] are valid for an arbitrary Higgs-boson profile along the
extra dimension. As long as one succeeds in computing the mixed-chirality components
of the 5D propagator in a generic bulk-Higgs model, one can use (@8] to compute
the corresponding effective hgg couplings. The limit of a brane-localized scalar sector
corresponds to taking the limit n — 0 in (4.7). It suffices to focus on one of the mixed-
chirality components, since for space-like momenta the two components are related by

Ii(m?) = T (—m? —i0) — T (A2 — m?) 4+ A? T (A% —m?), (4.10)



Chapter 4. Higgs physics in a warped 5D space-time 91

Al L (¢t p%) = [A%, (Y, t;p%)]T. The calculation of the propagator function A%, was
presented in detail in Section B3] with the results given in (3.84) and (3:94]).

Analysis of the functions Ty (p%)

We now show how to calculate the loop integrals I.(m?) in ([&3) for the cases of a brane-
localized Higgs boson and a narrow bulk-Higgs field, as defined in (I.53]) and (I.56G]). We
perform the calculation in dimensional regularization, but we first motivate the results
in the context of the more intuitive scheme in which a hard UV cutoff is used. We begin
collecting some general properties of the functions 7T (p%)

A first we need to derive explicit expressions for the quantities T i(p%) defined in
(7). Required are solutions for the mixed-chirality components A% (¢,¢'; p%) of the 5D
quark propagator in the region ¢,¢' > 1 — 7, which are given in ([3.96]). Then, we obtain
the result

1 X2
T, (p%) = Attt —1)Tr{ ——2
+ () q_zd/e pt=1) 1‘{qumhmq
- (4.11)

1 NP*(p2) — 1
X [sth Sy +C* () Z]' 0h) 15 — S*(t) % + h.c.] } ;
N (pg) N (pg)

and analogously for T (p%). The matrix-valued functions in (11 are defined in ([2.23)),
B65), B.60), B75) and (B.76). The dependence on the Euclidean momentum enters
our results via the quantities S, S'q and Ry for A = @Q,q introduced in (3.60) and
(B74). The functions R4 are diagonal matrices in generation space. A significant com-
plication originates from the fact that they do not commute with the matrices S, and
S’q, giving rise to non-trivial matrix products. It will be important for our discussion to
exploit the asymptotic behavior of the ratio R4 for large and small values of pg. Us-
ing the well-known properties of the modified Bessel functions I,(z), we find that for
Repg >1

ca ca (1 +c A)

Ry(pp)=14+—+

e 257 + 005, (4.12)
E

up to exponentially small O(e‘zﬁE) terms. The asymptotic behavior for small values of
PE is

F'(ca)

:FQ(CA)+ PE
3+ 2cy

1 - F?
pr | 1-2ca (ca) +

R4 (pE) +0(p%) (4.13)

where F'(c) denotes the value of the profile of a chiral component of a SM fermion on
the IR brane, defined in (L48).

Now, it is convenient to discuss the properties of (AII]) in different regions of the
Euclidean momenta. In the region of small momenta (|pp| < Mkk), the functions
Ty (p%) vary rapidly and in a way that is strongly dependent on the values of the bulk-
mass parameters ¢;. This is expected because in this momentum range their behavior
is dominated by the contributions of the SM quarks. Remarkably, we find that at the
special value pg = 0 the results are given by the very simple expressions

Ty(0) = > Tr[Xycoth X,] = to, T_(0) =0, (4.14)

q=u,d
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Figure 4.2: Momentum dependence of the propagator function T (p%) for the case of
one fermion generation and parameters corresponding to the top quark. The three curves
refer to different values of the regulator 7, as indicated. The vertical dashed line indicates
the value of the UV cutoff of the RS model (for Arey = 10 Mkx).

which only depend on the 5D Yukawa couplings, via the quantity X, defined in (2.23]). In
the neighborhood of this point the behavior is complicated and not described by a simple
formula. For larger values of the Euclidean momentum, such that pp > Mgk, the
function 7 (p%) converges towards a universal limiting value

1 [eg X, tanh2X, L G X, tanhZXq} (9(“_2)}

T, (p2) = Tr< X, tanh 2.X v
4 (pE) Z r{ g tan q+2ﬁE cosh 2X, cosh 2X, Pe

q=u,d
t
=t + ﬁz +..o (Mkx < pr < v|Yy|/n) (4.15)

while T_(p%) = O(p5°) falls off more rapidly. To derive this result, we have taken
the limit npp — 0 and used the asymptotic expansion in (£I2]). A dependence on the
bulk-mass parameters enters only at subleading order. Interestingly, there exists a third
region of extremely large Euclidean momentum, pg >> v|Y,|/n, for which the behavior
changes once again, and the function 7'y (p%) tends to zero according to

1 _ t3
T, (p%) = — TrX24+00(p)= —=+..., pE > Y, 4.16
+(pE) angu:d ¢ TO0g) - (pE > v[Yy|/n) (4.16)

while still 7_(p%) = O(p5°). Note that in this region the loop momentum pp exceeds
the value of the intrinsic UV cutoff of a consistent RS model with a brane-localized Higgs
sector because condition (L55]) implies Atey < v|Y,|/n. It can therefore only contribute
if we consider a bulk-Higgs field as defined in (L56]).

It follows from this discussion that the functions T: i(p%) have all the properties
required for the integration by parts in (4.9]). The exact momentum dependence of these
functions is rather complicated, and we refrain from giving explicit expressions for the
general case. We will instead discuss the simpler case of a single fermion generation,
which exhibits all the relevant features mentioned above. In this case we have obtained
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the analytic expression

iy X3 R0E) o2, ) s (25, — %)
+ WPE) = —~ 8y ki(pp) S (cosh 28, — 1) + ka(pp) npp sinh 25, + 25,

(4.17)

where S; has been defined in ([B.66]). We further abbreviated ki (pg) = 1+ Ry (pr) RQ(PE)
and ky(pp) = Ry(Pr) + Ro(pr). The function T'&(p%) = 0 vanishes trivially. Tt is
a simple exercise to derive from (£I7)) the various limiting behaviors shown in (£14]) -
(£18]), simplified to the one-generation case. Figure shows the behavior of the result
@I7) for the parameter choices cg = —0.45, ¢, = 0.395, and |Y,| = 2.3, which corre-
spond to the physical mass m, = 172.6 GeV of the top quark. We set the KK scale to
Myk = 2TeV, such that X, ~ 0.2. The three curves correspond to different values of the
regulator 1. The three regions of Euclidean momenta mentioned above (pg/Mgk ~ 1,
pe/Mkk > 1, and pp/Mxk > X,/n) are clearly visible from the plot. The dark and
light blue curves correspond to models for which Apey/Mgk < Xy /n, and hence condi-
tion (L5A)) defining a brane-localized Higgs field holds. The gray curve corresponds to
the case of a narrow bulk Higgs, as defined in (.50)).

Analysis of the loop integrals I.(m?)

Our final goal is to calculate the loop integrals It (m?) defined in (@) in the dimensional
regularization scheme. For simplicity, however, we first consider the integral I (0) at the
special point m? = 0 and work with a hard momentum cutoff A = Aqey. For the case
of a brane-localized Higgs sector, defined according to condition (.56]), we obtain from

E10)
3ta Mkk

I+(0)‘brane Higgs =1lo—11 — 7 Atev +.

with ¢y and t; 2 as defined in ([@I4]) and ([@.I5), respectively. The last term is a small
threshold correction (suppressed by the UV cutoff, which we assume to be much larger
than the KK mass scale), which is present in a hard-cutoff scheme but will not be visible
in the dimensional regularization scheme discussed below. Such power-suppressed terms
can be included via higher-dimensional operators in the effective Lagrangian of the RS
model.
. . . . . (CGHNP)
The difference (tg — t;) coincides with the expression for the quantity X,
(summed over ¢ = u,d) derived in [207] for the case of a brane-localized Higgs sector.
It corresponds to the numerical result first derived in [149]. The same result would
be obtained if one would take the limit » — 0 before performing the integral over the
loop momentum. For the opposite case of a narrow bulk-Higgs field, defined according
to condition (L5H]), the UV cutoff is such that the quantity Ty (A?) in (@I0) must be
evaluated using (4.16)), so that we obtain

(4.18)

3y Mg
2 nAtev

I+ (0) |narr0w bulk Higgs =t (419)

instead of (AI8). The two answers differ by an amount ¢; given by the first term on
the right-hand side in (£I5]). The term ¢y coincides with the expression for the quantity
ZgATZ) (summed over ¢ = u,d) derived in [207], which corresponds to the result first

obtained in [209]. We emphasize that the threshold corrections are enhanced by a factor
1/n in this case.
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It is instructive to reproduce the above results in the less intuitive, but more con-
sistent (from a mathematical point of view) dimensional regularization scheme. We will
argue that also in this case the limit of a brane-localized Higgs sector can be taken
without encountering any ambiguities. In order to demonstrate this, we should perform
the integrals over pg in (£9) and then take the limit 7 — 0, and show that this yields
the same answer as first setting  — 0 and then integrating over the loop momentum.
However, our explicit result in (£I7) and its generalization to three generations are so
complicated that the dimensionally regularized integral cannot be evaluated in closed
form. We will instead consider a toy model, which captures all important features of
the exact result. To this end, we study the function

to —t1 — to to t3
Tmodel(p2 ) — + +
+ E ) ~
L+pg \/1 + P2, V(ts/t1)? + (npp)?

, (4.20)

which exhibits the same asymptotic behavior in the three regions as the exact result.
Evaluating the integrals in (£9) for this function, we obtain

2€ 2€ 2€ 2€
t un R
Jodel(0) — (40—t —t H ty [—F t (L 2y (4.21
1e%(0) = (to—t1—t2) <MKK> +io <2MKK +t1 T M +0(&%), ( )

where t1/(2t3) = 1+ O(v? /M2y ). While the first two contributions are associated with
the scale Mkx, i.e. with low-lying KK modes, the third contribution is associated with
the super-heavy scale Mxgk/n, which for a brane-localized Higgs sector is larger than
the physical UV cutoff of the RS model. Note that in the limit n — 0 this contribution
tends to zero, leaving I'"°4¢1(0) = (o —t1) as the final result for the integral after the UV
regulator ¢ has been removed, in accordance with (£I8]). The same result is obtained
if the limit n — 0 is taken in (£20]) before the integral is evaluated. The last term in
(£20)) then reduces to a constant, which does not contribute to (d9). In the dimensional
regularization scheme, the case of a narrow bulk Higgs, for which the loop momenta can
resolve the shape of the Higgs profile, is obtained by removing the UV regulator é at
small but finite value of 7. In this case one finds Iﬂr‘wdel(O) = tp, in accordance with

@I,

Final expressions for the loop integrals

The above discussion shows that in the presence of the UV regulator, and for a brane-
localized Higgs boson, it is possible to take the limit n — 0 at the level of the functions
Ty (p%), before the loop integral is performed. We can extend the form (IT) valid for
one fermion generation to the general case of three fermion generations. For n — 0, we
find

2X, | 1(_Z,}) Zi(vy)
Ti(p%) = Y Tr{ ——% |sinh®X, + - ( —L7E e
'+ (pE) Z {sinhZXq [sm q Tt 5 <1 + Z,(p%) + 14+ Z;(p%) )

q=u,d

°2X, |1( Z,} Z (v
T_(p%) = Z Trd =24 _.< q(pE)2 _ CI(]T?E) >
S sinh2X, |2i\1+ Z,(p7) 1+ Z)(p%)
The quantity Z, involves a non-trivial product of matrix-valued functions and is defined
in ([B.82). Note that we have removed any reference to the matrices X, in the final
expressions by using the identities Y, f(X,) = f(X,) Y, and f(X'q)YqT = YZIT f(Xy),

(4.22)




Chapter 4. Higgs physics in a warped 5D space-time 95

which hold for an arbitrary function f(X,) that has a non-singular expansion in powers
of X, q2.

We are now ready to derive the final expressions for the loop integrals in (£.9). The
quantities T (—m? — i0) computed using [@22) replace the quantity ¢y in @I8), EI9),
and (£.2I), while ¢; has already been given in (£.I4]). Removing the UV regulator after
the integral over the loop momentum has been performed, we obtain

1 2X Z,(—m?) ZJ(—m2)
Ii(m®) = {Trg(Xq) tolr [sinhixq <1 +qu(—m2) L Z}(—m2)>] } ’

1 2X Z,(—m? Z}(—m?
L(m?) =Y = Tr|_— ¢ < o m)2 - "(Tm) > , (4.23)
P 2i sinh2Xy \1+ Zg(—m?) 14 ZJ(—m?)
where m? = m? + 40, and the function
X, tanh X,
g(X‘Y)‘brane Higgs = Xq tanh Xq — Xq tanh 2Xq = —m (4.24)

obeys a non-singular series expansions in powers of X q2. Note that due to the presence
of strong-interaction phases arising from the analytic continuation from a Euclidean
momentum p% to —m? — 0, the functions I+ (m?) cannot simply be written in terms of
the real and imaginary parts of a trace over matrices. If instead of the brane-localized
Higgs boson we consider a narrow bulk-Higgs state, then the subtraction term ¢; is
absent, see ([4I8) and (£I9]). The expressions in (£23]) remain valid also in this case,
provided we use

g(Xq) ‘narrow bulk Higgs Xq tanh Xq : (425)

The above equations are the main result. Up to some small corrections to be determined
below, the first term on the right-hand side of the equation for I, (m?) corresponds to the
contribution of the infinite tower of KK quarks to the g¢g — h amplitude. The remaining
terms describe the contributions of the SM quarks. For the case of a brane-localized
Higgs sector, the function g(X,) coincides with an expression first obtained in [207] by
means of a conjecture. In the present work we have derived this form. For the case of a
narrow bulk-Higgs field, the expansion of g(X,) to O(X q2) reproduces the result derived
in |209]. This demonstrates that the “brane-Higgs limit” considered in that paper really
corresponds to the case of a narrow bulk scalar, as defined in (L50]).

Alternative derivation of the result for a brane Higgs

For the case of a brane-localized scalar sector, it has been shown in [207] that the fermion
bulk profiles and the Yukawa couplings g/, to the fermion mass eigenstates defined in
(3] can also be derived in a different way, by solving the field equations for the fermion
modes in the bulk and incorporating the effects of the Yukawa interactions by imposing
appropriate BCs on the IR brane. The Yukawa couplings are then derived by evaluating
the fermion profiles in the limit ¢ — 1~ (approached from the left), which defines their
values on the IR brane by continuous extension.

This method, which in [207] was established for individual fermion states, can also be
applied to the infinite tower of KK modes, by imposing similar BCs on the 5D propagator
functions. Indeed, we find that with a brane-localized Higgs field the functions T4 (p2E)
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defined in (£7) can also be computed as

0 Y\ AL (17, 175pF) + AL ,(17,175p%)
Y, 0 2

v
T—i—(pQE)‘brane = - Z ETI' , (4.26)

Higgs q=u,d

and similarly for T_ (p%) The propagator functions A’i p are now computed by solving
the coupled system of differential equations ([3.52]) without including the Yukawa term
in the generalized mass matrix ([B.48]). Instead, one modifies the BCs on the IR brane,
see (3.87) and the text below. We have confirmed that inserting these results into (Z.26])
one reproduces the expressions given in (£23]). This method provides an independent
derivation of the result for the brane-localized Higgs boson, in which the notion of a
regulator 7 never appears.

Analysis of the zero-mode contributions

We will now analyze the terms involving the matrices Z; used in (@23) and defined in
(B:82]), which include the contributions of the SM quarks, in more detail. The first step
is to expand Z, to leading order in v? /MI%K Working in the ZMA, see the text below
[230) for an explanation, we obtain

2
Z,(v%) = F~\(eq) Uy | 42 4 (s 8y
«E) = (@) Uy P2 T (0@ +Mgp0gm q) + ...
E

U} F(cq), (4.27)

where

mgo 1 1 F2(c,)
0o = —22 Wi ~-1 2w,
@7 Mz, e [1 —2¢, <F2(cq) * 34 2¢, a™Ma.0;

mgo 1 1 F2%(cgp)
5, = —22 yt -1+ —=2 U, .
a MI2{K q [1 — QCQ <F2(CQ) + 3+ 26Q a"Mq,0

(4.28)

Here, the matrices Uy, W, and my o are defined from a singular value decomposition of
the effective Yukawa matrix Y;Ieff = F(cg)Y,F(c,) = ? U, m,oW,. The entries myg, o
denote the zeroth-order values of the masses of the SM quarks. The quantities (£.28))
give rise to some small corrections of order v? /MI%K, which except for the two entries
proportional to mﬁ3 = m? carry an additional strong chiral suppression [132]. Inter-
estingly, the matrix Z, can be used to express the eigenvalue equation which deter-
mines the KK masses, such that det [1 + Zq(—m%)] = 0. This equation directly follows
from the modified BCs at the IR brane (2.26]) when the exact solutions for the quark
profiles (Z.28)) are inserted. Introducing the abbreviation e, = dg + M0 J, m;(l), and
working to first order in v? /MI%K, we can rewrite the eigenvalue equation in the form
det [mi — mao (I—eg)+.. ] = 0. Using the quantity €; we obtain the expansion
Zq(p%) (1—¢q) mﬁ,o (1—¢q)

LB = F Y (eq) U,
Tr 2,y | QT

+... |UlF(eg). (429

P+ mg,o (1—gq)

Only the diagonal elements of the matrices €, contribute when the mass eigenvalue
equation and traces of (£.29)) are evaluated to first order in v?/M2. It is then not difficult
to show that the masses of the SM quarks are given by mgi = mgi,o (1—¢4 +...) with
gq = (gq);; = (80);; + (8,),;, where the dots represent terms of order v*/My and
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higher. Moreover, we find
= Ry ————— Eq.
sinh2X, 14 Z,(p%) - “m2 +py "

q:u7

..., (4.30)

where

2 _
R [Ug Fleg) X2 F~\(cq) Uq] - (4.31)

Note that while the parameters x4, are in general complex, the quantities g4, are real.
The sum in (£30) extends over all six SM quarks. However, in practice the contributions
of the light quarks can safely be neglected. For the third-generation quarks, we find that

_'.
2 (vyiv)
Mgy (Ya)gg

Rt = 1-— &t — (432)

up to chirality-suppressed terms, and a corresponding formula holds for ;. This expres-
sion coincides with the result derived in |207]. It is now a simple exercise to evaluate the
Wilson coefficients using (£.8]). We obtain

Cig = Z Tr [Q(Xq) + Eq] + Z Re(kg,) Aq(7i) + ...

q=u,d
v? (Y“YJY“) 33
~ |1- Re A1) + Ay(m) + Trg(Xy) + Trg(Xa), (4.33
B T (V| e A (4.33)
2 (YuYJYu)33
059 = zZ: Im("i%) Bq(Ti) toe _3M}2{K Im (Yu)gg Bq(Tt) )

where 7; = 4m2i /m37 — 40, and the parameter integrals evaluate to [213, 214]

Aq(1) = 377_ [1 + (1 — 7) arctan? \/%] , B, (1) = 7 arctan® \/% .
For the light SM quarks, these functions must be analytically continued to 7 < 1.
In ([@33)), we first present expressions that are exact up to small corrections of order
vl /MféK, represented by the dots, which are numerically insignificant. The leading ef-
fects, which involve traces over functions of Yukawa matrices and thus increase with the
number of fermion generations, are exact to all orders in v?/MZ. The infinite sum over
KK quark states contributes the trace term in the expression for C14. The second term
contains the sum over the contributions of the SM quarks, whose Yukawa interactions
are modified with respect to the SM by factors ;.

In the final, approximate expressions we have used the fact that all ¢,, parameters
other than ¢; can be neglected to a very good approximation, and that for the term
proportional to e, we can neglect the small deviation of the function A4(7;) ~ 1.03 from 1.
Also, for the small b-quark contribution, it is safe to neglect the small deviation of k
from 1. In this approximation, which is accurate to better than 1% for Mkk = 2 TeV, we
observe that the Wilson coefficients C1, and Cs, become independent of the bulk-mass
parameters ¢;. They are entirely given in terms of the 5D Yukawa matrices of the RS
model. In the SM, we have C’%VI = Ay(m) + Ag(mp) and C%VI =0.

(4.34)
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Brane-localized Higgs sector with different Yukawa matrices

Now, we turn to the generalization of the RS model with a brane-localized Higgs sector
in which one allows for different Yukawa matrices YZIC and YZIST in the two terms in the
last line of (43]). We refer to this model as type-II brane-Higgs scenario. Details on the
derivation of the 5D quark propagator in this scenario can be found in the last paragraph
of Section B33l We find that the expressions can be obtained from the ones derived so
far by means of some simple manipulations. Instead of the matrices X, f’q, Z, defined

in (223), 227), 382) we must use the expressions (3.92)), (303), (3:94]). Also, the

master formulae (£23]) must be generalized to

_ 1 2X, Z,(—m?) 20X, ZI(-m?)
I (m?) = ReTrg(X,,Y,) + =Tr |——2 g 4 q ,
+(m) q;d{ (Xq ¥o) 2 |sinh2X, 1+ Z,(—m?) SinhQX;f 1+ Z;r(—m2)
2 T i 2
I_(’I’)’LQ) :Z ImTrg(quﬂI) + iTI' - 2Xq Zq(_m )2 _ 2Xq Zq(—m ) ’
a 2 [sinh2X,14 Z,(—m?)  ginh quT 1+ Zg(—mz)
(4.35)
where
Y)Y, 2
9( X, Yo) | prame Hiees = — = = — YOVt 4. (4.36)
47 747 1brane Higg sinh2X, 1 + 21\1/)1?2& Y, 2ME, 1T

In the formulae for x; in (£32]) one must replace the combination (YuYuT Yu) 33 / (Yu) 43 by
(YUCYHSTYC)33 / (Yuc) 45+ Note that because X, is no longer a positive hermitian matrix,

u
traces of X' can now have arbitrary phases. However, at leading order in the expansion

in v2/MZy the trace of the function g(X,,Y,) is a negative real number. Indeed, at this
order there is no difference between the result (£36) and the original result in (£24))
valid for the brane-Higgs scenario with YqC = Y:]S .

An interesting special case is that where Y;]S = 0 meaning that the Yukawa couplings
involving a product of two Zs-odd fields, given by the second term in the last line of
([#3)), is put to zero. This choice was frequently adopted in the literature. It corresponds
to taking the limit X, — 0 in our results, in which case f/; — ch, and the quantities
kg, in ([@31) reduce to Ky =1 —¢gg4,. It follows that in this particular model one obtains

Cig= > Tr[g0,Y) +eg] +> (1 —e4) Ag(mi) + ...
g=ud b (4.37)
v
~ OPM 4 [1— Ag(m)]er + &5 — = Tr [YEOY, T+ Y, YT,
QMKK

whereas (s, = 0. The first term in the first line is the result of the summation over
the KK tower of quark states, while the second term gives the contributions of the SM
quarks, whose Yukawa couplings are modified with respect to their values in the SM by
factors (1 —egg,). It suffices for all practical purposes to keep only the terms shown in the
second line. Apart from the last term, they agree with a corresponding result presented
in [206]. The first two corrections to the SM result are numerically very small because
1 — Ay(1) = —0.03 and the quantity e is chirally suppressed. The third correction,
which arises from the infinite sum over KK states, gives the dominant contribution by
far. This effect was not found in [209] because in this paper the brane-Higgs case was
derived by taking a limit of a bulk-Higgs result. If one formally introduces two different
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Yukawa matrices in the narrow bulk-Higgs scenario, one indeed finds that g(X,) defined
in (£25]) vanishes in the limit where Yf — 0. However, in the context of a bulk-Higgs
model taking Yf different from K;C violates 5D Lorentz invariance, and moreover the
brane-Higgs case cannot be derived by taking a limit of the bulk-Higgs results.

4.1.2 Power corrections and higher-dimensional operators

As we have mentioned earlier RS models must be considered as EFTs valid below a
(position-dependent) UV cutoff which is given by the warped Planck scale. The UV
completion of these models is unknown. It may be strongly coupled, for instance due to
effects of quantum gravity. Short-distance contributions from physics above the cutoff
scale give rise to higher-dimensional operators. In the following we will comment on their
impact on our results.

Power corrections

Generic power corrections can be described in terms of higher-dimensional operators
added to the Lagrangian of the RS model (with unknown coefficients). For example, we
can ask what one should expect for the magnitude of the leading power corrections to
the Yukawa interactions (£2]) coupling the Higgs boson to bulk fermions. In general,
higher-dimensional operators can be constructed by inserting one or more (covariant)
derivatives acting on the ﬁeldsE These operators are suppressed by the fundamental,
physical UV cutoff of RS models, which is of order the Planck scale. The leading such
operators involving a fermion bilinear contain a single derivative, possibly accompanied
by a factor sgn(¢). We are thus led to study the object

1
— EMipy1re = — <e”(¢) ig + s 8¢> + terms containing gauge fields, (4.38)

where I'® = {y*, —ivs} are the 5D Dirac matrices and EM denotes the inverse vielbein, as
discussed in Section [[L4.2] From now on we focus on the derivative terms only. Changing
variables from ¢ to t, and using the definition of the warped UV cutoff in (L54]), we
obtain

1 1

— EMiDyT = ——— (i@ + 5 Mg ) + ... . 4.39

]\4}31 a AUV(t) ( @ t) ( )

Operators containing more than one derivative contain similar structures. For example,
the 5D d’Alembertian can be written aﬂ

1 e20(®) e—20(8) 1 1
— = |y - ——— 8% | = ———— (O — M2, =t . 4.4
Mg, ° M3, ! r? % Az (1) ( ! K O 8t> (4.40)

Several comments are in order. First, we note that higher-derivative operators in the
effective Lagrangian are indeed suppressed by the position-dependent UV cutoff Ayy (¢).
If we consider power corrections to couplings involving the Higgs boson (no matter
whether the Higgs field is localized on or near the IR brane), the corresponding cutoff
scale is Aey. The 4D derivatives contained in (£39) and (£40]) will produce powers of
external momenta or masses of the various fermion modes. The corresponding terms

2Note that the 5D Lagrangian does not contain any small mass parameters, which could be used to
construct non-derivative operators of higher dimension.
3The 5D d’Alembert operator is defined by Os = GMY 95,0n with the RS-metric representation given

in (L22)).
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scale like (Mgk/Atev)”. For models in which the Higgs field is a generic bulk scalar
(with width n ~ 1) or a brane-localized field, derivatives 0; acting on the fields near
t = 1 produce O(1) factors, since the wave functions are naturally expressed in terms of
the t variable, typically involving Bessel functions of argument x,,t with x,, = m,,/Mkx,
or powers of ¢ in the case of the SM fermions. (For a brane-localized Higgs field, these
derivatives must be evaluated at ¢ = 17, i.e., by approaching the IR brane from the
left.) Hence, the 0; terms in the derivative operators shown above also give rise to
(Myk /Atev)" corrections. The situation changes if we consider a limit of a bulk-Higgs
model in which the width 7 of the Higgs profile becomes parametrically suppressed.
Then the Higgs profile itself, as well as the profiles of particles coupling to the Higgs
field, change rapidly over a small interval of width n near the IR brane. In such a
scenario, a derivative 0; acting on the Higgs field or any field coupling to the Higgs
boson picks up a factor 1/, and hence the corresponding power corrections scale like

(Mxx /nAtev)".

Impact of |®|2 G%,,GMN* and |®|? G2, GV operators

Two particularly interesting higher-dimensional operators relevant for Higgs production
are TP gj‘\”/[NQMN’“ and ®TP QﬂNQMN’“, which mediate effective hgg couplings at tree
level. Here, G, is the 5D gluon field-strength tensor. We will now address the question
how important the contributions of these operators are in the low-energy effective theory,
focussing on the first operator for concreteness. In the RS model with the scalar sector
localized on the IR brane, the relevant effective action is

4 . ol 935 a v,a
Seﬁzfd x/ das con 8(Jos] = 17) 15— 2 GE, G L, (D)
—rT TeV

where we do not bother to write down terms involving QZ5. Here, gs5 is the five-
dimensional strong coupling, which is related to the coupling g, of the SM by g,5 =
V21r g [165]. The natural UV cutoff governing the suppression of the brane-localized
higher-dimensional operator is Atey. NDA suggests that the dimensionless coupling ceg
could be as large as O(1) if the UV completion above the cutoff of the RS model is
strongly coupled. In the absence of a complete model, it is impossible to say how ceg
might depend on other parameters, such as the Yukawa couplings or the number of
fermion generations. Even in a strongly coupled theory, it is possible that c.g could
be significantly smaller than 1E for instance because the effective degrees of freedom
coupling the Higgs boson to two gluons can only be pair produced, or because they
have suppressed couplings to the operators ®® or ggy gr®, Following common prac-
tice, we shall assume that taking ceg = O(1) provides a conservative upper bound for
the effect of the brane-localized operators on the gluon-fusion amplitude. Using the KK
decomposition of the gluon field (strength tensor),

G4, (x,¢) = ZG ) x%(¢) = (z) + KK modes, (4.42)

\/— Gl

where the zero mode (the SM gluon Gl = G(O) ) has a flat profile along the extra
dimension, and writing the scalar doublet in the standard form (equation (2:4]) without
the factor €) we find that the relevant terms in the action (£41]) gives rise to the effective

4An example is provided by the 7° — v+ decay amplitude, which is loop suppressed in the SM despite
the fact that QCD is strongly coupled in the low-energy regime.
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Lagrangian
Coff
Lo = A2e Oett (443)
TeV
where ) - )
h
Ou = ®1® %S G, G 3 988” (1 + (f)> Go, G (4.44)

We now repeat this analysis for an RS model in which the Higgs field lives in the bulk
of the extra dimension. A detailed discussion of the properties of a bulk-Higgs field and
its vev was presented in Section [Z3l In this case, the higher-dimensional operator can
be localized on both the IR and UV branes, or it can live in the bulk. We thus consider
the action

(b @ 935
My 4

Seff = /d4a: dxs [01 + co0(|zs| — rm) 4+ 3 9(ws) QZV Gt L, (4.45)

where the coupling ¢; is dimensionless, while ca3 ~ 1/Mp;. Since all fields live in the
bulk, the natural cutoff suppressing the operator is set by the Planck scale. Also, the
scalar field now takes the form shown in relation ([2.34]). Using the KK decomposition
of the Higgs field given in (Z.50), we find that

9 a vas 21 [l 03(t) xg (1)
eﬁ_/d4x G (@) G () T E ?m<1+h(aj)

><{c1+§[C25(t—1)+ec?,5(t—e)]}+...,

where Ayy(t) = Mpj €/t is the warped Planck scale as introduced in (L54]), and v(¢) and
Xg (t) are the profiles of the Higgs vev and the physical SM Higgs boson along the extra
dimension. We now use the explicit form of the profile of the Higgs vev given in (2.43]),
as well as the fact that according to (Z56) we have x4 (t)/v(t) = 1/v up to corrections
of order m}% /MI%K, which we neglect here. Here, v =~ 246 GeV denotes the SM value of
the Higgs vev. It is then straightforward to perform the integration over ¢ in the above
result. Matching the answer onto the effective Lagrangian given in (d.43]), we obtain

1+5
2+ 8
where the parameter 5 ~ 1/n, defined in (2.30]), is related to the width of the profile of the
scalar field. NDA suggests that ¢; and kcy can be as large as O(1) if the UV completion
of the RS model is strongly coupled. The contribution of the operator localized on the
UV brane is of O(e*+2#) ¢ and thus entirely negligible. This suppression results from
a factor 1/M3, times v2(e) ~ €**28 reflecting the smallness of the Higgs vev profile on
the UV brane. Note that in the limit of a very narrow bulk-Higgs field, corresponding
to B> 1 (or n < 1), the largest mass scale in the model is the Higgs mass parameter
|u| = Bk = O(Mp)) in ([233) and (Z38]), and hence it is more appropriate to assume
that ca ~ 1/|p| ~ 1/Mp;. Once again, this leads to cog = O(1). The structure of the
result (£.47)) is completely analogous to the corresponding expression in (£.43]) valid for a
brane-localized Higgs boson. In both cases the results for cef, and hence the magnitude
of the contributions of higher-dimensional operators, are expected to be of the same
order.

>1
Coft = a+(1+B8 ke 5 o +pler, (4.47)
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The effective Lagrangian (£.43]) yields a contribution to the Wilson coefficient C1, in

(&) given by
3cesr [ 4mv 2 2.7TeV 2
A = R —_— . 4.4
Clg 4 <ATeV > Ceff < ATeV > ( 8)

In order for this contribution to be much smaller than the SM value Ci4 = 1, we need
to assume that either the cutoff scale is much larger than about 3 TeV or that |ceg| < 1
for some reason. With Arey ~ 10 Mgk ~ 20—-50TeV, the first criterion is satisfied
in realistic RS models even if cog = O(1). The expected contribution to the Wilson
coefficient C'14 is then in the percent range, which is negligible in view of the current
experimental uncertainty in the measurements of the Higgs-boson couplings. Another
interesting question is under which assumptions the contribution (£.48]) is much smaller
than the corrections to the SM result Cy = 1 which we have obtained from loop effects
in the RS model, which are approximately given by

2 2
v v
Gy -1~ —— S Tr (qu) ~ 2 IN2|Y,P?, (4.49)
gy, 2 (YX) ~ g 2
where N, = 3 is the number of fermion generations, and |Y;| is the typical size of an
element of the anarchic 5D Yukawa matrices, defined by

2
2 _ 2 Y
VP = ()l = £ (4.50)
As explained in Section ZZ5.0] we work with anarchic 5D Yukawa matrices and assume
that the entries (Y;);; are random complex numbers, which with equal probability can
take any value in the complex plane inside a circle of radius y. ~ O(1). It follows that
the power-suppressed contribution (£.48]) can be neglected as long as

M, 2 N2 »2<
ceff< KK> < oY (4.51)

2472’

which for Atey &~ 10Mkk can be rewritten as cop < 3.8 yf In the custodial RS model,
which will be studied in Section ET.4] the expression on the right-hand side of this
relation is multiplied by 4, yielding the weaker condition ceg < 15.2%2. In our phe-
nomenological analysis in Section [£.4] we will consider values of y, between 0.5 and 3. In
order to neglect the power-suppressed contributions for y, = 0.5 in the minimal RS
model, we would need to rely on the assumption that |ces| < 1.

Relation (451 makes it clear that, in comparing the contributions from higher-
dimensional operators with the contribution from virtual KK states, we are comparing
a power-suppressed effect with a loop effect. Since we treat the dimensionless Yukawa
couplings as O(1) random complex parameters, it would follow that in the formal limit
Ateyv — 00 the higher-dimensional operator contribution tends to zero, while the loop
contribution remains as the dominant effect However, since by construction the RS
model is free of large hierarchies, the ratio Mxk /Atey cannot be made arbitrarily small.
We therefore do not expect a strong hierarchy between the contribution from virtual
KK states and those from higher-dimensional operators. In practice, which of the effect
wins is more of a numerical question than a parametric one.

For our loop calculation to be trustable, we should impose an upper bound on the
size of y, by requiring that the Yukawa interactions remain perturbative up to the cutoff

5Since for too large values of the cutoff the Yukawa sector becomes strongly coupled (see below), our
result in such an academic limit could at best be taken as a rough estimate of the KK loop contributions.
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of the RS model under consideration. Following common practice, we will assume that
Y < Ymax =~ 3. A detailed discussion of different estimates of the perturbativity bound
Ymax 1S presented in the next section.

4.1.3 Perturbativity bounds on the Yukawa couplings

One can impose an upper bound on the size of the 5D Yukawa couplings by requiring
that the Yukawa interactions remain perturbative up to the cutoff of the RS model
under consideration (see e.g. [144, [173]). In 5D language, NDA estimates of the one-
loop corrections to the Yukawa interactions in a model with brane-localized Higgs sector
hint at a quadratic divergence. One thus obtains a condition of the form [136]

2
VPPNl o ol Vel (Arev\? !

— M3 =21 ° 1 4.52

CQ( \/5 lg Pl 187T4 Z‘[KK <1, ( )

where \Yq5D\ = 2|Y,|/k sets the scale of the dimensionful 5D Yukawa couplings, l; = 1672
and l5 = 247> are appropriate 4D and 5D phase-space factors, Mp; is the physical UV
cutoff of the RS model, and in the last step we have used that Apsy = Mpje and
Myk = ke. The coefficient ¢, accounts for the multiplicity of fermion generations and
is chosen such that ¢, = 1 for the case of one generation. In general, for IV, fermion
generations, its value ¢, = 2N, — 1 is determined by the relation

(VaYYy) ) =@N, = 1), (¥)

5 (4.53)
ij

ij
which holds in the sense of an expectation value for a large sample of anarchic, complex
random matrices. It is instructive to reproduce condition ([A52]) by employing a 4D
picture in terms of KK modes, where the quadratic behavior on the cutoff arises from a
double sum over the Nkk levels of states with masses below the cutoff Ay [144]. This
leads to the condition

Y, \? 1 colVol? [ Arev)? !

¢ ('—\/%') I N2y ~ fi,;fi (MTKD <1, (4.54)
where we have used that the masses of the KK modes are determined by the zeroes of
some Bessel functions, such that the states in the N** KK level have masses approxi-
mately given by N7wMgg (valid for large N), and hence Nxg =~ Atev/(mMkk). The two
estimates in (£52]) and (£354]) differ by a harmless O(1) factor but are parametrically
equivalent (including factors of 7) as NDA estimates. Employing (450 and solving for
Vs, we find the condition 7, < Ymax, with the upper bounds ymax = (672/ V/Cq) MKk /Atey
derived from ([@52) and ymayx = (872/ V/€q) Mk /Ateyv derived from ([A.54]). Assuming as
before that Apeyv ~ 10Mkgk, one obtains ymax =~ 2.6 in the first case and ymax ~ 3.5 in
the second. These estimates are somewhat more refined than those presented elsewhere
in the literature (because we include the dependence on NN, ), but they are compatible
with the conventional choice ymax = 3 adopted in most phenomenological analyses of RS
models. Using the more stringent upper bound derived from (£52]), and assuming that
the Yukawa couplings are not much smaller than the values given by the perturbativity
bound, we can rewrite condition (51l in the form

3r2  N?
Cef K ——
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which is now independent of the value of the ratio Mkk/Atey. This argument shows
that, even if the UV completion of the RS model is strongly coupled and c.g = O(1), the
contributions from higher-dimensional operators are expected to be numerically much
smaller than the KK loop effects, provided that the Yukawa couplings are not much
smaller than the perturbativity bounds.

Repeating the same argument for the case of an RS model in which the Higgs sector
lives in the bulk, we obtain from relation (2.64]) the condition

Yo\ " 1 Y2 2+ B)? Aqev !
cg<| a |) -~ Mp _ Cal¥el” 2457 Any 1 (4.56)
5

V2 4813 1+ 3 Mgk

which translates into yx < Ymax With ymax = /9673 /¢4 VQ:FB v/ Mgk /Atev. Here,
B ~ 1/n is related to the width of the Higgs profile. Note that in the bulk-Higgs case

the suppression in the ratio Mkk/Atev is parametrically weaker than in the case of a
brane-localized Higgs field. In practice, with Atey ~ 10Mky, this effect is not too im-
portant, however. Even for a very broad bulk Higgs with 8 — 0, we obtain ymax =~ 3.9,
which is of the same order as the bound in the brane-Higgs case. In the present work
we are only interested in a narrow bulk-Higgs scenario, for which n = 1/ < 1 is a
small parameter. We can then simplify ymax = \/ 9673 / Cq \/ Mgk /Atev = 7.7,/n. This
formula can only be trusted as long as 7 2 Mgk /Atey =~ 0.1. For smaller 7, the relevant
bound is that found in the brane-Higgs case, ymax =~ 2.6. From a practical point of view,
there is no significant difference between the two bounds.

4.1.4 Extension to the RS model with custodial symmetry

We will now present the generalization of the above results to an extended version of the
RS model, in which large corrections to electroweak precision observables are avoided by
means of an enlarged gauge symmetry in the bulk of the extra dimension. This custodial
RS model has been discussed in Section [Z4l The Yukawa interaction of the Higgs boson
([#£2]) is generalized to

Lhggl@) =~ /dtd"t 1) h(z) Or (z, t)}(& ?)QR(@« t)+h.c., (4.57)

q=u,d,\

where the Yukawa matrices are defined in (2.85]). Here, the 5D quark spinors Qy, g collect
all left- and right-chiral fields in the up, down, and exotic sectors, according to the text
below (2Z8]]). Since the Yukawa interactions (457]) have the same structure as in (£.2)),
and since the BCs on the IR brane are the same as in the minimal model, the only differ-
ence concerns the UV BCs imposed on the propagator functions. The BCs for fields with
superscripts (+) and (—) give rise to particular combinations of Bessel functions, such
that R\ (pp) = D(pr,1)/ D4 (pg,1) and R (pr) = DL (pe,1)/D4(pg,1). The
functions DZA for A = Q,u, 71,72 are defined in ([B.60). Apart from this effect, we find
that the central results (23] remain valid if we extend the sum over flavors appropri-
ately, i.e.

1 2X. ZA—m? Zh(—m?)
I (m?) = _Z {Trg(Xff) ol [sinthX(T (1 +qZ(q~(—ﬂi2) i +qZT~(—m2)>] }
- ! (4.58)
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and similarly for I_(m?). The matrices Zz(p%) are defined in ([B:82) for n — 0. The
relevant squared Yukawa matrices entering the quantities Xz, which are defined in (3.67)),
are given by the 6 x 6 matrix

T 1 _
Y.Yi=V 2YaY, 0 L v V:VT:—< 1 1>, (4.59)
v 0 2Y, Y., V2 11
and the 3 x 3 matrices Y:iY:} = YXY;:r = 2Y:1YdT. It follows that
> Trg(Xp) =Trg(V2X,) +3Trg(V2Xy), (4.60)

q=u,d,\

where the final answer is now expressed in terms of traces over the same 3 x 3 matrices
X, as in the minimal RS model. Our next task is to reduce also the second term in
(Z58) to traces over 3 x 3 matrices. It is straightforward to derive that

2 Y:[R) + RS Y] 0 R 0
Zalph) = ——— v | et T ER e v e :
2
Z{v}) = 520 Ya |RY) + RO | Y] RS
d 2MI2{K T2 T1 d Q
2
v ~ _ _ ~ _
Z;(0h) = 5773 Y;i|:R7(—1)+R7(—2)] YR, (4.61)
OMZ,

+)

where we have omitted the argument pg of the RE4 matrices on the right-hand side
of the equations. In the custodial model, the modified Yukawa matrices are defined as
Y = [tanh(\/_ 2X,) [149], with an extra factor of V2 inserted compared
Wlth the minimal model ([ZZZ])ﬁ

In ([&F), we need to evaluate the result (Z58) for values |p%| < MZk. Using the
expansion in ([I3]), we obtain (again with &, = mgo/Mkk)

m? 0 0
VI1Zz(pp)V = F ' (cq) Uu{ [ I%O + (@U + My ®y m;,%> +... (_1 1>
T 1 1 1 t 1 -1
#Venowsa W g ey * e Wer V(1 )

2
+ 22 U;FQ(CQ)W( )Uu <(1) 8>+...}UJF(CQ),

2

d, _

ZApy) = F (co) Uy [ e ° + (q’D +map Pa md,é) +
E

Ul Flcg), (4.62)

where Voxm = UJ U, is the CKM mixing matrix. The terms shown explicitly above
are of leading and subleading order in v?/MZ2y. To this order, the quantity Zx(p%)
vanishes. The quantities ® 4 are generalizations of the matrices §4 given in (428]). They

5Note, that this should not be confused with the modified Yukawa matrix Y@ #* f’q which is defined
in (373).
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are defined as [149]

1 1 F?(c,)
&y =z, W/ -1 u W, x,,
v=7ae u[l—ch <F2(cu) +3+20u>} r

1 1 1
W, x, V]
2F2%(c,,) [F2<—cn>+F2<—cm>] @%d YCrM
$,=x,U

y [1 —12cQ <F2(10Q) [1 + 1*{2?—225)} 14 f jggﬁ))] Uz, (4.63)

1 1 1-2c F2(c,,)
Op=x, W) 1 21— )W,
b T |:1 - 207’2 <F2(CT2) |: " F2(—C7—1):| " 3—!—2(27—2 @

1 1 F%(cq)
b, = f —1 .
¢ =%l L — 2¢q (FQ(CQ) " 3+26Q>} Uiz

After a lengthy calculation, we find that in analogy with (@30

+ VokM T4 Wj

°0X;  Zip2) ] [ m2
’I‘I' - q9 q E = /{'%ql_i_g_ _|_’ (464)
Zi \ Llnh 2X; 1+ Zqﬂ(p%) EZ: i mgi —I—p% ¢

q:u7 )

where
2

3
now contains an extra factor of 2 in the last term compared with the result (£31]) for
the minimal model, while ¢, = (®q);, + (®4),;- We are now ready to present our final
expressions for the Wilson coefficients (14 and Cs, in the RS model with custodial
symmetry. To an excellent approximation, we obtain instead of (£33])

Fa =1 cq — 5 |US Fleq) 2X2 F (@)U, | (4.65)

(23

22 (VYY)
Clg% 1-— 5 Re 33 Aq(Tt)—FAq(Tb)—I-TI‘g(\/iXu) —|-3TI‘g(\/§Xd),
3MKK (Yu)33
o ),
Csy ~ — Im By(m), (4.66)
T 3Miy Yi)s |

which once again is independent of the bulk-mass parameters ¢;. We find that this
approximation is accurate to better than 2% for Mgk 2 2TeV. Whereas the small
corrections parameterized by kg, and €4, have only a minor impact, the main difference
between the minimal and the custodial RS models consists in the different multiplicity
factors in the trace terms in ([433]) and (466). Since the functions g(X,) start with a
quadratic term, we must compare X2 + Xg in the minimal model with the combination
2X2+6X2 in the custodial model. Since we assume that the 5D Yukawa matrices in the
up- and down-type quark sectors are random matrices of similar magnitude, it follows
that the effect of the KK modes in the custodial model is approximately four times as

large as in the minimal model i

4.1.5 Classification of RS models

Let us recapitulate the main conceptual conclusion of the analysis on the process of
gluon fusion. We have seen that the results obtained in the brane-localized and narrow

"Based on a naive counting of degrees of freedom, this factor was estimated as 11/4 (instead of 4) in
[212).
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Model bulk Higgs narrow bulk Higgs transition region brane Higgs
: : _ v|Yq] v|Yq] v[Yq| v]Yq]
Higgs width n=0(1) Ay <1< N~ R n< it
()"
Power (MKK )n nATev (ATKKI )n ( M )n
; Atev Mgk M, M, M, v|Y, Arev
corrections KK v‘;jj << v|)Kqu\ a
Higgs resolved by resolved by high- partially resolved by
. not resolved
profile all modes momentum modes high-mom. modes
A(gg — h) enhanced enhanced not calculable suppressed
Result model-dep. model-independent unreliable model-indep.

Table 4.1: Comparison of the main features of various versions of the Higgs sector in RS
models (see text for further explanation). The label “model-independent result” means
that the corrections to the SM prediction for the Higgs production cross section can be

calculated (to excellent approximation) without any reference to the Higgs and fermion
bulk profiles.

bulk-Higgs scenarios, which are defined by (L55) and (L56]), are rather different, both
qualitatively and quantitatively. Indeed, one should consider the two scenarios as two
different, distinguishable realizations of RS models. This fact has also been realized in
[215]. The situation resembles that encountered when one compares the original RS
model, in which only gravity was allowed to propagate in the extra dimension while all
SM fields were confined to the IR brane [125], with the more popular models in which all
matter and gauge fields live in the bulk [168]. While the original model only addressed
the gauge-hierarchy problem the latter models are qualitatively different in that they
also provide successful theories of flavor, as we have explained in Sections [[L4.1]and [[L4.4l

While the width of the Higgs profile is a physical parameter, which in principle can
be adjusted to take any desired value, the transition from the narrow bulk-Higgs scenario
(L56]) to the brane-Higgs scenario (L55]) cannot be described in a controlled analytical
way. This fact can be understood by investigating the structures of the corresponding
effective theories in more detail. Table 1] summarizes the main features of the various
models as defined by the size of the width parameter 1. The second row in the table
shows the scaling of power corrections, as represented by higher-dimensional operators
in the effective Lagrangian of the RS model. Both in a generic bulk-Higgs model (with
n = O(1)) and in models where the scalar sector is localized on the IR brane, effects
of higher-dimensional operators in Higgs physics are suppressed by powers of the ratio
Mgk /Atev, since as explained earlier the warped Planck scale Aqey is the natural UV
cutoff of these theories. The situation changes if one considers bulk-Higgs models, in
which the width parameter n is parametrically suppressed. Then the effective theory
knows about an extra small parameter, and derivatives 0; acting on the bulk scalar field
can produce powers of 1/n. As a result, there is a class of enhanced power corrections
scaling like (Mkk/nAtev)”. In the transition region between the narrow bulk-Higgs
and brane-localized Higgs scenarios, these enhanced power corrections become of O(1)
or larger, and hence the effective field-theory approach breaks down. In other words,
because of the uncontrolled behavior of power-suppressed terms in the transition region,
we lack the analytical control over the theory, which would be required to see how the
results interpolate from the bulk-Higgs case to the brane-Higgs scenario as one reduces
the value of 7. In [209], the authors computed the gg — h amplitude in the context of a
bulk-Higgs model and took the limit n — 0 at the end of their calculation, stating that



108 Chapter 4. Higgs physics in a warped 5D space-time

the answer corresponds to the case of a brane-localized Higgs. As we have just argued,
such an approach gives the correct result in the model (I56]), and we thus find it more
appropriate to refer to it as a narrow bulk-Higgs scenario.

The above remarks referred to an idealized case, in which the electroweak scale v|Y|
and the KK mass Mgk are of comparable magnitude. In practice, due to the lack of KK
modes below the TeV scale, there appears to be a little hierarchy between these scales,
such that v|Yy|/Mxk < 0.3 or less. Then the power corrections in the transition region
are even larger than O(1), and also in the narrow bulk-Higgs case the lower bound on
Mxk/(nAtev) cannot be much smaller than 1. In view of this fact, one must consider
the results derived for the narrow bulk-Higgs case with some caution. A more reliable
calculation should stay in a regime where n = O(1). But this has the disadvantage that
the results will depend in a complicated way on the shapes of the Higgs and fermion
profiles.

4.2 Loop-induced Higgs decay into two photons

In this section we focus on the Higgs decay into two photons. Analogously to the process
of gluon fusion we work in the 5D framework, where the calculation is performed using
5D propagators. Earlier discussions of the Higgs decay into two photons can be found
in [149, 205, 206, 208, 209]. The first analysis of the effects of the KK tower of the W
boson on the h — v amplitude was performed in [206]. The first complete calculation of
the h — v decay rate, in which both the Yukawa couplings to the Zs-even and Zs-odd
fermions were included, was performed in [149]. It was found in this paper that the Higgs
decay rate into two photons is enhanced relative to the SM due to the effect of the KK
fermions, which turned out to give the dominating correction. At about the same time,
an independent analysis of the h — 7 decay rate came to the opposite conclusion [209].

We show that the different results obtained in [149] and [209] belong to two different
scenarios of the RS model, the brane-localized and narrow bulk-Higgs scenario. This is
analogous to the quark KK-tower contribution to the Higgs production process gg —
h. Up to different factors for the color multiplicity and electric charges, an analogous
discussion holds for the quark and lepton KK-tower contributions to A — v~. In addition,
we provide a detailed analysis of the bosonic loop contributions to the h — vy amplitude,
which in unitary gauge stem from the W bosons and their KK excitations. It is also
straightforward to extend our formulas to the case where the Higgs boson lives in the
bulk of the extra dimension. Our approach also allows us to carefully study the effects
of the fifth components of the gauge fields, whose profiles are discontinuous on the IR
brane, similar to the Zs-odd fermion profiles which indeed require a careful treatment. As
we show, however, the bosonic contributions to the h — v amplitude are insensitive to
the precise localization of the scalar sector and approach an unambiguous result in the
limit where n < 1.

Section [£.2.T]discusses the general structure of the h — ~+ amplitude and summarizes
the results for the fermionic contributions from charged quarks and leptons propagating
in the loop. We then focus on the bosonic loop contributions, calculate them in the KK-
decomposed theory and show that the result for the contributions of each individual KK
mode is gauge invariant. In the next step we resum the KK towers and derive an exact
formula for the h — vy amplitude in terms of an overlap integral over the Higgs-boson
profile and the transverse part of the gauge-boson 5D propagator, including the exact
dependence on the Higgs-boson mass. To the best of our knowledge, such a formula has
not been obtained before. By expanding our results in powers of v?/ MI%K, we can identify
the contributions from the W bosons (with modified couplings to the Higgs boson) and
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their KK towers, confirming the results of [206]. In Section we generalize our
findings to the custodial RS model. Again, we obtain an exact formula for the h — v
amplitude. When expanded to order v? /MI%K, our findings for the contributions of the
W boson and its KK excitations are consistent with the findings of [149].

4.2.1 5D analysis of h — v~

Our goal is to calculate the h — v decay amplitude entirely in terms of the 5D prop-
agators for both gauge bosons and fermions. While the contributions from quarks and
charged leptons can be easily deduced from the corresponding results for the gg — h
amplitude in Section Il a detailed consideration of the gauge-boson contribution has
not yet been performed in 5D language. In a first step, we calculate the bosonic contri-
butions to the h — v amplitude in the KK-decomposed, 4D effective theory and show
that at each KK level the sum of all diagrams is gauge-invariant. The only contributing
diagrams in unitary gauge are those with vector bosons propagating in the loop. We
can then rewrite the amplitude, summed over KK states, as an expression involving the
gauge-boson 5D propagator in the mixed momentum-position representation which has
been derived in Section

We begin with the calculation in the minimal RS model, which has been discussed
in Chapter Bl Appendix [A] includes a summary of the relevant Feynman rules needed
for our analysis. The one-loop Feynman diagrams contributing to the h — ~~ decay
amplitude are shown in Figure 43| for a general R¢ gauge. In the subsequent section we
demonstrate that the full amplitude is gauge invariant. In the unitary gauge only the
diagrams (a)—(c) contribute. In order to present our results, we find it convenient to
parametrize the h — v amplitude, including the contributions from SM particles, by
means of two Wilson coefficients C,, and (5, defined via

« v « Uy
A(h = vy) = C1y p—- (VY| Fuw F*7|0) — Csy - (yy|Fuw F*0) , (4.67)

where FH = —%e‘“’ of F,p with 9123 — _1. Each Wilson coefficient can be written as a
sum of three terms,
Ci=0l 4!+, (4.68)

where in a general gauge CZW includes the bosonic contributions from gauge bosons,
scalar bosons, and ghosts. The calculation of these bosonic contributions is the main
subject of this work.

In our analysis we also discuss the narrow bulk-Higgs scenario where the Higgs profile
0"(t — 1) has a characteristic width 7 subject to the condition Mkk < v|Y,|/n < Atev,
see Section for more details. In principle, such a scenario gives rise to a tower of
physical scalar particles gzb?,[V(n), which in some sense are the KK excitations of the charged
components of the Higgs doublet. As discussed in detail in [164], these fields are defined
in terms of a gauge-invariant superposition of qui and ¢*. Tt has been shown in the
same reference that the effect of these heavy scalar particles on the h — v+ amplitude
is

00 (n,n)
1 <= vg
¢ _ hoo ¢ ¢ _
cy, = 5 E_l (m?;)2 Ay()), Cg, =0, (4.69)

where 7% = 4(m%)2/ m?, and the function

1
\/7'—1’

Ap(r) =37 [rf(r)—1], with f(r)= arctan® (4.70)
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Figure 4.3: One-loop Feynman diagrams for the process h — 7. Diagram (a) contains
the fermion loops, while diagrams (b)— (k) show the contributions from the gauge sector

in a general R¢ gauge. Solid lines represent fermion mass eigenstates, wavy lines vector-

boson mass eigenstates W,jt ("), dashed lines scalar mass eigenstates gpfv(”), and dotted

lines ghost mass eigenstates cljfv("). The ghost masses and profiles are the same as for the

W bosons and their KK excitations.

approaches 1 for 7 — oco. In the limit of a very narrow Higgs profile the couplings 9}%’5)

scale like 1/n, while the masses of the heavy scalar particles scale like Mkk /7. It follows
that Cf:/ = O(n), and hence this contribution decouples in the limit n — 0, as expected.
We will therefore not consider the corresponding Feynman diagrams in our analysis.

Fermionic contributions to the Wilson coefficients

The one-loop contributions to the h — <+ amplitude due to the exchange of virtual
quarks and leptons can be derived in a straightforward way from analogous results for
the quark contributions to the gg — h amplitude, see (L8], (£9) and (ZI0). All that is
necessary is to include appropriate factor of color and electric charges. The exact result
can be written in the form

1 1—x
cty=aVe 0 Q2 o [y (- ) [T )~ T ().
S (4.71)
ng = 2N, Z Qg /0 dm/o dy [TZ(—mym%) — Tﬂ(A%eV)] ,

f=u,d

where @, = 2/3 and Qg = —1/3 are the electric charges of the quarks, and N, = 3 is
the number of colors. The functions T4 (—p?) are defined in terms of linear combinations
of overlap integrals of the Higgs-boson profile with the chirality-odd components of the
fermion 5D propagator, see ([L7]) for more details. An analogous expression, with N,
replaced by 1 and @), replaced by (). = —1 holds for the charged-lepton contribution.
These exact results can be simplified by neglecting some terms of order v* /MéK and
chirally-suppressed O(v? /MI%K) terms, which is an excellent approximation numerically.
This leads to the explicit expressions

2 Y,Y)Y,
v Re( )33

B 3M}2(K (Yu)33

cf ~ |1 Ne @2 Ag(m)+Ne Q7 Ag(m)+ > Ne@Q? ReTrg(X,),

q=u,d
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2 Y,Y.Y,)
01 o~V g [ Y Yuss | o g N.Q2 TmTrg(X,), 4.72
5 3M12<K m[ (Yo)ss Qy q(ﬁ)"‘q:zu:d Qq m Tr g(X,) ( )
and
Cl, +iCs, ~ Q2 Trg(X.), (4.73)

where the contributions from the SM fermions and the KK excitations can now readily
be identified. The loop functions A, and B, are defined in [@34) with 7, = 4m?/m3.
They both approach 1 for 7 — oco. For values 7 < 1 the function f(7) in (£70) must be
analytically continued, with 7 — 7 — 40. The quantities

X;=0\/YY]: f=ude (4.74)

are defined in terms of the dimensionless 5D Yukawa matrices of the RS model. Note
that with the hermitian matrices X the traces over matrix-valued functions g(Xy)
are real, so that Cév = 0 and the only contribution to the coefficient 05[17 arises from
the top-quark contribution given by the first term on the right-hand side of (4.72]). The
precise form of the function g(X) depends on the details of the localization of the scalar
sector on or near the IR brane. For the two scenarios with a brane-localized Higgs and
a narrow bulk Higgs, as defined in Section [[LZ.5] one finds to leading order in v? /MI%K
the functions g(Xy) ~ —X]% and g(Xyr) ~ +XJ%. The exact expressions are given by
(#24) and ([A25]). The effect of the KK tower is approximately equal but of opposite
sign in the two cases. As we have explained for the gluon fusion process, the difference
is due to a “resonance effect” in the narrow bulk-Higgs scenario, where very heavy KK
modes with masses of order the inverse Higgs width A, = v/n give an unsuppressed
contribution to the loop amplitude. At a technical level, the difference arises from the
subtraction term at large Euclidean momentum in (47I]), which is relevant for the
function T _{(—p2) only. For a brane-localized Higgs, this function approaches a plateau
at large momenta, such that ij (A%,) = Tr[X s tanh 2X ¢]. For a narrow bulk Higgs, on

the other hand, the function T' _{ (p%) vanishes like 1/pg in the region of large Euclidean

momenta p% = —p® > (v/n)?, and hence TI(A%eV) can be set to zero. We can also

consider a variant of the brane-Higgs scenario with two different Yukawa matrices on
and st for the Zs-even and Zs-odd fermion fields. In this type-II brane-Higgs model the

matrices Xy are no longer hermitian, but to leading order g(YfC, st )~ — g2YfCYfCT is
still a hermitian matrix. The exact function is given by (4.36]). The type-II brane-Higgs
scenario is thus rather similar to the original brane-Higgs model with identical Yukawa
matrices YfC = st = Y}. Numerically, we find that the main difference is a slightly
larger spread of the distribution of scatter points when one scans over the parameter
space of the model. In our phenomenological analysis in Section [£4] we will therefore
restrict ourselves to a study of the brane-localized and narrow bulk-Higgs scenarios.

Gauge invariance of the amplitude

In the SM, a recent paper [216] has thoroughly discussed the ¢ independence of the
h — v amplitude in dimensional regularization and has shown that the calculation can
be performed consistently in the unitary gauge £ — oco. In the case of the RS model, it is
convenient to first work in the KK-decomposed theory, where 4D Feynman propagators
have the same structure as in the SM. The Feynman rules required to evaluate the one-
loop diagrams shown in Figure 3] are summarized in Appendix [Al From these rules, it
follows that:
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e All vertices involving one or two external photons but no Higgs boson are diagonal
in KK number after one integrates over the extra-dimensional coordinate of the
vertex with measure [* d¢ = (2r/L) f:dt/t. The Feynman rules for these ver-
tices have the same form as in the SM after one identifies the 4D electromagnetic
coupling as e = e5/ V2mr. For the mass-dependent vertex connecting a photon to

Wﬁt (n)gpﬁ,(n), one must replace my — mw,,.

e As a result, all one-loop diagrams contributing to the h — ~~ amplitude involve
a single KK particle in the loop. Hence, only KK-diagonal Higgs couplings are
required in the calculation.

e All KK-diagonal Higgs couplings have the same structure as in the SM but come
with an overall prefactor

2 ~ 2
v g§ w 2 2myy w 2
— 229 D =—*2 D, 4.75
0 g [ (1))° = T 2 [y (1) (475)
which replaces the corresponding factor gmy = Qm%V/USM in the SM. Note

that vgy is the vev in the SM which we define via the Fermi constant vgy =
(vV2Gr)~1/2, see the discussion in Section 2.5.2] for more details. In addition, for
each scalar boson gpﬁ/(n) a factor 1/myy, appears, which replaces 1/my in the

corresponding SM Feynman rule for vertices involving the NGBs ¢*.

It follows from these observations that, diagram by diagram and in a general R, gauge,
the bosonic loop contributions obtained in the RS model resemble those of the SM up
to trivial substitutions, such that

Alt = ) = TS 2 [ ] [ S50 A8 ) )

w mw —)mWn

The statement made in the first bullet point above requires some comments. For ver-
tices involving a photon and a pair of vector bosons, fermions or ghosts, the statement
that the vertex is diagonal in KK number is a direct consequence of the flatness of the
photon profile, enforced by U(1)gm gauge invariance, and the orthogonality of the rel-
evant vector-boson and fermion profiles. However, the situation is different for vertices
involving the scalar bosons gpljfv(n), which receive contributions from the 5D fields Wg—L
and ¢T, see (Z2) and (Z35). In this case, the vertex becomes diagonal only after one

adds up these two contributions. Consider, as an example, the vertex

+(n
RN AD
(p%(m) // A,ELO)

needed for diagram (j) in Figure[d.3l After integrating over the coordinate of this vertex,
we obtain the Feynman rule

M2 o [Ldt 21 M2
2~2y¢_/_ w w _2miy wgy W n
it | IR0 Lot 0] oot (0] + 2\ ) ()] (a)

n

where the first contribution originates from the W5WsA, A* term contained in the Yang-
Mills action for the W-boson fields using the KK decomposition (2.2]), while the second
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contribution arises from the ¢*¢~ A, A" term contained in the kinetic term for the Higgs
doublet using the KK decomposition (2.5]). We now integrate by parts in the first term
and use the equations of motion (2.7)). In this way, we obtain the Feynman rule

) myy, 2w Lat
sictn, |20 28 [0 0], (1.78)

where the boundary term cancels the contribution arising from the ¢*¢~A4, A" term.
Using finally the orthonormality relation (2.8]) for the gauge-boson profiles, we obtain
the SM expression 21’6277,“, Ommn Tor the vertex.

Let us now return to the general result (A706]) and explore its consequences. Ob-
viously, this relation implies that for each single KK mode the h — v amplitude in
the RS model is gauge invariant provided the amplitude is gauge invariant in the SM.
Since, as we will demonstrate below, the sum over KK modes is convergent, it follows
that gauge invariance is maintained also in the 5D theory. We recall that to show gauge
invariance in the SM one divides the W-boson propagator in R gauge into two parts,

i A=-9p" ] _ i P i PP g
2_ 2 2 _ o2 | T 5 9 ) s 5, (479)
p my, L P Emiy p my, \ My p Emiy, myy,

where the first part coincides with the propagator in unitary gauge and the second part
has the same structure as the scalar-boson and ghost propagators. It has been shown
in [216] that, after adding up all diagrams, many intricate cancellations occur, and at
the end only the diagrams (b) and (¢) in Figure 3] with the W-boson propagators in
unitary gauge, as well as the fermion loop contributions shown in diagram (a), remain.
We have repeated this analysis and checked these cancellations by explicit calculation,
thereby confirming that it is justified to use the unitary gauge also in the RS model.

Calculation of the bosonic loop contributions to h — v~

We now perform the calculation of the bosonic loop contributions to the h — v ampli-
tude using the 5D approach. We adopt the unitary gauge and consider only the contri-
butions of diagrams (b) and (c) in Figure A3l We employ the mixed momentum-position
representation of the gauge-boson 5D propagator D‘%V, W(t,t’ ;p). It is well known that
even in the SM the loop-momentum integral must be regularized dimensionally in order
to preserve gauge invariance. We will thus introduce a dimensional regulator d = 4 — 2¢
on the loop integral in intermediate steps. This regulator can be removed at the end
of the calculation. We also regularize the Higgs profile by using the function §7(¢ — 1)
in (L58) with the regulator n < 1. However, we will find that in the calculation of
the bosonic loop contributions the limit  — 0 can be taken without encountering any
ambiguities. Diagrams (b) and (c) give rise to the amplitude

, 2m%, o . s [ dp (! o [Ldt
ZA(h — ’}/’}/) = — 2me Gu(k‘l) Gy(k‘Q) 77a / (27T)d /; dt 577(t - 1) f j ?
2r [tdty AEAPYS THE—+00 €300 €500 4
“17/] % 2V Dy (tt1,p + k1) Dy (1, 2, p) Dyysy (ta, 1, p — k) (4.80)

+ (2777577;111 _ 7761/777# _ 771/“/77#5) D%?aoj(t, t1,p+ k1) Da;g?(tl, t,p — kQ):| ,

where VYA — VWA (p 4 ky, —ky, —p) VP (p, —ka, —p + ko) arises from the product of
two triple gauge-boson vertices, with V#*?(k, p, q) = " (k—p)P+n"?(p—q)*+n*(q—k)".
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Our goal is to rewrite this result as a Feynman parameter integral over a single gauge-
boson 5D propagator, which should be possible since in the KK-decomposed theory
only a single KK mode propagates in the loops. In order to simplify the answer, we
decompose the 5D propagator according to ([3.I4]) and use the KK decomposition (3.16])
in an intermediate step. The use of the KK representation is merely a mathematical
trick, similar to the use of Feynman parameters in conventional loop calculations. It is
justified because all expressions are finite and the KK sum converges. At the end of the
calculation we obtain an expression without any reference to KK modes.

Due to the mode-diagonality of the vertices involving a photon, we can perform
the integration over ¢; and ¢y using the orthonormality relation (2.8]) for the gauge-
boson profiles. Working out the Dirac algebra and making use of Passarino-Veltman
reductions, we can reduce the answer to a simple Feynman parameter integral. After the
contributions from the various diagrams have been combined, the dimensional regulator
€ can be set to 0. We find

W 2 1 > W 2 1 1 1=z 1—21‘y
W — _3ni?, | dts(t—1 ¢ 6/ d d ,
1y ﬂmW/E ( )nz::o[Xn()] mIQ/I/n+ /0 x 0 ym%Vn—xym%—ZO

(4.81)
and C’gg = 0. It is now a simple exercise to recast the answer in terms of the 5D
propagator function By (t,t'; —p?) defined in (3.16). We obtain

1 11—z
ClY = —3mmiy [TW(O) +6 / da / dy (1 — 2zy) TW(—xym%)} , (4.82)
0 0

where Ty (—p?) denotes the overlap integral of the Higgs profile with the transverse part
of the W-boson 5D propagator evaluated at t = ¢/,

Tw (—p?) = /ldt §"(t — 1) By (t,t; —p? — i0) = By (1,1; —p®> —i0) + O(n).  (4.83)

Relation (£.82)) is one of the main results of this work. It shows the exact result for the
Wilson coefficient (', in dependence of overlap integrals of the Higgs profile and the
gauge-boson 5D propagator. With the help of the findings in [164], it can be shown that
this relation also holds for an arbitrary bulk-Higgs profile xj(t), provided one uses the
corresponding gauge-boson 5D propagator in the bulk-Higgs model. Then the regularized
d-function in (A83]) must be replaced by

2r u(t)

M+ —
o"(t 1)—>Lt

xu(t) =21+ Bt 4 (4.84)
where v(t) is the profile of the Higgs vev. Details on the bulk-Higgs model have been
given in Section 23] Note, however, that in this case it is necessary to also include the
contribution (A69) due to the physical scalar excitations of the bulk Higgs field. In the
region where 8 > 1, the function on the right-hand side indeed approaches a regularized
d-distribution, with a characteristic width given by n = 1/(205).

Note that relation (£8T]) results after integrating a Feynman loop integrand of the
type (p% + m%Vn — a:ym%)_g’ over d*pg (after the Wick rotation), which corresponds to
the integral over the second derivative 8}2)% T W(p% - :cym%) In order for this integral

to exist, we need to require that both functions Ty (p%) and pg Oy, Tw (p%) vanish for
very large Euclidean momenta. Now, we will show that this is indeed the case. The
calculation of the propagator function By in the RS model with a brane-localized Higgs
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field has been performed in Section For our result (£.83) we need the propagator in
the time-like region, evaluated at ¢ = ¢ = 1. Using the general solution in (3.25]), we
obtain (with p = p/Mgkxk + i0)
_ [y PME BB Yol) = Yo@) Jo) | _ 1 g o
2wy | Lindy Ju(p) Yo(pe) — Ya(p) Jo(pe)] 2wz, NP
(4.85)
which is exact to all orders in v? /MI%KE It follows from this expression that Ty (0) = 1.
We have thus succeeded in deriving a closed analytic expression for the Wilson coefficient
C{Z in (£382)), valid for the minimal RS model with a Higgs sector localized on the IR
brane. Note that we have kept the quantity my, which is the leading-order contribution
to the mass of the physical W boson, in the prefactor above, since it will cancel against
a corresponding factor in the definition of the Wilson coefficient (£.82)). Indeed, our final
result for this coefficient takes the form

Ty (—p?)

3 1 1—x R
C{/K =-3 [1 —1—6/0 da:/o dy (1 — 2zy) Ty (—zym?)| . (4.86)

Before proceeding, we briefly study the behavior of the propagator function in the region
of large space-like momenta. For large Euclidean momenta pg > Mgy, this function
approaches an inverse power-law behavior given by

L 1

—+0 —2 . 4.87
s oy OE) (487)

Tw (pF) =

It follows that both Ty (p%) and pg d,,Tw (p%) vanish for large Euclidean momenta
p% = —p? — o0, and hence the conditions required for the validity of our relation (#82)
are indeed satisfied.

Bosonic contributions to the Wilson coefficients

Our exact expression for the overlap integral Ty (—p?) in (&85]) contains the contribution
of the zero mode — the standard W boson with its modified coupling to the Higgs field — as
well as the infinite tower of KK excitations. It is instructive to isolate the contribution
from the zero mode and the KK tower explicitly. To this end, we expand the exact
formula in powers of v2/MZ, using that we need this function for values |p?| = O(m?)
much smaller than the KK scale MI%K We find to leading order in v? /Mf(K that

2 2 2
A m m L 1 m L 1
T 2 —_ w 1— w -1 . w — 1 e
WP = T [ M2, <C§W * QL) Tz \ @ T Tar)
(4.88)

where ¢y, = 1 in the minimal RS model. In Section we will show that the same
result holds in the custodial RS model, where however the parameter cy,, takes a dif-
ferent value. In the above result we have replaced the parameter my, by the physical
W-boson mass myy using relation (2Z.I0). Based on the formulas above, we can perform
the integration over the Feynman parameters in (£.82]) and find the Wilson coefficient

21 vt
Y = - [kw Aw (Tw) + vw] + 0<M—4> , c =0, (4.89)
KK

8The result can be simplified using that Jo(pe) = 1 + O(e?) and Yo(pe) = (2/7)(ve + In(H/2) — L) +
O(e?).
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where Ty = 4m?, /m?, and the function

Aw (1) = % (2437 +37(2—1) f(7)] (4.90)
with f(7) from (£10) approaches 1 for 7 — co. The first contribution to C&V arises from
the standard W boson, whose coupling to the Higgs boson is modified, compared with
the SM, by a factor ky times vsy/v. The last factor is accounted for by using the Higgs
vev in the RS model in the definition of the effective operators in ([@.67). The term vy
in (4.89) is due to the W-boson KK excitations. Explicitly, we obtain

2 2
m L 1 m L 1
(LT - w2 i) 49
Rw ( P + )) vw QMI%K (C% +2L> ( )
w w

Note that at this order vyy = (1 — k), such that the RS corrections to C1 in ({89)
would cancel in the limit 75y — oco. This simple relation is however not preserved in
higher orders. Our result for CYWV agrees with a corresponding expression derived in
[206]. N20tice also that the value of kyy is consistent with relation (78], which gives
Kw = 2—2"‘; 2r[xy (1)]2.

We close this section by returning briefly to the case of a narrow bulk-Higgs model,
in which the scalar sector is localized not on but near the IR brane. As discussed earlier,
relation (£.83) still holds in this model provided one makes the replacement (£.84]) and
calculates the gauge-boson propagator in the background of a bulk-Higgs field. The
propagator function By in the bulk-Higgs scenario was derived in Section Using
these results in the limit where n = 1/(283) < 1 we obtain the Wilson coefficients (Z.89))
with

2
Lmyy,
2
Mgk

3Lm%V

2
T n+OP),  (492)

n+0mn?), v buk = v —
Higgs

HW‘bulk =KW +
Higgs

instead of (£91I)). This demonstrates that the result for the bosonic loop contributions

to the h — v amplitude interpolates smoothly from the narrow bulk-Higgs scenario
into a scenario with a brane-localized scalar sector.

4.2.2 Extension to the RS model with custodial symmetry

We will now present the generalization of the above results to the RS model with cus-
todial protection. Details on this model have been discussed in Section 241

Quark contributions to the Wilson coefficients

The fermionic loop contributions to the h — v amplitude in the custodial RS model
can be parameterized in terms of the same 3 x 3 Yukawa matrices appearing in the
minimal model, however with different coefficients that reflect the embeddings of the
various fermion species under the enlarged bulk gauge group. The generalizations of
relations ([@72]) for the quark contributions have been worked out in Section Il They
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are
202 (Y, Y Y,)33

Cl o~ |1- Re 2222 | N, Q2 Ay (1) + Ne Q3 Ay (T

1/7 3MIQ<K (Yu)33 Q q( t) Qd q( b)

+ N.Q2 ReTrg(vV2X,) + N. (Q% + Q3 + Q3) Re Trg(V2X,), (499
202 (Y. Y Yo)ss '

ClL ~— Im |22 Y22 N, Q2 By (1)

ATV (Y3 ‘”

+ N, Q2 Im Tr g(V2X,,) + Ne (Q2 + Q2+ Q3) Im Tr g(v2X )

For various RS models with a brane-localized scalar sector or a narrow bulk-Higgs sector,
the explicit forms of the function g(Xy) have been given in (424) and ([.23]). Recall
that the Taylor expansion of these functions starts with X%, and thus the factors of

V/2 arising in the quark contributions in the custodial model approximately double the
contribution arising in the minimal model. Combined with the large electric charge of
the A-type quarks, one finds that due to the higher multiplicity of KK quark states the
contribution in the custodial RS model is much larger than in the minimal model, by
approximately a factor 68/5.

Charged-lepton contributions to the Wilson coefficients

The result for the loop contributions to the A — v amplitude involving charged leptons
depends on the way in which the lepton fields are embedded into the extended gauge
symmetry of the custodial RS model. As a first possibility, we consider a model in
which the lepton multiplets are chosen in analogy to the quark multiplets in (2.80]). In
component notation, the corresponding fields are

(+H) (=)
—_( "L v — ()
§1L = ( e(+) 0 I/l(_)l )Ov §ar = (VR 0)07

L -1 L 0

v (4.94)
§3r = Tsrn @ Tar = N;%(_)o S (Eg_)—l NJ(%_)O \Ilg%_)l)o :
Bp
-1 /0

There are fifteen different lepton states in the neutrino sector and nine in the charged-
lepton sector. The BCs give rise to three light modes in each sector, which are identified
with the SM neutrinos and charged leptons. These are accompanied by KK towers con-
sisting of groups of fifteen and nine modes in the two sectors, respectively. In addition,
there is a KK tower of exotic lepton states with electric charge QQy, = +1, which exhibits
nine excitations in each KK level. The gauge-invariant Yukawa interactions for these
fields are constructed in complete analogy with the quark Yukawa interactions. They can
be expressed in terms of two dimensionless 3 x 3 Yukawa matrices Y, and Y., which we
assume to have an anarchic structure. When dressed with the fermion profiles on the IR
brane, these matrices give masses to the SM leptons. The resulting contributions to the
Wilson coefficients have the same structure as in ([£.93]), except that there are no zero-
mode contributions (they are proportional to m7/m? and thus can be neglected) and
that we must replace Y, - Y,, Yy —> Y., N.— 1, and Q, — Q, =0, Q4 — Q. = —1,
Qx — Qy = +1. We thus obtain

Cl, +iCh, ~ (Q2 + Q7)) Trg(V2X.), (4.95)
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with X, as defined in (A74). It follows that the leptonic contribution in the custodial
RS model is approximately 4 times larger than in the minimal model.

As a second possibility, we consider a model with a more minimal embedding of the
leptons into the extended gauge group. The simplest assignment is to put the left-chiral
neutrino and electron into an SU(2), doublet (as in the SM) and the right-chiral electron
along with a new, exotic neutral particle Ng into an SU(2)r doublet. The lepton fields
with even Zs parity are then chosen as

( Vgr)o > (e%ﬂ 1)
LL e 1 , % = Y s (496)
eS: )—1 _ NI(% )0 _

1
2

and they transform as (2,1) and (1,2), respectively. The choice of the BCs is such
that the zero modes correspond to the light leptons of the SM, without a right-chiral
neutrino. The gauge-invariant Yukawa interaction that can be built using these fields is

1@ Mgk

2 _. ci i ci
Ly = — oMt —=1) ¢ (Ye),;(LL®ely + Lg®ely’) +hec., (4.97)

€
where ¢ = i02. Upon EWSB this generates a mass term for the zero modes of the
charged leptons. The SM neutrinos remain massless at this order. Their masses can be
explained by means of higher-dimensional operators. The only additional lepton field
is the right-chiral neutrino, which is charged under SU(2)r but electrically neutral, so
that it does not affect the h — v+ decay amplitude. The lepton contribution is therefore
the same as in the minimal version of the RS model, namely C{v + iCé,y ~ QFTrg(X,)

as in (4.73).

Bosonic contributions to the Wilson coefficients

It is straightforward to deduce the Feynman rules in the custodial model from the ones
in the minimal model compiled in Appendix [Al Using the orthonormality condition for
the gauge-boson profiles, we can convince ourselves that the Wﬂjj couplings to the pho-
ton are not changed at all. This statement is independent of the basis, since the rotation
matrix Ry, drops out in the orthonormalization condition. In contrast, as mentioned
in Section [Z4] the Higgs only couples to the IR basis fields flf with a strength propor-
tional to (9%75 + 9%%,5)- This can be taken into account with the help of the projection
operator Py rotated into the IR basis and accompanied by a factor 1/ c%w. It follows
that, compared with the SM, all KK-diagonal Higgs couplings in the custodial RS model
come with a prefactor

2777’12/‘/ W/ \T pT oW — 2777’12/‘/ oW \T W
m 27 Xy, (1) R19W P, R19W Xn (1) = 02— 27 Xp (1) D19W Xn (1) ) (498)
19W 19W

which replaces the corresponding factor (A.75]) in the minimal model. Here, Dy, is
defined by Dy, = ng P, Ry, . In analogy with expression ([A.70)) valid in the minimal
RS model, we find that the h — vy amplitude in the custodial RS model can be written
as

~ 9 o0

m iR = UsM

A5 = 1) = = D 200 ()T Dy T (1) | 55 AR (h = 1)
I n=0

w mw —mw,

(4.99)



Chapter 4. Higgs physics in a warped 5D space-time 119

It follows that expression (£.82]) for the Wilson coefficient CYWV remains valid, provided
we replace the quantity Ty (—p?) defined in (@33) with

D
Tiv (—p%) = Tr | 52 BV (1,15 —p? —i0) | . (4.100)

Iw

The solution of the propagator function B‘(,IVv in the UV basis is given in ([3.41)). It is
now straightforward to calculate the quantity Ty (—p?) in (ZI00), which we need for the
calculation of the Wilson coefficient Cy, in ([d.82). Expanding this answer in powers of
v? /My and for [p?| = O(m3), we recover expression (L88]). With respect to the minimal
RS model, the only modification concerns the coefficient of the leading L-enhanced
correction terms, which is enhanced by 1/ c%w. This affects both the contributions from
the W boson and the KK tower. In the custodial RS model with Prr symmetry, this
enhancement factor is equal to 2. Note that with cfgw = 1/2 the expressions in ([@L9]]) are
compatible with corresponding results obtained in [149]. In this reference the Wilson
coefficient C', belonged to the operator vhF),, F* instead of the one in (€67, and
2

(%
hence rw |Rret. [1ag) = kw2

4.3 'Tree-level Higgs production and decay via massive vec-
tor bosons

In this section we discuss in detail the structure of new-physics effects in the couplings
of the Higgs boson to a pair of massive electroweak gauge bosons. These couplings are
probed in the off-shell Higgs decays h — WW™* and h — ZZ* with subsequent decays
into four fermions, as well as in the production of the Higgs boson in vector-boson
fusion or in the Higgs-strahlung process, see Figure [£.4l These tree-level processes have
in common that they involve the exchange of virtual vector bosons, which implies that in
addition to the SM W and Z bosons we must consider the effect of the infinite towers of
KK resonances. It is often assumed in the literature that the main effect of new physics
on these processes arises from a rescaling of the on-shell hV'V couplings. We show that
there are also several other effects that need to be accounted for, namely a possible
rescaling of the Higgs vev, a modification of the couplings of the W and Z bosons to
light fermions, and the exchange of new heavy particles in the off-shell propagators. In RS
models all of these effects are indeed present, and accounting for them correctly will be
important for a general definition of the signal strength in terms of the Higgs couplings
to fermions and vector bosons in Section 43l To good approximation, however, we
show that the main effects can be accounted for by a multiplicative rescaling of the SM
decay rates and production cross sections.

The Higgs decay into massive vector bosons in the minimal RS model is presented in
Section 311 Subsequent sections then discuss the corrections to the Higgs production
in vector-boson fusion and the Higgs-strahlung process. The final Section .3.4] extends
our analysis to the RS scenario with custodial symmetry.

4.3.1 Higgs decay into W and Z bosons

We begin by studying the decay of the Higgs boson to a pair of electroweak gauge
bosons, taking h — WW™* as a concrete example. Since my < 2myy, this decay is only
allowed if at least one of the W bosons is produced off-shell. We thus consider the process
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(a) h > WW*, ZZ* decays (b) Higgs-strahlung (¢) Vector-boson fusion

Figure 4.4: Tree-level Feynman diagrams for the off-shell Higgs decays to pairs of W and
Z bosons, and Higgs production in the Higgs-strahlung and vector-boson fusion processes.

h— W-WT™ = W~ f; f]’ , where the off-shell boson decays into a pair of light fermions
fi and f]’ with generation indices 1, j.

Calculation in the Standard Model
In the SM, the corresponding differential decay rate is given by [217]

2 1
d_F _ F(W+_>fif]/') m%/v Az(m%,m%v,s)
ds 16m2m3 mw 03y (m2, — 3)2

[(m% —m3) 4 25(5m?y — m3) + 52] , (4.101)

where s is the invariant mass squared of the fermion pair, and A(z,y, 2) = (z —y — 2)% —
4yz. We have expressed the result in terms of the on-shell decay rate for the process
W+_>fi ]/'7

2
7 g
LWt = fif)) = Nlmw 24 \gi5.11° (4.102)
where g denotes the SU(2), gauge coupling, the color factor NI =1 for leptons and 3
for quarks, and g;; 1, = 9;;/ V2 for leptons and (Verm)ij/ V2 for quarks. Performing
the remaining integration over s in the interval 0 < s < (mj; — myu)? and neglecting
fermion-mass effects, one obtains

L(h—W WY W~ f,f]) =

! (4.103)

m3  T(W*— fif)) <m%V>
g m? )

327rv§M Tmw

where the first factor is one half of the (would-be) on-shell h — WW width in the limit
my, > myy, the second factor accounts for the suppression due to the fact that one of the
W bosons in the decay h — WW™* is produced off-shell, and the phase-space function is
given by

( )_6x(1—8x+20x2) 3 —1
g(x) = o1 arccos | — -

—3z(1 — 6z + 42 Inz — (1 — 2)(2 — 13z + 472%) .

(4.104)

The off-shell decay considered here arises if x > 1/4. In the literature, it is common
practice to define the off-shell h — WW™* decay rate as

D(h—WW*)=2) T(h—W"fif}), (4.105)
firf}

where the sum includes all fermion pairs with total mass lighter than my . The factor 2
accounts for the charge-conjugated decays h — W™ f; f]’-. In the SM the expression
for '(h — WW?¥) has the same form as in ([AI03), but with the partial decay rate
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(Wt —f; f]’) replaced by twice the total decay width I'yy of the W boson. Analogous
formulas hold for the decays based on h — ZZ*, where we must replace W — Z
everywhere and use the corresponding expression

2

0(Z— ff)=Nimy,—— 24 (gﬁ +97R) (4.106)

for the partial decay rates of the Z boson in the SM, where g = T?f -s2Q ¢ and
JdfR = —52.Q  are the left-chiral and right-chiral couplings of the various fermion species,
and s, = sinf,, and ¢, = cosf,, are the sine and cosine of the weak mixing angle. In
this case the total off-shell decay rate is defined as

T(h—ZZ*) =Y T(h— Zff), (4.107)
!

where the sum includes all fermions lighter than my/2. It follows from this definition
that we obtain

T(h— ZZ* = IT171H7) = T(h — 22*) [Br(Z — IT17)]°, (4.108)

for the golden channel.

Modifications in the minimal RS model

We now discuss in detail how the above results must be modified in the context of the
minimal RS model. For the purpose of this discussion it is convenient to define the
weak mixing angle s2, via the structure of the neutral current. Alternative definitions
are related to this one through the electroweak precision variables S, T and U, see
Section for a detailed discussion of this point. In the context of RS models one has
52 = g? (gg + g?) in terms of the 5D gauge couplings. If this ratio is extracted from
experiment there are no new-physics corrections to the branching ratios Br(W — f; f]’)
and Br(Z — ff). Modifications arise for the Higgs couplings to vector bosons, the
electroweak gauge couplings entering the partial decay rates (4102 and (£I06]), and due
to the contributions of heavy KK resonances, which change the momentum-dependent
gauge-boson propagator. Let us for concreteness consider the decay h — W W ™* to
study the impact of these corrections. In the Feynman diagram in Figure d.4)a) the off-
shell gauge-boson propagator now contains the SM gauge boson and its infinite tower of
KK excitations. The Feynman rule for the W,f ©) w, (n)h vertex is (with n = 0 for the
zero mode and n > 0 for the KK excitations)

21m

Wt 2 X0 (1) x (1), (4.109)

which follows from (&75). The vev v is defined in ([2.94]) and the quantity my is given
in (23]). For the W-boson zero mode given in (ZI2]), we encounter the correction factor

2

VSM mW 2 miyy (3L 1

W= —— 2 )| " =1- — =1+ =] +... 4.11
¢ v mw W[ ( )} QM%K < ( 0)

relative to the SM. Here and below the ellipses denote terms of order v*/My and
higher. Note that cy is related to sy in (@91I) by ey = ®M k. The Feynman rule for

the W,f (n)ﬂg)dg) vertex, where A = L, R is a chirality label and i, j labels the flavors
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of the SM quarks, is to an excellent approximation given by [132]

ff AV (VP (4.111)

where Pr, = %(1 — 75) is a chiral projection operator. Corrections to this result, includ-
ing the couplings to right-chiral fermions, are strongly chirality suppressed. Note, in
particular, that for the zero mode one encounters a correction factor

2
1/2 my, 1
Cr, = V2 = — ... 4.112

relative to the SM, which will affect all decay amplitudes of the W boson into light
fermions. It follows that, relative to the SM, we must make the following replacements
in the SM decay amplitude for h — W~ W — W~ w;d;:

1 vsM Ty, W
— s
mé, — s v omi, xo (1) mg

where the propagator function By expanded to leading order in v? /]\4%K is given by
(B29). Details on the caluclation of the gauge-boson 5D propagator can be found in
Section At subleading order, we can now rewrite the right-hand side of (£I13]) in

the form ) ) ) )
1/2
— = — 1—— R I 4.114

m%,[, -5 T W m%/v -5 4M12<K ( L) * ] ( )

21 By (1, € —s) , (4.113)

1/2

This result has an intuitive form. The factor ¢/ rescales the W-boson decay amplitudes
of the SM in a uniform way, the factor ¢y rescales the Higgs-boson coupling to a W W~
pair, and the last term in brackets is the contribution of heavy KK resonances. Substi-
tuting the above expression for the gauge-boson propagator into (ZI01]) and performing
the integration over s, we obtain

3 FSM 2 2 2
T(h— WW?) = b Dw W2 [g<mV2V>— h <1—l>h<m—‘g’>+..l ,
167TUSM Tmyy my 2Mgx L my (4.115)
where F%I}/I is the total decay width of the W boson in the SM. The new phase-space

function is given by

—1
h(z) = —(1 — 4z + 122%) 4z — 1 arccos dr—1
20302 (4.116)

1 1
-5 6x + 362%) Inx + g (1= 2)(11 =61z + 382%).

The analysis of new-physics effects on the h — ZZ* decay rate proceeds analogously.
Instead of ¢y in (LI10]) one finds the correction factor

=2 2 2
vsM T 7,312 my 1 Lmiy,
=22 _29 N =1- L-1+—|—- + ... 4.117
T m o @) 2MZy < 2L> 4MEy (4.117)

for the hZZ coupling. Moreover, in the RS model the Z f f couplings entering the partial
rates in (LI06) get replaced by

G Ry e CRUCNCAE (4118)
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If the weak mixing angle is defined via the structure of the couplings gy, 4(82), then the
only difference with regard to the SM is a factor

2
1/2 1/2 — My 1
V2T = 14 —=——(1—— AU 4.11

Note that, if mz and s2, are taken as inputs, then the W-boson mass is a derived quantity
and the corresponding expression can be found in ([2.96]). As long as we choose Mxxk
consistent with the bounds from electroweak precision tests, this value will be consistent
within errors with the measured W mass.

The fact that the L-enhanced terms in the effective couplings cy in (AI10) and cyz
in ([@IT7) are different is problematic from a phenomenological point of view, as this
amounts to a breaking of custodial symmetry in the effective couplings of the Higgs to
electroweak gauge bosons. Indeed, the difference (cyy —cyz) is related to the T parameter,
which receives dangerously large corrections in the minimal RS model, see Section

4.3.2 Higgs-strahlung

We now move on to study the cross section for the Higgs-strahlung process, in which
the Higgs boson is produced in pp collisions in association with a W or Z boson, see
Figure[d.4lb). Since the Feynman diagram for Higgs-strahlung is identical to that for the
Higgs-boson decay into a pair of electroweak gauge bosons, it follows that the amplitude
at the quark level receives exactly the same corrections as the Higgs decay amplitude
discussed in the previous section. If we denote the invariant mass squared of the hV
pair in the final state by s, we immediately obtain from [@II4) (for V =W, 7Z)

do(pp — hV) —mé 1 do(pp — hV)sm
SR o 1 1— =) +... L (412
T v |1+ M2, )" ds (4.120)

Because the s dependence of the SM cross section is sensitive to the shapes of the parton
distribution functions, it is not possible to derive a simple analytic formula for the
corrections to the total Higgs-strahlung cross sections. However, the leading correction
terms enhanced by L are universal and independent of s. When only these terms are
kept, one obtains o(pp — hV) =~ c%/ o(pp — hV)sm. This approximation has been
frequently used in the literature. In RS models it is accurate up to small corrections not
enhanced by L.

4.3.3 Higgs production in vector-boson fusion

We finally consider the vector-boson fusion process shown in Figure [£.4)c). It involves
two gauge-boson propagators, whose momenta we denote by p; 2. In analogy with the
discussion in the previous sections, we find that in order to account for new-physics
effects one must replace

1 Usm m%/ ( 95 >2 2 2 2
— 2m)° By (1,¢; —p7) By (1,¢; —
(m%/ _ p%) (m%/ . p%) v mV \/%g ( ) V( pl) V( p2)

B R .
(m} —p?) (m} — pd) AMgy L
(4.121)

in the expression for the scattering amplitude. Once again the integrations over the
virtual momenta flowing through the propagators cannot be performed in closed form
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because they involve convolutions with parton distribution functions. However, the
leading correction terms enhanced by L are universal. When only these terms are kept,
one obtains o(pp — hqq') =~ c%/ o(pp — hqq')sm-

4.3.4 Extension to the RS model with custodial symmetry

Details on the custodial RS model can be found in Section 224l We start with the relevant
Feynman rules needed for the discussion of the decays h — VV™* in Section [£.311 Instead
of (EI0Y) in the minimal model, the Feynman rules for the W, Oy and Z ,SO)Z,En)h

vertices read )

2tm S .

W boson: 2—W Nuw 2T ng(l)TDﬂW XTI:V(l) )

oy ¥
ime, L7 \T Lz

Z boson: Z 2w X (1)" Dy, X,y (1),

Yw

(4.122)

where we have introduced the matrices Dy, = R;‘,CV P, Ry, for V =W, Z. Furthermore,
we have used ¢y, = costy with Jy defined in (Z70). Note that demanding the Prr
symmetry fixes cos¥y = 1/v/2. The angle 97 depends on the 5D gauge couplings in
a more complicated way, but under the assumption of the Prr symmetry one finds
tan?9¥z = 1 — 2s2. As in the minimal RS model, the parameter ryy is the leading
contribution to the W-boson mass in an expansion in powers of v? /MZy, see (279). Due
to the custodial symmetry in the bulk, this parameter appears in the Higgs coupling to
both W and Z bosons. The zero-mode profiles are explicitly given in ([2Z.78]). It follows
that the correction factors become

~ 2 2
(%S m R . m 1
CW |cust = —UM ﬁ%‘r ng(l)TDQgWX(}/V(l) =1- 2MV2V <3L -1+ ﬁ) + ...,
WS9w KK
~ 2 2
Usm My, BN 7 miy 1
= ——F5—2 1) D 1H)=1- 3L+1—-—— oo, (4123

instead of (AII0) and (EIIT), where we have imposed the Prr symmetry in the final
expressions. The custodial protection mechanism ensures that the leading, L-enhanced
terms are now the same for both couplings, whereas the subleading terms are differ-
ent. The Feynman rules for the couplings of the W and Z bosons and their KK excita-
tions to SM quarks, the W,j(n)ﬂ%)dg) and the Z,Sn) _fj)qu) vertices (with A = L, R), are
given by

; 1 . .
W boson: %% / dt V2w L{L(Z) (t) (QW ‘(;};—”: Qz)){’,‘;v(t) M Dg)(t)PA,

. 1
o4 gLs /5= ot 92 _z (i)
Z boson: ﬁ\/TTTCw /; dt 2 QA (t) (QZ 927: QZ/)Xn (t) f)/” QA (t)PA 5

with the chiral projectors Pr 1 = %(1 + 75). The Qu and Q9 matrices appearing in
(@I124) are 5 x 3 matrices and given by

(4.124)

100 00 0
00 0 100

Qw=1|[00 0], Q=10 0 0 (4.125)
00 1 00 0
00 0 010
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Note that for the W-boson the leading contribution to the CKM matrix arises from the
(11)-component of Q. For vertices involving the light SM fermions, corrections coming
from the t-dependent term in the gauge-boson profile as well as from the admixture of
the U’ and D’ states are chirally suppressed and can be neglected. This feature extends
to the case of the KK excitations of the W boson. Effectively this means that we only
need to keep the constant contributions of the W profiles, which survive near the UV
brane and are given by X" (¢). In case of the Z-boson vertices in the second Feynman
rule in ([£124]), we have defined the couplings

Qr=TP - 32Q, Qpu=-T8_— tan® 0y, Y, (4.126)
L w B tan? Oy

2
9715 c?u tan* Oy

925 tan?dy —tan?0,,’

where TZ 7 denote the eigenvalues under the third generator of SU(2)r, g, Y is the weak
hypercharge and @ denotes the electric charge of the fermion. Once again we only need
to keep the t-independent contributions in the gauge-boson profile functions. Thus, as
in the minimal RS model we can approximate the Feynman rules in (£.124]) by

i g5L CKM
W boson : v2r (1 0 Vs HPp,
\/’ /—271'7" ( ) ( ) j i L

i
Z boson : ﬁ\/;’_%:cwm (1 0) XZ(e) V" [9q.0(s2) Pr + gq.r(s2) Pr] .
For the SM W and Z bosons (n = 0), the Feynman rules coincide with the corresponding
rules (£I11) and (4II8) found in the minimal RS model, since the first components of
the profiles in the custodial RS model (2.78]) are the same as the profiles in the minimal
RS model ([Z.12]). Combining all pieces, we find that instead of (£I13]) we must perform
the following replacement in the SM amplitude (with V =W, Z)

(4.127)

1 vsm Ty T 9L5 1
— V2 27 B € — . 4.128
m%/ s v m%/cl% ™ X0 ( ) \/—g ( ) €5 5) 0 ( )

The exact solution of the propagator function B‘[,JVv is given in (341, while (3.42)
presents an expansion of B‘(,IVv to first non-trivial order in v? /MI%K In case of the Z-
boson propagator, the function B[ZJv can be obtained from (8.42)) by replacing my — myz
and dw — ¥z, and with ¢1(¢,t') = 27 x& (t)x& (t'), while cy(t,#') coincides with the
expression given in (3.30]). Inserting the expanded versions of the propagator functions

into (£128]), we arrive at (LI14]) with ¢y and ¢z given by ([@I123]), while

2
/2 = _IL5 | fo- my, 1
FW‘CUSt mg (1 0) ()_1_2M12{KE+

2 2
1/2 = _9L5 5 _ 172 my — my, 1
‘Cust mg (1 0)x 5 () =y [1+W<1—E>+---],

remain the same as in the minimal model, see (£112]) and (£I19]). Thus, the correction
factors cry, , to the W — f f'and Z — ff decay rates remain unchanged. The vector-
boson fusion process analyzed in Section [£.3.3] can be studied analogously. In this case,

(4.129)
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we need to replace the first line of ([@I21) by

1 12 2
p N2 N -5 gnvg ( L5 > (2m)?
(my, — p1) (my, — p3) vomycy o \V2mrg

(4.130)
1

< (10 BY (148 Doy BY (143 ()
Using the expansions for the propagator functions and evaluating the rescaling factors,

we confirm the second line of (£I2]]) with ¢y and c%/vz given above.

4.4 Phenomenological implications

In the context of Higgs physics, new-physics deviations from the SM can be searched for
by measuring the signal rate

(0-BR)(pp = h — X)ne _ o(pp — h)np T'(h — X)np T3

R _
YT (0-BR)p = h— X)su  o(pp — h)sm D(h — X)su NP

(4.131)

for the production of the Higgs boson in pp collisions at the LHC and its subsequent
inclusive decay into an arbitrary final state X. Our work includes a detailed discussion
of the signal rates Rx for the most relevant decays into X = bb, 777, WW*, ZZ*,
and 7 in different incarnations of RS models. From (4I31]) we can read off that new
physics can show up in three different ways. Firstly, it can lead to deviations in the
Higgs production cross section o(pp — h), which can be decomposed into the cross
sections for Higgs production via gluon fusion, vector-boson fusion, Higgs-strahlung,
and the associated production with a ¢t pairly The relative contributions read (for
my = 125 GeV) [218]

o(pp — h) = 0.872 oggh +0.070 oy vy, +0.033 0wy, + 0.020 075, + 0.005 044, - (4.132)

Secondly, new-physics effects can change the Higgs decay rates I'(h — X)), and thirdly
they can modify the total Higgs width I';,. Via the latter quantity the rates are sensitive
to non-standard or invisible Higgs decays. In our analysis we take into account all three
possibilities.

In addition to the signal rates we can search for new-physics effects in terms of
the Higgs couplings. Recently, the ATLAS and CMS collaborations have published a
combined analysis of the full Run 1 collision data sets at the LHC [219] with seven
independent coupling modifiers. This allows us to compare the predictions for the tree-
level ey, cz, ¢, ¢, c; and loop-induced (effective) Higgs couplings cgﬁ, cfff in RS models
with current data from the LHC. In order to explore the future sensitivity on the Higgs
couplings we consider two more scenarios. It has been reported in [220] that the LHC at
v/ = 14 TeV and with an integrated luminosity of 300 fb~! has the potential to probe, in
a model-independent way, deviations of the Higgs couplings to fermions in the range of
~ 30% and to gauge bosons in the range of ~ 16%, both at 95% confidence level (CL).
At future lepton colliders like the International Linear Collider (ILC) [221-224], the
sensitivity to deviations can be improved by almost one order of magnitude (assuming

9Here, the Higgs-boson width, which is predicted in the SM to be approximately 4 MeV, is assumed
to be small such that the narrow-width approximation is valid and that Higgs production and decay can
be decomposed.

100ther less important Higgs production processes in the SM that are not directly searched for are
qq, 99 — bbh and the Higgs production in association with a single top quark.
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Vs = 1TeV and an integrated luminosity of 1000 fb~!). We illustrate which regions of
parameter space could be probed at these facilities.

In Section E.4.T] we give a summary of the main Higgs couplings to fermions and
gauge bosons as well as the Higgs self-couplings in various RS models. We present ex-
pressions that are exact at first order in v? /M2 . A numerical study of both the C' P-even
and CP-odd Higgs couplings in the minimal and custodial RS model is performed in
Section 4.2l We compare the predictions for cw,cz, ¢, cp, Cr, ¢ ZH, fff in the minimal
and custodial RS model with current data from the LHC. Then, we comment on the
future sensitivity to detect deviations from the SM values of the Higgs couplings at the
LHC and ILC. Finally, in Section f4.3] we compare the RS predictions for the signal
rates of pp — h — bb, TH7—, WW*, ZZ*, vy with LHC data, which can be used to
deduce bounds on the relevant model parameters.

4.4.1 Summary of Higgs couplings in RS models

In order to parameterize the RS contributions to the various Higgs couplings, we match
them onto an effective Lagrangian defined at the electroweak scale u =~ v. For simplic-
ity we neglect the effects of renormalization-group running from the new-physics scale
u~ Mgk down to the electroweak scale, as their numerical impact is of minor impor-
tance. The phenomenologically most relevant Higgs couplings can be described using
the following Lagrangian in the broken electroweak phase

9 2 2 B
Lo = cw — W RWEW ™ + ¢z ﬂ hZ,Z" — Z B F (e + epsivs)
UM 3 vsM f=tbr
mh 4 a a, vV Qg a a,uv
— h3 — h hG LGUHY — hG* GH
Cah 2v o 8vSM % e 12 P Srven M
hE, F* — hE, FM o . 4.133

Ty 67TUSM ad &5 47TUSM ad T ( )

where the SM vev is given by vy = (V2Gr)~ /2. We emphasize that it is not a com-
plete list of operators. For instance, we have not included the operators hZ, fy*f and
hz, f"vsf contributing to the h — ZZ* — Zff decay amplitude (and corresponding
operators for h — WW*), since as shown in Section [£.3.1] their contribution is subdom-
inant. Furthermore, we do not consider the Higgs decay h — Z~ or any flavor-violating
couplings in this work. Both the C' P-even couplings ¢; and the C' P-odd coefficients ¢;5 are
real-valued. Inthe SM ey = cz = ¢y = c3p, = ¢y, = land ¢cp5 = ¢y = g5 = ¢y = 5 = 0.

Higgs couplings to electroweak gauge bosons and fermions

In the SM, the Higgs boson couples to electroweak gauge bosons and fermions at tree
level, with coupling strengths proportional to the masses of these particles. The non-
universality of these couplings is the most distinguished feature of the Higgs mechanism.
In RS models, modifications of the couplings arise from two effects: genuine corrections
to the AVV (with V = W, Z) and hff vertices, and an overall rescaling of all couplings
due to the shift of the Higgs vev, which appears because we use the SM vev vgy in
the effective Lagrangian (£.I33]). As we have explained in Section we determine v
from the shift to the Fermi constant derived in the RS model by considering (at tree
level) the effect of the exchange of the infinite tower of KK gauge bosons on the rate for
muon decay. We now present explicit expressions for the various ¢; parameters, working
consistently to first order in v? /MI%K Wherever possible, we will parameterize the
differences between the minimal and the custodial RS model by means of a parameter
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&, which equals 1 in the minimal model and 2 in the custodial model (with imposed Prr
symmetry).

The Higgs couplings to W and Z bosons in RS models have been derived in Sec-
tion A3 and are collectively given to leading order in v? /Mf(K by

m? 3L 1 m? 1
C=1-—W (=14 =1-—W (3L -1+ —
W o M2, ( 5 T 2L> ’ W o M2, ( * 2L> ’
m2 1 Lm? m2 1
=1-—Z ([[-1+—)— W =1- W L+1——
% i 2My ( i 2L> DR e M2, (3 * 2L>’
(4.134)

which follow from (LI10), (AI17), and ([@I23]). With L = 33.5, the L-enhanced contribu-
tions in these expressions are by far numerically dominant. Future precise measurements
of ¢y and ¢z would thus provide a direct tool to determine the ratio Mkk/ V'L in the
RS model.

The couplings of the Higgs boson to the third-generation fermions have been studied
in Section T.Jl where it was found that flavor-changing couplings are strongly sup-
pressed. The C'P-even and C'P-odd flavor-diagonal couplings, ¢y and cys, are related to
the ky couplings defined in (Z3T]) by the equation cy +icys = kp™SM. It then follows
that (with f =¢,b,7 on the left-hand side and f = u,d, e on the right-hand side)

fLm%,V_ £v? (YfoTYf)gz),_i_
4MI2<K 3MI2<K (Yf) 33 ’

cfticys =1—¢ep — (4.135)

where Y, 4. denote the dimensionless, anarchic 5D Yukawa matrices in the up, down
and lepton sectors. Note that the C'P-odd couplings in (£I35]) are given solely due to
the “three-Yukawa terms”. The real-valued quantities €; arise from overlap integrals of
the “wrong-chirality” fermion profiles. They are given by e; = (5F) a3 T (5f)33 in the
minimal RS model and by e = (<I> F) a3 T (<I> f) 43 in the custodial RS model. Explicit
expressions for the matrices éy, p g and 6, 4. can be found in (428]), while those for the
matrices @y p g and ®, 4. are given in (£63). They depend in a complicated way on
the bulk-mass parameters of the various 5D fermion fields. All of the quantities e, are
of O(v?/MZy), but in addition some of them are strongly chirality suppressed. For all
practical purposes, one can retain €, = (dy7)s3 + ()33 but approximate €4 ~ (dp)s3,
€ ~ 0, and similarly in the custodial model. Numerically, the e; parameters turn out to
play a numerically subleading role compared with the “three-Yukawa terms” in (£135]).

The Higgs couplings to fermions do not only depend on the KK mass scale, but also
on the dimensionless 5D Yukawa matrices. When scanning over the parameter space of
an RS model, see Section 2.5.1] the various entries of the Yukawa matrices are taken
to be complex random numbers subject to the condition |(Y});;| < v, where the upper
bound y, = O(1) is a free parameter. For an ensemble of sufficiently many random
matrices constructed in this manner, one can show that on average

< (Yf YfT Yy ) 33
(Yf )33

where N, = 3 is the number of generations. It follows that the Higgs couplings to
fermions are rather insensitive to the individual entries of the Yukawa matrices, but
they do scale with y2. Hence, we encounter a similar situation as in the gauge-boson
case, where the relevant parameter is now given by Mxxk/y.. We should add at this

> = (2N, - 1) %3 , (4.136)
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point that in practice relation (£I36]) is subject to some flavor-dependent corrections,
which arise when the scan over random Yukawa matrices is performed subject to the
constraint that one obtains acceptable values for the quark and lepton masses and for
the CKM matrix in the quark sector When this is done, one finds numerically that the
expectation value (£130]) is slightly enhanced for the top quark and somewhat reduced
for the bottom quark

Higgs self-couplings

One of the predictions of the SM is that the trilinear and quartic Higgs couplings can
be expressed in terms of the Higgs-boson mass and the vev of the Higgs field, such that
csp = cqp, = 1 in (£I33). In RS models these coefficients receive calculable corrections,
which for the minimal and the custodial RS models are described by the same formula
in terms of the correction to the Higgs vev. As long as the Higgs sector is localized on
or near the IR brane, one obtains

B §Lm%V v%M B §Lm%V

sM + Cqp = 5=
AMi v 2Mg

c3p=——=1
v

... (4.137)

For a KK mass scale of Mgk = 1.5 TeV, one finds a 2.4% (4.8%) reduction of the trilinear
coupling and a 4.8% (9.6%) reduction of the quartic coupling in the minimal (custodial)
RS model. We mention that moving the Higgs field into the bulk would attenuate these
deviations and move the couplings closer to their SM values. Such small deviations will
not be measurable by the LHC, and even for a future linear collider like the ILC this
is probably out of reach. Therefore, we refrain from presenting a detailed numerical
analysis of the Higgs self-couplings.

Loop-induced Higgs couplings to two gluons

In the SM, the Higgs boson couples to massless gluons and photons only via loop dia-
grams containing heavy SM particles. Direct couplings, such as the ones contained in
the effective Lagrangian (£.133]), are absent in the SM. In the context of RS models such
direct couplings are induced at one-loop order via the exchange of heavy KK resonances.

We begin with the loop-induced Higgs couplings to gluons, which are relevant for
the calculation of the gluon-fusion cross section o(gg — h), which is the main Higgs
production channel at high-energy hadron colliders such as the LHC. A detailed discus-
sion can be found in Section EIl In the limit where we neglect O(v?/MZ) corrections
which in addition are strongly chirality suppressed, the expressions for the induced Higgs
couplings to two gluons read

Trg(X,) +Trg(Xg) + ey +€q; minimal RS model,
Cq +icgs = (4.138)

Trg(v2X,) +3Trg(v2X,) + e +c4; custodial RS model.

"F¥or y, = 1, we find numerically that the expectation value [@I30) is equal to 2.5 (as expected) for
anarchic matrices, while it is 2.7 in the up-quark sector and 2.2 in the down-quark sector. We do not
consider neutrino masses or the PMNS matrix in our analysis, since this would require the specification
of the neutrino sector, which is both model dependent and of little relevance to Higgs physics.

12WWe comment on the type-IT brane-Higgs models, in which one uses two different Yukawa matrices ch
and st in the Higgs couplings to the Zz-even and Zz-odd fermion fields. In these scenarios, the Yukawa-
dependent term (Y;Y['Yy),./(Y7),, in @I35) must be replaced by (Y'Y TYF) . /(YF),,. For the
special case st = 0, which was sometimes adopted in the literature, this term vanishes. There is then
no contribution to the C'P-odd couplings cys.
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The quantities X ¢, defined in (£.74]), are entirely given by the dimensionless 5D Yukawa
matrices of the RS model. For the two scenarios with a brane-localized and a narrow
bulk-Higgs sector, one finds g.(X §) = :FX?—F. .. (see (£24) alund (#23))), so that tl.1e effect
from the KK tower is approximately equal but of opposite sign in the two scenarios. For
a large ensemble of random matrices, one obtains on average

2
<ﬂ¥ﬂj>:N§%. (4.139)

Due to the additional factors /2 and 3 in the second case in ([@I38)), the quark KK tower
contribution in the custodial RS model is roughly four times larger than in the minimal
RS model. Note that with the hermitian matrices Xy the traces over the matrix-valued
functions g(Xy) are real, so that cy5 = 0 irrespective of the Higgs localization or the
type of RS model (minimal or custodial)

When the top-quark is integrated out from the effective Lagrangian (£133]), addi-
tional contributions to the effective hgg couplings are induced at one-loop order. They
can be accounted for by introducing the effective coeflicients

off  Cgt Aq(Tt) Ct off _ Cg5 T Bq(Tt) Ct5

c 22 L =2 79 4.140

oA ° T A o
which we have normalized such that cgﬁ = 1 in the SM. Explicit expressions for the
top-quark loop functions A,(7:) ~ 1.03 and B,(73) ~ 1.05 (with 7; = 4m?/m2) are given
in ([4.34])). Both approach 1 for 7, — 0o, and it is an excellent approximation to use the
asymptotic values for the small new-physics corrections to the Wilson coefficients. It
then follows that the terms proportional to &,, which in cgﬂ combine to g, [1 — Aq(Tt)],
can be safely neglected. Note also that to a very good approximation cgg SR

Loop-induced Higgs couplings to two photons

We finally turn our attention to the couplings of the Higgs boson to two photons, which
play a crucial role for the h — 7~ decay channel, in which the Higgs boson has been
discovered in 2012. Neglecting as before O(v? /M2y ) corrections, which in addition are
strongly chirality suppressed, the expressions for the induced Higgs couplings to two
photons in the minimal RS model read

. 21
Cy + ch5|min = Nch [Tl" 9(Xy) + Eu] + NcQ?i [Tr 9(Xq) + sd] + Qg Trg(X.) — T
ey + z'cayg)LuSt = N.Q2Tr g(vV2X,) + Ne(Q2 + Q3 + Q3) Trg(vV2Xy) + Q2 Trg(X,)
21
+ NeQi eu + NeQgea = vw - (4.141)

They receive KK contributions from the quark and lepton loops as well as from loops
of W bosons and charged NGBs. Here, (), 4. denote the electric charges of the SM
fermions, and Q) = % is the charge of a new exotic, heavy fermion species encountered
in the custodial RS model. The precise embeddings of the SM quark fields into the
extended gauge symmetry has been discussed in detail in Section 2.4l For the lepton

3For the type-II brane-Higgs model, the function g(X;) must be replaced by _szfcnyT + ...,
and hence to leading order there is no difference with the result shown above. In this model the C P-
odd coupling ¢,5 receives contributions starting at O(v*/Mityk), which are however too small to be of
any phenomenological significance. In the subsequent sections we will therefore not discuss the type-I1
brane-Higgs model any further.
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LHC: 7&8TeV, 5&20fb~! | LHC: 14 TeV, 300fb—! | ILC: 1 TeV, 1000 fb~!
cw 0.901909 1_0.069 1_0.004
cz 1.00—¢.08 1 _0.077 1_0.006
23 0817013 100 0ot
ot 0.90+0-10 1+00%9 1003
o 1.42+023 1+ 170041
: 057 113 o
c 0.871012 140432 175015

Table 4.2: The first column shows the fit results with 1o uncertainties for the Higgs
couplings obtained from a combined ATLAS and CMS analysis of the LHC pp collision
data at /s = 7TeV and /s = 8TeV [219]. The last two columns show SM-like Higgs
couplings for the high-luminosity LHC at /s = 14 TeV and for the ILC at /s = 1 TeV,
where the 1o confidence intervals emerged from a fit performed in [220].

fields two types of embeddings have been studied in Section Here we adopt the
simplest assignment, in which the left-chiral neutrino and electron are put into an SU(2),
doublet (as in the SM) and the right-chiral electron along with a new, exotic neutral
particle Ng into an SU(2)g doublet. The infinite tower of the KK excitations of the W
bosons (including the charged NGBs) contributes

iy L—1+—)+ (4.142)
vw = — — e .
VT oM 2L ’
which follows from (£.91]). Like in the case of the gluon-fusion channel gg — h, we define
effective coefficients obtained after the heavy particles t, W and Z of the SM have been

integrated out. They are related to the above coefficients by

Ceﬂc _ Cy + NCQ% Aq(’Tt) Ct — % AW(’TW) cw Ceg _ Cy5 + NCQ%L Bq(Tt) Ct5
7 NCQQ% Aq(Tt) - % AW(TW) 7 NCQ% Aq(Tt) - 2741 AW(TW)
(4.143)

where again we have chosen the normalization such that c%ﬂc = 1 in the SM. The explicit
form of the W-boson loop function Aw (rw) ~ 1.19 (with 7 = 4m¥,/m?), which
approaches 1 for Ty — oo, is given by (£90). From the fact that the coefficient c,5 in

(£I4T) vanishes, it follows that to a very good approximation cfg ~ —0.28 ¢45.

4.4.2 Numerical analysis of Higgs couplings

We now study the structure of new-physics effects to both tree-level and loop-induced
Higgs couplings to fermions and gauge bosons in the context of the minimal and custodial
RS model. In our analysis we take my = 125.09 + 0.24 GeV [70] for the Higgs mass and
Myt pole = 174.6 = 1.9GeV [76] for the pole mass of the top quark. The parameter L
defined in (L32)) is chosen to be L = 33.5. We generate three sets of 5000 RS points
for different values of maximal Yukawa couplings 3, = 0.5, 1.5, and 3, according to the
procedure described in Section 2.5.J1 We will analyze the RS predictions with respect
to the first KK gluon mass M ) and the maximal Yukawa value y..
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Figure 4.5: Left (right) are shown the predictions for the Higgs couplings to the W (Z2)
boson as a function of the first KK gluon mass My in the minimal (custodial) RS
models. The blue bands show the 20 error regions of ¢y and ¢z obtained from a fit of the
Higgs couplings by the ATLAS and CMS collaborations [219], see Table The vertical
dashed lines represent the lower bounds on M u), see (2I03) and (ZI07), which have
been deduced from a tree-level analysis of the Peskin-Takeuchi parameters.

In order to compare the Higgs couplings in the RS model with respect to the SM, we
will rely on a model-independenti™ fit of the ATLAS and CMS collaborations [219]. Their
analysis is based on the data of the first run of the LHC, corresponding to integrated
luminosities per experiment of about 5fb~! at a centre-of-mass energy of Vs = TTeV
and 20fb~! at /s = 8 TeV by the ATLAS and CMS detectors. Basic assumptions of
the analysis are that the SM-like Higgs-boson state is a C'P-even scalar with the tensor
structure of the SM interactions. Furthermore, the total Higgs-boson width is assumed to
be small enough (F%M = 4.10MeV for mj, = 125.09 GeV) in order to apply the narrow-
width approximation and that Higgs production and decay can be decomposed. These
assumptions are supported by the experimental measurements of the spin and C'P prop-
erties of the Higgs-like boson [225, 226] and by direct [227] and indirect [228, [229]
studies of the Higgs-boson width. In addition, the fit assumes that the tree-level Higgs
couplings to the W and Z bosons are reduced with respect to the SM values, i.e. ¢y <1
for V.= W, Z. Indeed, these conditions are fulfilled for the RS models under consider-
ation, see ([AI34]) and Figure The fit results for the tree-level cyw,cz, ¢, cp, ¢ and
loop-induced (effective) Higgs couplings cgff, cﬁﬂc are listed in Table

Tree-level Higgs couplings

Figure shows the tree-level Higgs couplings to the W and Z bosons in the minimal
and custodial RS model in dependence of the lightest KK gluon mass. We find it useful to
convert the mass parameter Mk to the physical mass M ) ~ 2.45 Mkk of the lightest
KK gluon (or KK photon) state, which is independent of the details of the localization
of the scalar sector and of the choice of the electroweak gauge group in the bulk. The
couplings, based on (AI34]), can be parametrized by

cy &= 1—ay (5TeV/Mw)*; V=W2Z, (4.144)

“The term model-independent fit means that the ATLAS and CMS collaborations have used 7 inde-
pendent coupling modifiers, one for each SM particle involved in the studied Higgs production and decay
processes. The assumptions that enter the fit procedure are given in the text.
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Figure 4.6: Predictions for the Higgs couplings to top quarks as a function of the KK
gluon mass M) in the minimal (left) and custodial (right) RS model. The green, red,
and blue scatter points correspond to model points obtained using y, = 0.5, 1.5, and
3. The overlaid lines in the plots of the upper row show fits to the various distributions
as explained in the text. The blue band represents the 2¢ fit region of ¢; obtained from
a combined ATLAS and CMS analysis, see Table The gray band in the lower plots
show the experimental bound on |¢s5| derived from the electron EDM (at 90% CL). The
vertical dashed lines denote the bounds from electroweak precision tests.

with aw = 0.038 and az ~ 0.045 in the minimal RS model. In the custodial RS model,
the corrections to the tree-level Higgs couplings to W and Z bosons in (£I23]) are
identical up to very small corrections not enhanced by L ~ 33.5, and we obtain ay ~
ayz =~ 0.076. Realistically, with KK masses not in conflict with electroweak precision
tests, we might thus expect corrections of a few up to a maximum of 10%.

Next we study the corrections to the C'P-even and C'P-odd Higgs couplings ¢y and
cys to the third-generation fermions, as obtained from (£.I35]). Figured.6lshows the Higgs
couplings to top quarks as a function of the mass of the lightest KK gluon state. The
green, red, and blue scatter points in the figure correspond to RS model points obtained
using three different values of y, = 0.5, 1.5 and 3. In accordance with (I35 and (Z.I36])
we observe that ¢; is reduced compared to the SM value 1 for almost all parameter points,
where the depletion increases with larger values of y,. The corresponding plots for ¢, and
¢ would look very similar, with the magnitude of the corrections somewhat reduced. The
main difference is due to the different values of the £; parameters in the three cases,
but their numerical impact is subleading. The solid lines in the upper plots in the figure
show simple polynomial fits of the form

cprl—ap(5TeV/Myw)?; f=tb,T, (4.145)
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minimal RS model custodial RS model

Yse 0.5 1.5 3 Use 0.5 1.5 3

ag 0.021 0.064 0.19 a; | 0.060 0.13 0.38
ap | 0.017 0.042 0.12 ap | 0.033 0.085 0.24
ar | 0.015 0.037 0.11 ar- | 0.030 0.076 0.22
by | 0.00067 0.0069 0.029 by | 0.0013 0.014 0.059
by | 0.00060 0.0058 0.023 by | 0.0012 0.012 0.048
b- | 0.00060 0.0058 0.023 br | 0.0012 0.012 0.048

Table 4.3: Fit coefficients ay and by of the functions (AI45) and (£I46]) for different
values of y, in the minimal (left) and custodial (right) RS model.

to the scatter points, with coefficients ay = a¢(y,) given in Table 3 For example, with
y» = 3 a modification of ¢; by 19% (38%) is possible for KK excitations as heavy as
5TeV in the minimal (custodial) RS model [}

The C'P-odd couplings of the Higgs to two fermions cys5 in the RS model are given
by the imaginary part of (AI353]). For random complex Yukawa matrices with entries
bounded by [(Y})ij] < y«, we find an approximately Gaussian distribution with zero
mean and non-Gaussian tails, which can be reduced by imposing a lower bound on
the magnitude of |(Yf)33‘. In the vicinity of the peak the distribution is approximately
normal, with standard deviation

Oy 2 by (5TeV /Mya))?; f=tb7, (4.146)

where the fit parameter by is listed in Table for different values of y,. Due to the
constraint that we must obtain realistic values of the quark masses and CKM mixing
angles the parameters by can have different values for f = ¢,b,7. It has been argued
in |230] that present experimental bounds on electric dipole moments (EDMs) of the
electron, neutron and mercury impose non-trivial bounds on the C'P-odd Higgs couplings
to the third-generation fermions. The strongest constraint exists for the magnitude on
¢5 and comes from the EDM of the electron, which is sensitive to the htt couplings via
two-loop Barr-Zee diagrams. Using the present 90% CL upper limit d. < 8.7-1072?ccm
[231] and assuming that the Higgs coupling to electrons is not changed with respect to
its SM value, one obtains |¢;5| < 0.01 [230]. In the RS models considered in this work
this assumption is valid to high accuracy, since corrections to the heTe™ coupling are
strongly chirality suppressed. This resulting bound is shown by the gray band in the
lower plots in Figure Interestingly, we find that for y, = 1 there are many points in
RS parameters space for which c¢;; takes values of the same order of magnitude as the
experimental bound. Hence, in the context of RS models it is conceivable that first hints
of a non-zero electron EDM might be seen in the next round of experiments.

Loop-induced Higgs couplings

We move on to study the loop-induced hgg and hvyvy couplings. They are of special in-
terest, since they are very sensitive probes of the effects of virtual KK resonances. We

15We like to add a brief comment concerning the type-II brane Higgs model at this point, in which
the three-Yukawa terms have a vanishing expectation value. While the remaining terms in ([@.I35]) still
give rise to small negative corrections, the corresponding scatter plots would show points scattered more
or less around the central value ¢; = 1, and which can become larger than 1 for not too small values for
Yy« due to the indefinite sign of the three-Yukawa terms.
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Figure 4.7: Predictions for the C'P-even effective Higgs coupling to two photons as a
function of the KK gluon mass M ) in the minimal (top) and custodial (bottom) RS
model, for the scenarios with a brane-localized scalar sector (left) and a narrow bulk-Higgs
field (right). The green, red, and blue scatter points correspond to model points obtained
using y, = 0.5, 1.5, and 3. The overlaid lines are obtained from the approximate results
(@147) and @I4R). The blue band represents the 20 error margin of the fit result for ¢<
in the first column of Table Vertical dashed lines show the bounds from a tree-level
analysis of the Peskin-Takeuchi parameters.

concentrate on the C' P-even couplings c f and c since current measurements are not
suﬁ‘imently precise to probe the C'P-odd couphngs. Using the explicit expressions for
gﬁ and c7 in ([AI40) and (£I43), it is straightforward to derive approximate expres-
sions for these coefficients which help to understand the interplay of the various con-
tributions. To this end, we expand the fermion KK-tower contributions in (£I38) and
(ETZI) to first order in v?/MZ4 and employ ([EI36) and (@I379). We also approximate
the top-quark loop function A4(7¢) by its asymptotic value 1 and neglect subleading

terms not enhanced by L in the bosonic contributions. This yields

2 2 2
v 5 Lm v
M in 2 14 ——— [<$9 - —> Yl — UW] ~14 ——— [(F9.0 - 1.7)y7 — 1.8] ,

2ME 3 202 2ME
oM a1t v? L (119 N 20\ o 21(Aw(rw)—1) Lm}, Lmi,
G min =T oME OB 9 )Y 2| CSM] 202 22

18There exist proposals for how to probe c?g in h — 77 decays in which both photons undergo nuclear
conversion, by measuring certain kinematic distributions of the electron-positron pairs ] Unfortu-
nately, however, the level of sensitivity one can achieve does not allow one to probe the very small effects
075 ~ —0.28 ¢;5 predicted in RS models, where the C'P-odd htt coupling is the only source of the effect.
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KK

in the custodial RS model. Here the upper sign holds for the brane-Higgs case, while the
lower one corresponds to the narrow bulk-Higgs scenario. We have kept the dependence
on the one-loop SM amplitude C§M = % — %Aw(’rw) ~ —4.9 explicit. In each square
bracket, the first term is due to the effects of KK fermion resonances, while the second
term accounts for the vev shift and the contribution of bosonic KK states (for cf ). The
fermionic contributions enter the two coefficients with opposite signs and are larger in
magnitude in the case of c‘;ﬁ. Figure 7] shows our predictions for the coefficient cgff as a
function of the mass of the lightest KK gluon resonance and for different values of y,. We
recall that the results exhibit a large sensitivity to the precise nature of the localization of
the scalar sector on or near the IR brane. On average, the distributions of scatter points
follow the approximate formulas shown in (£I47) and (£I48]); however, in the brane-
Higgs case higher-order corrections become important for small M ) values, and they
are included in our phenomenological analysis below. The corresponding information on
how cgﬁ depends on M o) and y, can be deduced from the correlation between the two
loop-induced couplings, to which we turn now.

Correlations between Higgs couplings

We have explained earlier that, to good approximation, the average results for the various
Higgs couplings in RS models can be expressed in terms of only two parameters Mgk
and y,, with some relatively narrow distribution of model points about these average
predictions. As a result, in these models there are strong correlations between various
Higgs couplings. This important fact is illustrated in Figure .8 where we display our
predictions in the ¢; — ¢, and cfff—c‘;ﬂr planes for RS points with M o = 10TeV. In the
lower plots, scatter points below c‘;ﬁ = 1 (lower right plane) correspond to the brane-
localized Higgs scenario, while points above cgff = 1 (upper left plane) refer to the narrow
bulk-Higgs scenario. In the case of the fermionic couplings ¢; and ¢, we observe a clear
correlation in the sense that both couplings are smaller than 1 by approximately equal
amounts. On the other hand, we see a clear anti-correlation between ciﬂ and cgﬁ, which
is due to the fermion KK contributions as explained above. This implies that there are
no regions of parameter space where both couplings are smaller or larger than 1. Thus,
a precise measurement of such values could rule out all RS scenarios considered in this
work. The gray and blue bands in the lower plots denote the 20 error margins of the
fit values cgﬁ = 0. 81+8 }g and ceff = 0. 90+8 ég obtained from a combined analysis of the
ATLAS and CMS measurements [219]. Those fit values have a slight tendency to values
smaller than 1 for both couplings.
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Figure 4.8: Correlation between the Higgs couplings ¢; and ¢, (upper row) and the effective
Higgs couplings ¢<™ and ¢ (lower row) in the minimal and custodial RS models for
Mya) = 10TeV and different values of y,. In the lower plots, the blue and gray bands
denote the fit results for the corresponding Higgs couplings within 20 errors, see Table .2

for details. The crossing of the dashed lines denotes the SM prediction.

Total Higgs width

The correction to the total Higgs width relative to the SM total width I‘%M = 4.10 MeV
(for my, = 125.09 GeV) can be accounted for by the parameter ﬂﬂ]

RS

ep = e~ 0.57(cf + i) + 0.22¢%, +0.03c% + 0.09 (|| 4 |co |2

h F%M ( b b5) w Z (‘ g ‘ ‘ g5 ) (4149)
+0.06(c? 4 c25) +0.03.

The corrections to the decay modes h — c¢¢, Z+,... have a numerically insignificant

effect and can therefore be neglected; the combined branching fraction of these modes
is about 3% in the SM. Figure shows the ratio ¢, = F}?S /F%M in the minimal and
custodial RS model. We see that in the brane-Higgs scenario the Higgs width can be
reduced by about 15-30% (25—50%) for a KK gluon mass M, s ~ 5TeV and maximal
Yukawa value y, = 3 in the minimal (custodial) RS model. The dominant effects come
from the decays h — bb and h — gg, both of which receive negative corrections. The
situation is different in the case of the narrow bulk-Higgs scenario, where the h — gg
decay rate receives a large positive correction, which enhances the Higgs width and
counteracts the suppression of the h — bb decay rate. In the custodial RS model this
effect dominates for y, 2 1.5, leading to a Higgs width larger than in the SM.

~
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Figure 4.9: Predictions for ¢, = I}¥%/T3M as a function of M) in the minimal (top)
and custodial (bottom) RS model, for the cases of a brane-localized (left) and a narrow
bulk-Higgs field (right). Vertical dashed lines show the lower bounds from a tree-level
analysis of the Peskin-Takeuchi parameters.

Summary of exclusion bounds for Mg(l)

In the last part of this section, we constrain the parameter space of the various RS mod-
els by current and future analyses of Higgs couplings. Our goal is to derive exclusion
bounds for the mass of the first KK gluon resonance from each of the Higgs couplings.
To obtain these bounds, we plot each coupling ¢; as in Figure [ fit a Gaussian distri-
bution to the model points for each pair of y, and M 4, and determine the mean values
¢; with the standard deviations o(c¢;). The experimental Higgs couplings ¢; © and their
Lo uncertainties o(c;") are taken from Table .2 We then consider the ratio ¢;/c;" and
calculate the corresponding standard deviation by combining the theoretical and exper-
imental errors in quadrature Finally, we test at which confidence level the coefficient
c;/c;™ is compatible with 1. The results are compiled in Figure I0 for y, = 3. The
colored regions are the 95% CL excluded regions for the mass of the lightest KK gluon
resonance. The only exception is the exclusion limit for ¢; in the upper two plots which
is given at 99% CL. To obtain exclusion bounds for arbitrary values of y,, one can make
use of the fact that the exclusion limits depend linearly on ¥, to good approximation
(except for ey and cyz).

"The standard deviation for the ratio ¢; / cfxp is calculated via

o(ci/csP) = Cgip \/(a(cc)>2 + <U(cc,:;p)>2 (4.150)
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Figure 4.10: Summary of the exclusion limits at 95% CL on the mass of the first KK gluon
resonance in the minimal (left) and custodial (right) RS model for the maximal Yukawa
value y, = 3. The exclusion limits have been derived by comparing the RS predictions
with fit results of the Higgs couplings at the LHC (top), high-luminosity LHC (middle)
and the ILC (bottom), that can be found in Table Note that the bounds obtained
from ¢; in the upper two plots are given at 99% CL. For the loop-induced couplings

cgﬂ and cf’yff, we distinguish between the brane (green) and the narrow bulk-Higgs (blue)

scenarios. The dashed vertical lines show the lower bounds on Mg(1> obtained from a
tree-level analysis of the Peskin-Takeuchi parameters.

We observe that the measured Higgs coupling to top quarks from current LHC data
= 1.42J_r8:§‘3 M] imposes a strong constraint on the first KK gluon mass, since the
RS predictions for ¢; are always reduced with respect to the SM value ctSM =1 Asa
consequence KK gluon masses in the range M u) < 12TeV X (yx/3) in the minimal
and M ) < 18 TeV x (y+/3) in the custodial RS model are excluded at 99% CL. For
Yy« = 3, the bounds are already stronger than those obtained from a tree-level analysis
of the Peskin-Takeuchi parameters, even in the minimal RS model. Apart from ¢, in
general the strongest bounds emerge from the loop-induced Higgs couplings, for which
we distinguish between the brane-Higgs (b.) and narrow bulk-Higgs (n.b.) scenarios. The
middle and bottom rows of Figure .10 show the exclusion bounds for the case of SM-
like Higgs couplings at future experiments. Concerning the high-luminosity run at the
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Ry R-; Rww Rzz R,
ATLAS | 0.527045 [234]  1.437533(235]  1.167021[236] 1.447039[237] 1.1775:27 [238]
CMS | 1.037045[239] 0.787037[240] 0.72153% [241]  0.9370:32[242]  1.1470-35 [243]

Average | 0.761539 0.9870 23 0.9070 1% 111792 1151513

Table 4.4: Experimental values for the individual signal rates measured by the ATLAS
and CMS collaborations including the 1o errors. The assumed Higgs masses are my =
125 GeV [239, 1240, 1243], m; = 125.36 GeV in [234-237], m; = 125.4 GeV [238] and
my, = 125.6 GeV [241,1242]. The last row contains the weighted averages of the signal rates
with 1o errors, which were obtained by combining the experimental errors in quadrature.

LHC one can probe or exclude KK gluon masses in the range M,a) < 11TeV x (y./3)
(M) < 7TeV x (y,/3)) in the minimal RS model and M ) < 21 TeV x (y./3) (M, <
13TeV x (y,/3)) in the custodial RS model with a brane (narrow bulk) Higgs, both at
95% CL. For the ILC, one expects to probe or rule out KK gluon masses in the range
M) < 24TeV x (y«/3) (M) < 19TeV x (y,/3)) in the minimal and M ) < 43 TeV x
(yx/3) (M) < 42TeV x (y+/3)) in the custodial model for a brane (narrow bulk)
Higgs. Independently of the realization of the Yukawa sector (and hence the parameter
Yx), the analysis of the Higgs couplings to W bosons at the ILC is expected to be sensitive

to KK gluon masses of up to 11 TeV (16 TeV) in the minimal (custodial) RS model.

4.4.3 Numerical analysis of signal rates

We finally investigate the Higgs decay rates into pairs of electroweak gauge bosons and
third-generation fermions. In order to directly compare our predictions with experi-
mental measurements, we study the signal rates Rx defined in (£I3T]), which can be
expressed in terms of the effective couplings ¢; and ¢;5 derived in Section E.4.1] via

e e eff eff
(0-BR)(pp = h— X)rs _ [T + [5°) far + & fypr] 1™ 12 + 15 2]

R —
X T 0 BR)(pp = h— X)su e

(4.151)
We take into account the probabilities to produce a Higgs boson via gluon fusion (GF), or
via vector-boson fusion and associated hV production (collectively referred to as VBF).
Concerning the latter production processes, we have implemented the findings of Sec-
tion .33l showing that the leading corrections (proportional to L) to the corresponding
cross sections are given by c%/, where in the custodial RS model there is no need to
distinguish between ¢y and cyz as far as these terms are concerned, see (£I123]). In case
of the minimal RS model we will approximately use ¢y which is sufficiently accurate for
our purpose. Other production channels such as pp — htt can be neglected to very good
approximation. For inclusive Higgs production at the LHC the appropriate fractions are
far ~ 0.9 and fypr ~ 0.1. For the case of the final state X = bb, Higgs-strahlung is an
experimentally more feasible Higgs-production channel at the LHC than gluon fusion,
since the latter suffers from an overwhelming QCD background [244]. For the case of
the signal rate Ry, we thus have to set fgp = 0 and fypr = 1 in (AI5I). A further
comment concerns the Higgs decays into WW* and ZZ*, with subsequent decays of the
off-shell vector boson into fermions. According to the discussion in Section 3.1] we use
the expression for I'(h — VV*)/T'(h — VV*)gu derived from IIH) instead of ¢i, in
this case.
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Figure 4.11: Predictions for the ratio R., as a function of the lightest KK gluon mass
M) and for three different values of the parameter y, in the minimal (top) and custodial
(bottom) RS model, for the cases of a brane-localized Higgs boson (left) and a narrow bulk-

Higgs field (right). The dashed curves in blue show the approximations [@I52) and (£I53)
for y, = 3. The blue band represents the 20 experimental error for the averaged signal rate
R, in Table 44 Vertical dashed lines denote the lower bounds from a tree-level analysis of
the Peskin-Takeuchi parameters.

Analysis of the signal rate R,

We start our analysis with a discussion of Higgs decays into two photons. Figure .11
shows our predictions for R, obtained in the minimal and custodial RS model with a
brane-localized Higgs sector and a narrow bulk-Higgs state, as a function of the mass of
the lightest KK gluon state and for three different values for y,. The latest experimental
values for R, reported by the ATLAS and CMS collaborations, see Table £.4], can be
averaged to R, = 1.151’8&2. The 20-error band corresponding to this result is shown by
the blue band in the four plots. Model points falling outside these bands are excluded
at 95% CL.

Let us understand the shape of the various bands of scatter points shown in the
plots, beginning with the minimal RS model. For not too small Yukawa couplings, the
largest RS corrections are those arising from fermionic loop contributions. In the brane-
localized Higgs (narrow bulk-Higgs) scenario, they suppress (enhance) the gluon-fusion
cross section and enhance (suppress) the decay rate into photons. Since the dominant
SM contribution to h — vy involves W-boson loops and acts in the opposite direction
as the fermionic contributions, the RS corrections to the Higgs production cross section
dominate over those to the decay rate. Hence, we find a suppression (an enhancement)
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of R, in the brane-Higgs (narrow bulk-Higgs) scenario. To see this more explicitly, it
is instructive to expand the various expressions in (ZI5I) to first order in v?/MZ; and
to approximate A, (7)) ~ 1 and A4(7) ~ 0. Keeping the dependence on Ay (mw) ~ 1.19
explicit, we obtain

v? 4 10
R Y- [ p— —_— 18 — — ) 42
77‘m1n + 2M12(K [ (fGF 3|C§M‘> <:F 3 > Yx

B <fVBF N 21[Aw (tw) — 1]) 2m3, <L 14 L) B Lm?,

4|CSM 2 2L 2
IE5Y (4.152)
10 2m? 1 10
057 — 32 +02="W ([ -1+ —) —0.09(F18 — — ) 42
+ g Ut 2 ( +2L> <3F 3>y*
2)2

~1

- [(£9.7 - 0.1) 2 + 4.1] ,
5 M}Q{ < [( ) Ys ]

where the first two lines contain the corrections to the production and decay rates,
with corrections to the h — 7 rate being accompanied by a factor of 1/ \C§M| with
C’?M ~ % - 273141;/[/(7'1/1/) ~ —4.9. The third line shows the corrections to the total Higgs
width, as parameterized by ¢ in (£I49]). The upper sign holds for the brane-localized
Higgs scenario, while the lower sign corresponds to the narrow bulk-Higgs case. Above
we have used equations ({.I30) and ([4.139)) for a large set of random complex matrices
on average. We explicitly see from the first term on the right-hand side of (AI52]) that
the fermionic contributions to the gg — h production process dominate over those to
the h — ~v decay rate and come with opposite sign. Altogether, we find the last
line in (£I52]) which is shown, for the case where y, = 3, by the dashed (blue) lines
in the figure. Note also that due to the contribution of the VBF production process
the observable R, is bounded from below in the brane-Higgs case. This explains the
behavior for very small M 4 values seen in the upper left plot in Figure 11l For y, = 3,
the gg — h production cross section vanishes for M u) =~ 3.5TeV, because the new-
physics contribution cancels the SM amplitude. However, due to the VBF production
process a non-zero value of I, remains.

The corresponding effects on the quantity R, arising in the RS model with custodial
symmetry, implementing the minimal lepton sector shown in (£96]), are studied in the
lower two plots of Figure AI1l In analogy with ({I52), we can expand the result in
powers of v? /MI%K, exploiting the anarchy of the 5D Yukawa matrices and making the
same approximations as above. For the model with the minimal lepton sector this yields

) 213 20 4
R ~1d—— | F (72far — e ) 2 - = S
7 st + oNE, F ( JaF |O§M|> e <fGF 3|C§M|> Ys

21[Aw (tw) — 1] \ 2m3, 1 2Lm3,
— 2L — 14— | —
(fVBF + 4105V 2 +57 2

2

(4.153)
20 2mi, 1 20\ o

5y gt 227 (20 — 14— ) —0. 2— =
+0.57 = yr + 022 =73 +57 ) —009(F2 - )u

2
v 2
~]1— ——=—|(£15.0—-0.2 + 8.3|.
2M12<K [( ) Vi ]

If instead the extended lepton sector shown in (£.94]) is employed, then the coefficient 213
inside the parenthesis in the first term must be replaced by 240. Note that the individual
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Figure 4.12: Predictions for the ratio Rzz as a function of the KK gluon mass M u) in
the minimal (top) and custodial (bottom) RS model, for the cases of a brane-localized
Higgs boson (left) and a narrow bulk-Higgs field (right). The scatter points with different
color correspond to different values of y,. The blue band represents the 20 experimental
error range for the observable Rzz, see Table .4l

corrections due to fermion loops are huge, however significant cancellations take place
when one adds the corrections to the gg — h and h — 7 rates. Altogether, we obtain
for the model with the minimal lepton sector the last line in (AI53]). In the model with
the extended lepton sector the coefficient +15.0 in the first term must be replaced by
+9.5. We observe that in linearized form the corrections are only moderately larger
than in the minimal model. Once again, for y, = 3 this result is shown by the dashed
lines in the lower plots of Figure 1T where we show results for the custodial model
with the minimal lepton sector. If instead the model with an extended lepton sector is
considered, the distribution of scatter points looks very similar. For the brane-localized
Higgs scenario, the scatter points show a similar behavior as in the minimal model, but
the new-physics effects are slightly larger. For y, = 1.5 and 3, the gg — h production
cross section vanishes near M, o =~ 3.5TeV and 7 TeV, respectively, and the VBF process
remains as the only production mechanism. This explains the minimum values for R, at
these points. For even smaller masses the ratio I, increases and can even exceed 1. In
the narrow bulk-Higgs case, on the other hand, the linearized approximation (Z.I53])
breaks down for large values y, as is evident from the discrepancy between the dashed
curve and the blue band of scatter points. A reasonable approximation, shown by the
solid line, is obtained by linearizing the expressions for the various ¢; parameters but
not further expanding expression (ZI5]]). It turns out that the negative corrections to
the h — ~~ decay rate are so significant in this model that they compensate the large



144 Chapter 4. Higgs physics in a warped 5D space-time

3.0p minimal RS model 3.0p custodial RS model
1 1
- M) j: 10 TeV - M) j: 10 TeV
1 1
| N narrow L -
20} ! my =15 20f bulk i my<=15
| Yx = Hi : Yx =
N ! N iggs :
Q? 15p i narrow bulk D? 15p |
! Higgs
1.0 | RS A B 10| SRS b !- -----------------------
\ brane ’:
[ af I Higgs :
05 brane Higgs 0.5 q
1 1
0.0} E 0.0f E
00 05 10 15 20 25 30 00 05 10 15 20 25 30
R'Y'Y R’Y'Y

Figure 4.13: Correlation of the predictions for the signal rates Rzz and R,, in the
minimal (left) and custodial (right) RS model for M ) = 10 TeV and different values of
Y« The gray and blue bands denote the 20 errors of the experimental signal rates given
in Table [£.4]

positive corrections to the gluon-fusion rate in the region of large M ). For smaller
KK masses, these negative corrections become dominant and drive the ratio R, toward
values significantly less than 1. Eventually, for M ), =~ 3 TeV (for y, = 1.5) and 5.5 TeV
(for y. = 3), the diphoton decay rate even vanishes. It is obvious that in regions of
parameter space where such dramatic cancellations occur our predictions are highly
model dependent.

Analysis of the signal rates Rzz and Rww

Figure shows the results for the ratio Rzz. In the custodial RS model the scatter
points also represent to excellent approximation the results for the observable Ry,
since at the level of the L-enhanced terms the Higgs decays into ZZ* and WW™* are
expressed by the same modification factor ¢% = ¥, see (EII5) and (EIZ3). In case
of the minimal RS model the observable Ry is slightly enhanced compared to Rzz,
since to good approximation Ryw ~ Rzz X (cw/cz)? with (ew/cz)? ~ 1+ L(m% —
m%v) / MI%K Since the shape of the scatter points is only slightly affected we do not show
plots for Ryyw . The blue bands in Figure E.I2lrepresent the 20-error range corresponding
to the latest experimental values for Rzz given in Table [L.4] where the naively averaged
value has been used. Alternatively we could have used the average experimental value
for the ratio Ryw, in which case the excluded set of model points is a different one. It
is interesting to observe that for relatively large values for y, the data already disfavor
KK gluon masses in the low TeV range. The tension between the theoretical predictions
for Rzz (Rww) and the experimental data are stronger for the brane-Higgs (narrow
bulk-Higgs) model due to the mild tendency of an enhanced (suppressed) cross section
seen in the data, Rzyz = 1.11f8:%3 (Rww = 0.90f8:5’1), which is in conflict with the
suppression (enhancement) of the predicted cross section.

The shapes of the curves can be explained by the fact that, for not too small Yukawa
couplings, the RS corrections to the gluon-fusion cross section by far dominate over the
corrections to the Higgs decay rates. The dependence of this production channel on the
details of the localization of the Higgs profile on or near the IR brane explains why
the ratios Ryy are suppressed (enhanced) in the brane-localized (narrow bulk-Higgs)
scenario. For small values of M o and y,, however, the loop-induced couplings become
subdominant, and the negative corrections to the h — ZZ* decay width give rise to a
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Figure 4.14: Predictions for the ratios R,, as a function of the KK gluon mass Mg<1)
in the minimal (upper plots) and custodial (lower plots) RS model, for the cases of a
brane-localized Higgs boson (left plots) and a narrow bulk-Higgs field (right plots). The
blue band shows the 20-error margin of the averaged experimental value R, in Table L4

reduction of the signal rate even in the narrow bulk-Higgs scenario. The peculiar behavior
seen for very small KK scales in the lower left plot in Figure can be understood
as follows. For y, = 3, the gg — h production cross section vanishes for M a) =~
7.0 TeV, because the new-physics contribution cancels the SM amplitude. However, due
to the vector-boson fusion production process a non-zero value of Rz remains. For even
smaller values of M o the new-physics amplitude dominates over the SM one and the
cross section rises again.

Correlation between R, and Rzz

The new-physics effects on the signal rates Rzz and Ry are stronger than those on
R, since in the latter case there is a partial compensation between the contributions of
fermionic KK resonances to the Higgs production cross section via gluon fusion and to
the h — v decay rate (this effect is more pronounced in the custodial RS model). The
strong correlation between Rzz and R, resulting from these fermionic corrections is
examined in Figure 13| for RS points with fixed value M g = 10TeV. The SM predicts
the values R%l\g = R,Syl;/[ = 1 denoted by the crossing position of the dashed lines. Scatter
points below the horizontal dashed line belong to the brane-localized Higgs scenario,
while the points above the line belong to the narrow bulk-Higgs scenario. We only show
scatter points for y, = 1.5 and 3. For y, = 0.5, both Rz and R,, are always reduced,
see Figure .11l and Figure Notice that the naively averaged current experimental
data slightly favor the narrow bulk-Higgs over the brane-localized Higgs scenario.
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Figure 4.15: Predictions for the ratio Ry, as a function of the KK gluon mass M, sy in
the minimal (upper plots) and custodial (lower plots) RS model, for the cases of a brane-
localized Higgs boson (left plots) and a narrow bulk-Higgs field (right plots). Blue bands
denote the 20 error of the experimental signal rate Ry, given in Table 4l

Analysis of the signal rates R, and Rpyy

We now turn to the predictions for R,, and Ry, in the minimal and custodial RS
model. The plots in Figure [£I4] show the observable R, as a function of M s Asin the
previous cases, the shapes of the curves are largely due to the behavior of the Higgs-boson
production cross section, which is dominated by the gluon-fusion process. Particularly
for small KK scales, these effects are quite large and have the potential to compensate
and even exceed the SM contribution. For very small KK scales (M, ey < 3TeV), on the
other hand, the negative corrections to the ¢, coupling can become so large that the
h — 717~ decay rate almost vanishes (see Figure [L.6]), and hence R, can drop close to
zero. The observable Ry, shown in Figure £I5] receives more moderate corrections, since
in this case the only production channel included is Higgs-strahlung. Although there is
no need to distinguish between the brane-localized and narrow bulk-Higgs scenario in
the Higgs production cross section and the h — bb decay rate, the plots on the left
and right still differ due to the contribution of the h — gg decay rate to the total
Higgs width. This partial rate is reduced in the brane-Higgs scenario and enhanced
in bulk-Higgs models. The present data on Ry, only imply weak constraints on the RS
parameter space, because the experimental accuracy is worse than for all other channels,
see Table @4l Nevertheless, the Higgs coupling to bottom quarks ¢, is an important
quantity, since it gives rise to one of the most significant corrections to the total Higgs
width (£I49]), which enters all of the signal rates in (EI51]).
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Figure 4.16: Summary of the exclusion bounds on the mass of the lightest KK gluon (top)
and the parameter y, (bottom) in the minimal (left) and custodial (right) RS model for
the brane-localized (green) and narrow bulk-Higgs scenario (blue). The shaded regions are
excluded at 95% CL for each corresponding decay channel. The vertical dashed lines in
the upper plots show the lower bounds obtained from a tree-level analysis of the Peskin-
Takeuchi parameters.

Summary of exclusion bounds for Mg(l) and vy,

Even at the present level of precision, the existing measurements of the signal rates for
the various Higgs-boson decays provide strong constraints on the parameter space of the
RS models under consideration. In Figure we show the exclusion limits obtained at
95% CL on the mass of the first KK gluon resonance and the maximum value y, of the
elements of the anarchic 5D Yukawa matrices in the minimal and custodial RS model,
derived by an analysis of the various decay rates using the latest experimental results
shown in Table [£4]l To obtain these limits, we have fitted a Gaussian distribution to
the model points for each pair of M) and y,, and determined the mean values Rx
and the standard deviations o(Ry ) for these parameters, in analogy with our treatment
of the (effective) Higgs couplings in Section L. 4.1l We have then calculated the ratios
Rx/R%", combined the theoretical and experimental errors in quadrature, and tested at
which confidence levels these ratios are compatible with 1. The green (blue) bars in the
figure refer to the brane-localized (narrow bulk-Higgs) RS scenario. The most stringent
bounds emerge from the signal rates for pp — h — ZZ* (yy) in the brane-localized
Higgs scenario and for pp — h — WW™* in the narrow bulk-Higgs scenario. Taking the
most stringent bounds from the upper plots in Figure 16l which have been obtained

for y, = 3, we can derive lower bounds on the mass of the first KK gluon resonance (at
95% CL)

minimal RS

minimal RS
Mg(l) brane Higgs 2 11.3TeV ’ Mg(l) ‘narrow bulk Higgs > 7.3TeV )
M custodial RS > 92 9 TeV M custodial RS > 15.0 TeV (4154)
g® ‘brane Higgs — : ev, g ‘narrow bulk Higgs — : ev.
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We obtain much stronger bounds for a brane than for a narrow bulk Higgs. Furthermore,
in the custodial RS model the bounds derived from Higgs physics are much stronger
than those stemming from the Peskin-Takeuchi parameters. While the custodial sym-
metry can tame the large tree-level effects on the T parameter in RS models, we find
very large contributions to loop-induced processes in the Higgs sector. Thus, from a
phenomenological point of view there is not much gained by implementing the custodial
protection mechanism. A possible way out would be to lower the value of y,. The lower
plots in Figure summarize the exclusion regions on y, obtained for a lightest KK
gluon mass of M a) = 5TeV. The analysis has been restricted to values for y, below
the perturbativity bound v < ymax =~ 3. The most stringent bounds for M g =5TeV
come from the processes pp — h — ZZ*, WW™* vy and can be combined to give the
constraints (at 95% CL)

minimal RS 9

narrow bulk Higgs — =77

custodial RS (4 155)
narrow bulk Higgs —

minimal RS
*|brane Higgs —

custodial RS
*|brane Higgs <06, y*‘

1.1, Yul

We see that in particular in the brane-Higgs scenario small values are preferred. However,
too small Yukawa couplings would give rise to enhanced corrections to ez |144] and hence
they would reintroduce the RS flavor problem. Also for g, significantly smaller than 1
it becomes difficult to reproduce the physical value for the top-quark mass.



5 The b — s~ transition in a
warped 5D space-time

In the last chapter we will investigate the flavor-changing neutral current b — s in the
minimal Randall-Sundrum model with a brane-localized Higgs sector. This transition is
interesting in order to search for new physics, since it is one-loop and GIM suppressed
in the Standard Model.

The first discussions on b — s7v in the context of RS models can be found in
[142, 1143, 1245]. In these works, the authors showed that the penguin diagrams with the
exchange of charged Higgs scalars (NGBs of the W* boson) along with KK fermions give
the dominant contribution to the dipole coefficients. Furthermore, the authors claimed
that the dipole coefficients in the brane-localized Higgs scenario are logarithmically di-
vergent and sensitive to the UV cutoff. Later, it was shown in [198] that the diagrams
contributing to the leptonic decay u — ey at one-loop are indeed finite. With the same
technique the authors of [246] investigated the process b — sv, by working with 5D
propagators and treating the Yukawa interactions as perturbations. In [247] the au-
thor discussed the b — sv process in the minimal RS model with a brane-localized
Higgs sector working in the KK-decomposed theory, where the dipole coefficients are
expressed via infinite sums over the contributions from different levels of KK modes. In
[248] the authors calculated the dipole coefficients in the custodial RS model with a
brane-localized Higgs sector, focusing only on the diagrams with an exchange of the first
level of KK fermions along with gluons and charged NGBs. The authors of [211), [249]
calculated the RS contributions to the dipole operators in the KK-decomposed theory
for a general bulk-Higgs field, where the localization parameter is taken to be 5 ~ 1
(8 is defined in (2.30])). Numerically, they also discussed the quasi IR-localized limit by
increasing [, i.e. by pushing the Higgs profile towards the IR brane. They found that
heavy KK fermion modes with masses m,, ~ BMgkxk yield unsuppressed contributions
in the case where the Higgs inverse width is of order the UV cutoff, 5 ~ Arev/v. In this
case, there are still some high-momentum KK modes that can probe the “bulky nature”
of the Higgs field. In addition, the authors of [249, [250] observed the non-decoupling of
heavy KK excitations of the Higgs boson itself in the quasi IR-localized limit of large
B. These findings showed that the results of Higgs-induced contributions to the dipole
operators depend on the implementation of the Higgs sector. The authors of [250] dis-
cussed this point in the context of lepton flavor violation in RS models. They calculated
the electromagnetic (leptonic) dipole operator in RS models with a brane-localized or
nearly brane-localized Higgs and treated the Yukawa interactions as perturbations. Re-
cently, the work [251] appeared, which contains an analysis of the decay B — X,v in
the minimal and custodial RS model with an IR-localized bulk Higgs, and where the
scalar sector includes contributions from the Higgs zero mode and its KK excitations.

In our work, we will include the effects of the RS model on the transition b — sv by
using an effective Lagrangian, in which the heavy KK quarks and bosons are integrated

149
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out. The most important operators are the electromagnetic dipole operators

_emy

~ emy _
2 SO PRb,  Qry= -3 b

Q?’y = A2 SO’,WF PLb (51)
with oy, = % [fy,“fy,,] and the projection operators Pgj = %(1 + v5). Due to operator
mixing we will also consider the chromomagnetic dipole operators

gsmyp _

A gsmyp _
TﬁSUpyGZytaPRba Q8g =-=

Qsg = — 2 50w GHt,Ppb, (5.2)
where t, are the generators of SU(3).. In Section [5.1] we will perform a complete calcu-
lation of the electro- and chromomagnetic (quark) penguin diagrams including all con-
tributions at one-loop order in the minimal RS model with a brane Higgs. We will derive
expressions for the dipole Wilson coefficients using 5D propagators by retaining the full
dependence on the Yukawa interactions. The only two other works on the b — s tran-
sition that performed comprehensive calculations in the 5D framework are [246, 251]. In
contrast to both works, we will obtain expressions that are formally valid to all orders
in v2/MZ24. Furthermore, we will show analytically and numerically in Section that
the results coincide with the corresponding expressions in the KK-decomposed (4D) the-
ory. After implementing the renormalization-group evolution from the KK scale down
to the B-meson scale we will discuss the phenomenological implications in Section [£.3]

This chapter is based on our publication [199], which has been mainly worked out
by myself. Concerning the calculation of the dipole Wilson coefficients in the KK-
decomposed theory I have benefited from earlier calculations and analyses by C. Schmell
that are contained in his doctoral thesis [247].

5.1 5D calculation of the dipole Wilson coefficients

Like in the SM, the leading-order contributions to the b — sy and b — sg dipole
coefficients in the RS model are loop suppressed because there are no flavor-changing
gauge-boson couplings that can induce a chirality flip. However, in contrast to the SM
there are more one-loop diagrams to be considered. Besides the additional exchange of
KK W# bosons, new topologies appear due to the flavor-changing couplings of the Higgs
boson, the Z boson and its KK modes, and the photon and gluon KK modes. Figure 5.1
shows all relevant Feynman diagrams contributing in a general R gaugel Internal
scalar lines of the diagrams (II), (III) and (IV) include the contributions from the scalar
component of the 5D gauge bosons and from the corresponding NGBs in the Higgs
sector. In this section, the Wilson coefficients C7, s, and 6’7%89 are defined via the
general parametrization of the transition amplitude

G ~ -
Anysg =17 M [Crsg (571Q7,59l8) + Cry g (571Q7 55181 (5.3)

where G is the Fermi constant, and A\; = V,;V} is the relevant product of entries of the
CKM matrix. The matrix elements read (Q7,) = (emy/27%) € (q) u(ps) 0 ¢ Pr u(pp)
and (Qsg) = (g9smp/27%) €(q) (ps) 0, ¢ Pr u(py), where the outgoing photon (gluon)
momentum is ¢ = p, — ps. The chirality-flipped matrix elements <C~27%89> are given by
analogous expressions with Pr — Pr. Working in Feynman-'t Hooft gauge (£ = 1),

!Note that it is sufficient to consider diagrams where the photon/gluon is radiated by an internal line,
since diagrams with a vector boson attached to an external quark leg do not contribute to the dipole
operators.
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Figure 5.1: Diagrams contributing in the minimal RS model to the transitions b — sy and
b — sg at the one-loop level. Solid lines denote the exchange of up- or down-type quarks
while wavy or curled lines denote the exchange of (vector) gauge-bosons. Apart from
diagram (I) a scalar (dashed) line includes the contribution from the fifth component of the
gauge boson and the corresponding contribution from the NGBs in the Higgs sector. The
extra-dimensional coordinates of the vertices are labelled according to diagram (I).

we compute each amplitude in Figure [B.1] using the Feynman rules of the 5D theory
collected in Appendix [Al

As an example we consider the penguin diagram (Ila) in Figure 51l where one 5D
W¥ boson and two 5D quarks are exchanged. The corresponding amplitude with an
external photon is given by

2
AV vector AT Qu €5 95 / / dedt’ di" :(q) DS (¢t k) a(ps)

(27r)3/2 Wi
8 [Dfﬁ(t)PR + DE;:) (t)PL} Py 8" (¢, t"ps — k) 7" (54)

X S"(t",t'spy — k)7 P | DE (1) Po + D () Pruly)

where @, = 2/3. The functions D(L2)R and D(L?’)R denote the profiles of the physical
strange- and bottom-quark mass eigeﬂstates, resf)ectively, as defined in (2I7]). The 2 x 2
matrix Py = P, = diag(1,0) originates from the 5D Feynman rule for the WJ U D 4
vertices (with A = L, R) in (AJ]) and projects out the profiles of the SU(2); doublet
quark fields. The W*-boson 5D propagator in (5.4) has been calculated in closed form in
Section The quark 5D propagators in (5.4]) can be decomposed into four propagator
functions differing in chirality and Lorentz structure, A%, with A,B € {L, R}, see
(B350). Next we outline some of the basic steps needed to extract the dipole coefficients
from the diagrams in Figure BTt

e We perform a Taylor expansion of each 5D propagator in the external momenta
ps, Pp and keep the terms up to second order, since higher orders would contribute
to higher-dimensional operators and yield suppressed contributions. For instance,
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for the quark-propagator function we apply the expansion (¢ = u, d)

2
At —(p — k)?) = 1—2(pi-k)%+2(pi'k‘)2 (%) $] (5.5)

x A5t —k?),

where p; = psyp, k is the loop momentum, and A, B € {L, R}. We need to expand
up to second order in the external momenta in order to obtain the leading effects
of the dipole Wilson coeflicients, since the matrix elements of the dipole operators
contain the bottom mass m; and the momentum difference ¢ = pp — ps. In fact,
the term linear in p; in (5.5]) contributes only in the RS model, and not in the SM,
to the dipole Wilson coefficients. Analogously we can expand the 5D vector-boson
propagator function Bg(t,t'; —(p; — k)?) with subscript B = A, G, W, Z.

The extra-dimensional integration of the vertex with the external photon or gluon
can be performed analytically by using the flatness of their profiles and the or-
thonormality conditions for boson and fermion profiles in (2.8]) and (2:29).

The previous two bullets allow us to combine two 5D propagators of the same
type when we expand them in the external momenta pg, p, and perform the extra-
dimensional integration of the vertex that couples to the external photon or gluon.
For instance we can apply (¢ = u,d)

1
/ dt" Afp(t, " = (ps — k)) AR (", —(py — k)?)

€

) o \?
—g[k:- k-py+ (ps- k) +( -k)2] 9 3+ AL (t ) —k?)
3 Ps Pb Ps Pb k2 o RL\Y U )

where we neglect terms of order (k - ps)™(k - py)" with n +n’ > 3. Analogous
relations can be derived for products of different fermion and boson propagator
functions. Equation (5.6]) can be used to reduce each amplitude by one extra-
dimensional integration and one 5D propagator.

We perform a Wick rotation to Euclidean momenta with k° = ik% and kg = vV —k2.

For the matching procedure on the dipole operators we first use that the photon
or gluon is on-shell, g,e**(¢q) = 0, which allows us to rewrite pibe;(q) = %(pb +
ps)t€;,(q). Then, we can use the Dirac equation pbu(pb) = mpu(py) and apply the
Gordon identity

u(ps) ic" g, Pr,r w(ps) = w(ps) [(ps + )" PR
(5.7)

— 4" (msPp r +myPr 1) [u(ps),

in order to extract the Wilson coefficients.

In the following three subsections we discuss the gauge-invariant subsets of the diagrams
shown in Figure B.11
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5.1.1 Higgs-boson contribution

We begin with the first diagram (I) in Figure [5.1] in which the Higgs boson and two
down-type 5D quarks are exchanged. The Yukawa interactions of the Higgs boson with
two down-type quarks are given by (£2)) with ¢ = d. Concerning the regularized o-
function we implement the square box of width 7 and height 1/n, see (L58]) for the
definition. As explained in Section [[45] the brane-localized Higgs scenario corresponds
to values of n < |Y,|v/ATey, while the narrow bulk-Higgs scenario implies values in the
range |Yg|v/Atev < n < |Yy|v/Myk, where |Yy| sets the typical size for the dimension-
less 5D Yukawa couplings. Note that the shape of the regularized profile is irrelevant as
long as n < 1. With the Feynman rules in Appendix [Al and the basic steps outlined in
the beginning of this section we can derive an expression for the Wilson coefficient and
find

77,8 0o
h 01 dkp @ _@ 2 TJ%L(]C%)
ak’E ak’E
0

C =t - =
8 T AGE M v Jo KL +mE [\ 8 8 my, (5.8)
Ko kb oo Kb\ Thr(kg)
+ e I 7 ;
32 32 FF 06 FE ) Mgk

where my, is the Higgs mass. Concerning the derivatives we use the notation 0y, =
0/0kg. Due to the parametrization of the amplitude in (5.3]) we have to divide the
dipole coefficient by A; and Gr. The couplings are given by /1;7 = @gq and mig =1,
where Qg = —1/3. The dimensionless propagator functions in (5.8]) are defined via

. 1
TH, (k%) = ﬁ / dedt’ §"(t — 1)5"(t' — DD (&) MY Aby (¢, kB MYDD (1), (5.9)
d (1.2 —vMgk 1 n n (4! )t Y Ad ) Y1y 3)
Trr(kE) = VA dedt’ §"(t — 1)6" (1" — 1)D;" () Mg Agg(t, ' k) My "D (),

with the regularized o-function (L58]) and the matrix M?{ = P Y; + Py Yj. The
projector P;; for i, j = 1,2 is a 2 x 2 matrix with zero entries except for the ij-component,
which equals 1. In order to perform the integrations over ¢t and ¢’ we need solutions for the
external quark profiles and the quark 5D propagators in the region ¢,t" € [1 —n, 1]. The
quark profiles are given by (2.25]) with the trigonometric functions defined in (2:24]). For
the SM quarks, the mass-dependent terms in (Z24]) are suppressed, since nz,, < |Yg|o,
and we can make the replacement S;, — X|,. Solutions for the quark 5D propagator are
explicitly given in (3.95]), (3.96]) and (B.97).

It is instructive to discuss the calculation of the function 7', (k%) in more detail,
since it exhibits a sensitivity on the regulator n, which is similar to that observed in the
calculation of the loop-induced Higgs coupling to two gluons in Section Il Applying
the d-function regulator (L58]) and inserting the solutions for the external quark profiles

[223)) into (5.9), we obtain

1 /
—v 2 dtdt C(t
T, (3) = 2 DPT(1,) / [(ﬂn AL(L, 1 12)

V2 ) P [\C()
c(t) Xy S(t) Xy S(t)

+ (myd AL (k) — 7—Aﬁlé?(t,t’; kp) | =
n n
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using 1, = 1 — 7, and where C(t),S(t) are defined in ([2.24]) with ¢ = d. We are not
interested in the full dependence of T gL(k‘%) on 7, since in the end of the calculation
we will always remove the regulator (n — 0). However, since 7%, (k%) depends on the
product UI%E, where kg = kg /Mkx, via the quark propagator functions and we integrate
the function in (5.8]) from zero to infinite Euclidean momentum, we have to investigate
whether the momentum integration commutes with the limit  — 0. If we implement
a four-momentum cutoff kg < A.y for the integral, the question can be reformulated
as whether (5.8) yields the same results when imposing the constraints 1 > |Y|v/Acyt
or ) < |Yy|v/Acut. Thus, we need to investigate the UV behavior of T4, (k%) for large
Euclidean momenta near the cutofl kg ~ Acyut.

Let us begin with the first scenario 7 > |Y;|v/Acut, where 1 is bounded from below.
In fact, we also have to impose an upper bound 1 < |Y,|v/Mxgk, which is required
in order to find reliable solutions for the 5D propagator functions in the region ¢,t €
[1,,1]. When we consider large Euclidean momenta near the UV cutoff (kg ~ Acut),
the allowed range of n implies the hierarchy kg > |Yy|o/n. Consequently, the function
Sy = (Xg + 7721;%)1/ 2 which is contained in the 5D propagator solutions, becomes
approximately independent of the Yukawa-dependent term, such that S, ~ U/%E- In this
limit, we find that (nkg > |Yy|0)

Th(Kg) ~ (nke) ™ (5.11)

falls off with the third inverse power of the product nl;:E. An analogous analysis for
T4, (k%) shows that it exhibits the same behavior as in (5.I1]). Since the imposed cutoff
can be identified with the effective UV cutoff of the theory near the IR brane, Acyt =~
Atey, the behavior in (5IT]) refers to the case of a narrow bulk-Higgs scenario.

We continue with the second scenario, where the d-function regulator is bounded
from above by 1 < |Yy|v/Acyt. This case represents the brane-localized Higgs scenario
for Acyt = Atey. Consequently, the product TII%E is much smaller than [Y;|o implying
that Sy becomes approximately independent of the regulator, S; =~ X;. In this limit,
we find (nkg < |Y,|0)

2 Ldtdt 2X4 Za(k)  C(t'
T}%L(k%ﬂ) = DEZ)T(L?) /1n n? [<sinh 2X, 1+ Z(dfk)%) C((ln))
X, ) o S )

o )~ O Xa g ) iy o

2X,  Zy(kf) S{t)

N <sinh 2X, 1+ Zd(k?,%;) C(1,)
Xq S{H)
coth X4 C(1,)

0t — ) X, ch;))) f(f;)) Y| Pupfl 1) (512

where 0(t—t') denotes the Heaviside step function. The function Z, (k%) and the modified
Yukawa matrix Y, are defined in (82) and (Z27). In (512) we have not yet combined
the terms inside the two round brackets. But when combining them we find that the
t,t’ dependence completely cancels and the ¢, ¢ integrations become trivial, an analogous

observation was made for the Higgs production process via gluon fusion in Section 1l In
addition the remaining n dependence completely cancels. Finally, in the brane-localized
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Higgs scenario we find the results (nkg < |Yy|0)

i 2X, Z4(k%) 2X, X2 - 3)
Td ]-6‘2 — D(2)T 1 d d\"p d Y, P. D( ) 1
ke (kp) r ) sinh2Xy 1+ Z4(k%) sinh2Xy * cosh? X a P D (1),
12Xy Z,(k%) 1 2X,

Thr(kE) = DT (17) P, DY(17), (5.13)

fip sinh2Xy 1+ Zy(k2) Ry (kp) sinh2Xy

where RQ(];:E) is defined in ([B.74]). The expressions are independent of the J-function
regulator. We have also included the final result for T3, (k%), which can be obtained
by an analogous calculation. For large Euclidean momenta kg > Mgk the structure
Z4(k%) can be expanded as Zy(k%) ~ 0°Yy f/j + 0(1%52) We observe that T4, (k%)
reaches a non-zero plateau in this limit, which is different to the case in the narrow
bulk-Higgs scenario in (5.I1]). Consequently, the contribution of 74, (k%) to the dipole
coefficient (0.8]) exhibits a dependence on the model under consideration. On the other
hand, the function T4 ,(k%) vanishes also in the brane-localized Higgs scenario and does
not lead to a model-dependent contribution.

Interestingly we could have obtained the same results for T2, (k%) and T&p(k%) in
(EI3) if we had naively evaluated the extra-dimensional coordinates at t = ¢/ = 1~
instead of using the regularized d-function in (B.9). We have explicitly confirmed that
(nke < |Yqlo)

v 2 - - 3) 14—
Tiep (k) = =~ D (17) My Ay (17,175 k) MG D (1),
5.14)
VMKK ()t 4 - N 3) - (
Tien(k) = = =55 DT (17) My Mp(17, 173k My ' D (1),

lead to the results (5.13]). An analogous situation has been encountered for the calculation
of the propagator functions 7. i(k%) in the case of the Higgs production process via gluon
fusion in Section FT1

Final result for the Wilson coefficient

The above analysis shows that the integrand of the dipole coefficient in (5.8)) falls off with
at least two inverse powers of Euclidean momenta in the UV, which implies the finiteness

of the integral. Thus, we are allowed to perform partial momentum integrations in (5.8])
and find

7v,8 00
ch o — ry Y 1 lim T}%L(k%) _ / dkg kEm;lz TI%L(kJQE‘) k:% TI%R(kJQE‘)
.89 4GF)\t V |kg— 4mb 0 (k%. + m%)?’ mp k%. + m% QMKK

(5.15)

where all boundary terms at k% = (0 vanish. Based on the previous analysis only for large
Euclidean momenta we can have a non-zero boundary term in case of the brane-localized
Higgs scenario, where T]%L(k%?) approaches a non-zero plateau. This is accounted for by
the first term in the outer bracket of (5.I5). We can insert our results (5.13)) for 78, (k%)
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and T8, (k%) into (5.15) and find

77,89 >
heoo_ R 1 S 9(Xa,Ya) 3),,-
Crr80 = GGpao 00 1) [P” omy Dr ()

00 4 VA 2 ~
2X, / dkg kpm;, <P12 a(kg) 2X deg’)(l—) (5.16)
0

Csinh2Xy Jo (K2 +m2)3 \Umy 1+ Zy(k%) sinh2Xy
P, kg Z4(k3) 1 2Xa . 3),,-
T 2 2 2 7 : DL (1 ) )
2 kE+mh1+Zd(kE) RQ(kE) sinh 2 X4
with
>, 2X, QQY?T 2X -

X4 Y, = —= 1 Y, =YY Y, + O(e"),
9(Xq,Yy) brane Higgs ~ sinh 2.X, 1+Q2y:quT sinh 2X, g = 0 Yq¥q Xq (o)
9(X,,Y,) = X Y, = -0’Y, Y'Y, + O(o%). (5.17)

oo Ei?liolvjlliggs COSh2 Xq I 179 74

The function g(Xg, f’q) is model dependent and emerges from the penguin diagrams ex-
changing KK quarks. To leading order in v? /MI%K it only differs in the relative sign for a
brane-localized and narrow bulk-Higgs. A similar observation was made for the KK tower
contribution in case of Higgs production via gluon fusion, see (£24) and (£25]). Note
that we limit our analysis of the narrow bulk-Higgs model to the contributions involving
the zero modes of the scalar doublet (see in particular Section [5.2.4]). The contributions
of scalar KK excitations have been studied in [249-1251].

We can generalize the results obtained in the brane-localized Higgs sector by allowing
for two different Yukawa matrices Y;;C and Y;IS associated with orbifold-even and -odd
quark profiles, see the text below (ZI0)). In this “type-II brane-Higgs” scenario we find
that our previous analysis still holds, provided that we use Y, = (tanh X, /Xq)Y:IC for

the modified Yukawa matrix and X, = Q(YZICY&ST)I/ 2. We then obtain

~ 2Xd 92? i/T 2Xd
g(Xq7YvQ)‘type—H —
brane Higgs

= _ i}' — 2YcYcTYC 4
sinh2X ;1 + Q2Y'qlqu sinh 2X 4 ¢ =0 ¥q ¥4 q + O(@ ) )

(5.18)

where to leading order in v? /MI%K the KK contribution emerges from the correct-chirality
Higgs coupling. At this order there is no difference between the original result (5.17) and
(5I8). The wrong-chirality Higgs coupling only contributes at order v*/ MéK. Therefore,
we will set Y;;C = YZIS =Y, in the following analyses. Furthermore, from now on we will
concentrate on the brane-localized Higgs scenario. The only exception is Section B.2.4],
where we discuss some results in the narrow bulk-Higgs scenario.

5.1.2 Gauge-boson contribution

We continue with the diagrams (IIa) and (IIb) in Figure (5] where two internal 5D
quarks and one 5D gauge boson are exchanged. The Wilson coefficients for the vector



Chapter 5. The b — s~y transition in a warped 5D space-time 157

and scalar contributions are given by (with B = A, G, W, Z)
77,89

[e'9) 1
OBvector __Kp o / dk / dtdt’ Bg(t',t; k2) DD (1) P,
77,89 4_\/§GF)\t 0 E . B( E) L () B

11k2 5k3 kA
% [( E s Egp 4oL a,fj;E> Al (1 k%) Ps DY (¢)

16 18

9

3k k3 A (k2
+ <——E Oy — 7E 513;,3) —LR(mb ) Py DY (t)

77,89 o] 1
KR ~
cPscalar _ 7B 27T/ dk / dtdt' B 't k2 DIy v, (¢

k% k%‘ 2 k4E 3 q I 1.2 N y(3) 4
X 3—28kE — 3_28kE — %8]“3 ARR(t’t ,k'E) VB;(t )DL (t)

2 3 A? 12y
+ <%E s — %E a,%E> W Vi () DY (t’)] . (5.19)
where we introduced the matrices Py = Pg = 1949 and Pz = (P} + g%/ gj‘-f P_), with
g% = Tj’ — Qqs2 and g‘}% = —Qqgs2. In case of the W¥-boson loop up-type quark-
propagator functions (¢ = u) arise, otherwise we need to set ¢ = d in (5.19). We remark
that in case of the photon and gluon contributions to the Wilson coefficients (B = A, G)
only KK resonances can contribute, therefore we have to subtract the zero-mode 4D
propagator (2rk%) ™! from Bp(t,t;k%) in (5.19). The structures VBQE and VB? can be

found in Appendix [Al The coefficients /@?’Sg are given by

2 2 /.2
7 7 7 g ! %/
kY =2Q3e*, kG =2Q4Crg:, ki =Qu ﬁ . hg =2Qalgr)’ ;m“w ’
1 2 2 02
. s 89 _ 9 8 g
i =204, rd=-grg,  mp =g w7 = 2i)’ % (520)
Cc

where e and g, are the 4D electromagnetic and QCD gauge couplings. The 5D gauge
coupling g5 of SU(2),, can be obtained from (Z95)). Furthermore, Cr = (N2—1)/(2N.) =
4/3 with N, = 3 being the color factor for quarks. The largest factors occur in case of
the penguin diagrams exchanging KK gluons and W¥-boson modes.

The scalar Wilson coefficient in (5.19) contains the propagator function Bp 55, which
is defined in (B.I7). Its KK decomposition can be used to express it in terms of the vector-
boson propagator ([B.I6) by means of the relation ([B.I8]). We can use this equation to
eliminate the brane-localized terms inside the structures VBQE and VBQE in case of the

massive gauge bosons (B = W, Z). For example, the 5D Feynman rule for the W D Up
vertex given in (A.2) contains the term

St —1) MY, (5.21)

€ @MI%K
V.- (t) = — | Py —
w; (0 t L2,

where ./\/lgd =Y, P> — YdT P5q. The first term originates from the fifth component of
the gauge-boson coupling to quarks, while the second brane-localized term is due to the
Yukawa coupling of the W* NGBs. We now insert ([3.17) into (5.I9) and perform partial

2The =+ labels on the subscripts of VB? and VB? are only relevant for B = W and can be ignored
otherwise.
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integrations for the ¢,t’ coordinates, taking into account that all terms on the boundary
are orbifold-odd and therefore vanish. The partial integrations lead to derivatives acting
on fermion profiles and propagators. We can use the equation of motions for the fermion
profiles and the differential equations satisfied by the 5D propagators to show that all
brane-localized terms contained in VWi and VWi cancel. For example, the partial ¢

integration of the scalar Wilson coeﬂiment in (IBIQD leads to the term (for B = W)

Afult,t5k3)
Mxx
DR (1) Po Alp(t, 5 k) (5:22)

o [DPT (1) Py A (t, ¢ k%) = DT (1) Py
ms

Myxk
—08(t = 1) DT (1) MYy A% (t, 5K

where we have used that

Q" (1) = =37 QR () + My ()Q" 1),

KK

1
DAY (85 k) = Vo ALt 1 kE) — Mq(t) Abp(t s kE)

(5.23)

The last term in (5.22)) cancels with the remaining contribution from the brane-localized
term in (0.21)). Furthermore, we will discard contributions that are suppressed by the
strange-quark mass.

In the last step we perform partial integrations of the Euclidean momentum vari-
able, since momentum derivatives acting on fermion propagators lead to complicated
expressions that are very inefficient to be evaluated numerically. Finally we obtain
(B=AG,W,2Z)

77,89
KR 5 2)t
cB,. —_"B RB R +or / dk / dtdt' DP(t) P
7189 = prAt{ 5q oL — 7 Bir E (t) Pp
Al (15 k) (3) 9k, 3k o
x [T Py DY (1) <—7% - akE> (5.24)

3k? 3k k:4

BB(t,7t; k%})} )

where we have combined both the vector and scalar Wilson coefficients. Note that
the Wilson coefficients for B = A, G differ only in the factors RZ/’E;‘(] and ﬁ%f 89 see
(520). Due to the partial momentum integrations we encounter non-zero boundary terms
for large Euclidean momenta in (5.24]), they are defined by

1
Rpy, = ~2r lim k:E/ dtdt' Bp(t',t;0) D' (t) Pg AL, (t,1'; k%) P D (1)

kp—o00

61 Aq (t t/. k2) (525)
RPp = —2r lim k:E/ dtdt' Bp(t',;0) D () P B Py DY (1),
E—>00 € b

where g =u for B=W and ¢ =d for B= A,G, Z. In case of the penguin diagrams, in
which photon (gluon) modes are exchanged, we have to subtract the zero-mode contri-
bution from the full propagator function B4(t,t';0). The reason is that massless gauge
bosons have constant profiles that lead to flavor-conserving interactions and therefore
do not contribute to the Wilson coefficients.
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Calculation of the boundary terms

In order to determine the boundary terms in (5.25]) we need to know the UV behavior of
the boson and fermion propagator functions, which is worked out in Section [3.4l Using
the results shown in equation (3:99]), we can calculate the first boundary term in (5.25])
and obtain

1
RB, = 277/ dt By(t,t:0) D2 (t) PR D (1) | (5.26)

where we have to remember to subtract the zero-mode propagator in case of B =
A,G. We can further simplify (5.26]) by using the explicit expressions for the propa-
gator functions

1 L(1—t%)

Bp(t,t;0) = ;—5 + ; B=W,Z,
271sz 47TM12<K

(5.27)

Bj(t,t;0) =

1
Lt —t?(1—-2Int)+— ) : B=A
(ze-ca-2m+5;) o B-ac.

47TMI2<K

where B(t,t;0) in the second line includes only KK modes. Inserting (5.27) into (5.26])
and applying the orthonormality condition of the fermion profiles (2.29]), we obtain

R}, = ﬁ [(AD)23 - %(AID)%] ;
L= —LQ [(Ap)2s + (dp)23 — (ep)23] — (6~D2)23 : (5.28)
ZMKK myy
L d\2 d\2 B
s o (o) som-n) (- )

where RfL = RfL. We recover the known overlap integrals
L2 )ty () ' 1 (M)f 7y ()
(AD )y = / dt 2 DT DI (1), (A = / dt 2 <5 - lnt> D) DI (1),

1 , 1 ,
(6Dt = / at DM () P-D(1),  (ep)um = / a2 D) P (1), (5.29)

€ €
originally defined in [132]. For the other boundary term in (5.25)), we can use relation
(310%) and obtain
P, P 2YY,
L+ YY) 1+02Y]Y,

RE, = _2_7T
LR 7

Bp(17,17;0) PP (17) Py (

Py > ot Py (3) 4
- oY, — oY —————— | PgD;’(1 5.30
1+Q2Y'qlqu q q 1+Q21/qy_q-i-) B &R ( ) ( )

1
- / atDP(t) P2 <D§§’>(t) % + 2 Df”(t)) Bal(t,t; 0)] .

We have omitted the terms at ¢ = ¢, since the upper component of Dg) and the lower

component of D(Ln) obey Dirichlet BCs at the UV brane and therefore vanish. In order
to obtain the last term we have used that the function Bp(t,t';0) vanishes for ¢’ < ¢t and
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we have applied the equation of motion for the fermion profiles. We can further simplify
(B30) by performing a partial ¢ integration of the term involving 9;Bg(t,t;0) and by
using the fermion equation of motions to show that

P.1-¢YY) P 1-¢YY,
2 1+ infqif(;{ 2 1+ Q2iquifq

1 2 o _
RERZEREL_:E_bBB(l i1 QO)D(LQ)T(l )PB[

P, ~ ~ P.
12 Y, — ovi 21

T2 2 (31—

where we have neglected a term suppressed by mg/m; and where we have recovered the
term RP;. Applying the modified BCs of the quark profiles ([2.26]) we obtain

1
Rip =5 Bip,

1-— QQ?UI?J ~

1 1 v 2)t 4 (3) /71—
RV.=-RV - ——~ pWiq)p Ly, DY (1),
LR = 5 **LL Qm%/[/ \/imb L ( ) 12 1 —|—Q2YHYJ d =R ( )
2 o vt
1 1w g% @)t /1 1-0*YY) o (3, _
R?,=-R? —f—< ——R> D 17) P, ————24 Y, D> (17), (5.32

where RfR = RfR. Yukawa-dependent terms appear in case of the massive gauge bosons
and originate from the NGB degrees of freedom, which are localized at the IR brane.

We have succeeded in obtaining expressions for the boundary terms (5.28)) and (5.32]),
such that the complete Wilson coefficient 073%89 in (5.24) can be evaluated numerically.
The chirality-flipped Wilson coefficients C7., g, can be obtained from (5.24]) and (5.25)
by interchanging the label L <+ R. The boundary terms can be calculated in analogy
with the above steps, and we can use the results (5.26]) and (531), for which we find
REp = Rrli—r and RE; = RPp[rer.

5.1.3 Triple gauge-boson vertex contribution

Finally we discuss the diagrams exchanging two internal gauge bosons (B = W, G) and
one quark, see diagrams (IIla)-(IIId) and (IVa)-(IVd) in Figure 51l There are four dia-
grams each, involving vector and scalar components of the gauge-boson propagators. We
refrain from showing intermediate steps of the calculation but mention that we can pro-
ceed analogously as in the previous section and combine the vector- and scalar-boson
contributions. After some algebra we obtain the Wilson coefficients

1 1 (&%) 1
CWW — M{—RW — - RV, 42 / dk / dtdat' DT (1) P
Ty 4\/§GF)\t g VLL T 4 VLR 7TO E6 L (t) Py
" 3 3k? 3k3 k%
X |: LL(tJt,;k%J) P+ Dé)(t,) <3—2E akE - 3—2Eale + 3_582E

AY (1 k7 3k 3k}
+ —LR(W; F5) p, pd (1) (‘TE Oy + =5 a,%E> ]Bw(t’,t; k%)} :
b
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KGG 1 1 o ! 2
0§86 = GG {6 REy, — 3 Rip+ 27r/0 dk:E/e dtdt' D) (1)

¥ 4V2G N
) (3) 5k2 5k3 il
: {A%L“v’f” k) DY (t) <—3—2E Oy + 5 Oy — 5o O
Ad L (t, 1 K2 3k2 33

where kW = g2/(27r) and kg = N, g2. Note that the factor kg for the triple gluon
vertex diagram is larger by N2 = 9 compared to /1%9 and comes with a relative sign. We
recover the same boundary terms that have already been calculated in Section
apart from constant factors.

5.2 Analysis of the dipole Wilson coefficients

In order to show the finiteness of the dipole coefficients in (5.8), (5:24]) and (5.33)) the
UV behavior of the boson and fermion 5D propagators must be analyzed. This has been
discussed in Section 3.4l For instance, the general behavior of the (vector) gauge-boson
5D propagator for large Euclidean momenta is given by (subscript B = A, G, W, Z)

LV kel
k )

E

Bp(t,t'; k%) (kp > 1/t,1/t') (5.34)

which is exponentially suppressed except for |t —¢| ~ 1/kg. Integrating (5:34) along the
coordinates t and ¢’ we find

1

1 .

/ it By(t,#:K3) ~ s (k> 1/0 (5.35)
€ E

showing that the integral scales like k:E2 for kg > 1 /e. Based on this analysis, and
extending it to the case of the fermion propagator functions, we can formulate a power
counting for integrals, where each extra-dimensional coordinate is integrated over the full
interval. Excluding brane-localized terms, the counting in terms of Euclidean momenta
can be formulated as

1
A% (k) Bwzac — (kp) / dt = (hp)~t,  (5.36)

with the additional condition that the last t integration is not counted. This condition
can be traced back to the conservation of the total five-momentum. We can apply the
power-counting scheme (5.36]) to the penguin loops (5.24]) and (5.33)), showing that after
the t,t integrations the integrands fall off like k:g2 for large Euclidean momenta. Thus
the remaining momentum integration can be performed and yields a finite result. This
is in agreement with the findings of [198], where the authors have derived a power-
counting scheme for the penguin diagrams treating the Yukawa interactions as small
perturbations. Since the Higgs contribution contains two brane-localized vertices, our
scheme (5.36]) does not apply here. The analysis of Section [B.I.1] has shown that the
relevant functions in the brane-localized Higgs scenario scale like T]%R(k%) ~ ]%El and
T4, (k%) ~ const + (’)(12:51) for large Euclidean momenta. Since the Higgs-boson prop-
agator scales like kgz the Wilson coefficient is finite, which is in agreement with the
results of [198].
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5.2.1 Connection with the KK-decomposed (4D) theory

We can express the dipole coefficients, as defined via the amplitude (5.3]), in terms
of sums over zero-mode and KK-mode contributions. Starting from the expressions
(8), (5:24) and (B33) in the 5D framework we replace the 5D propagator functions
by their corresponding KK representations. The appearing momentum integrals can be
performed analytically and we obtain the loop functions I3 4(x) and I¢.11(x), which are
defined in Appendix [Bl We find the compact expressions

7v,8g qn
K 1 |my, Ie(=F ) I7(z)
C’YB%&(] = 4\/’BG 2 . 9 V2mn Vnm?; T ‘/2mn Vnm3 )
FAt n,m mB., L iy
1 [m
cww _ _Kww e (@B Vi, VI + Iy Ve, v
Ty 4\/§GF)\t o mQBm e ( ) 2mn nm3 + 9( ) 2mn Ynm3
' LT (5.37)
RGG mq,,
CE%G = 4\/§GF)\t nZJ:n szm my .[10( ) ‘/an Vnm3 + Ill(xd ) ‘/an Vnm3:|
h Zﬂ{ o L {mq d d d
C = — = Ig ()" J) g
o= e S | T (o s + ) (oo s
where xj a/mb, and g =ufor B=W and g =dfor B = A,G, Z in the first line. The
summation mdex m counts the contributions from the gauge-boson zero (m = 0 for the

SM gauge-bosons) and KK modes (m > 1), while n counts the quark zero (n = 1,2,3
for the SM quarks) and KK modes (n = 4,...,9 for the first KK level and so on). We
mention that there are no contributions from the massless zero modes (the SM photon
and gluon), which implies that the summation starts with m = 1 in the first line for
B = A,G and in the third line of (5.37). The + superscripts on the overlap integrals
VB o and VB .. are only relevant in the case of B = W and can be ignored otherwise. The
deﬁmtlons of the overlap integrals can be found in Appendix[Al while explicit expressions
for the loop functions I3 4(x) and Ig11(z) are given in (B.2]). We note that when we
insert the integral representations of the loop functions (B)) into (5.37]) we can identify
the boundary terms REL and Rva defined in the 5D approach by (5.25]), with the
expressions (B = A,G,W, Z)

1 m
RLL - ;;L mBm V2mn Vnm?; ’ RLR - Z’;L mQBm TTS: ‘/2mn Vnm3 (538)
in the KK-decomposed theory. Those terms originate from penguin diagrams where
scalar components of the 5D gauge bosons are exchanged. In fact, we have also checked
equation (5.37) by using the 4D Feynman rules listed in Appendix [A] and following the
basic steps to obtain the dipole coefficients. The chirality-flipped coefficients C~’7B%89 can
be obtained by replacing VB < Vn%k and (¢9)nk < (G k-

There are two terms in each square bracket for the Wilson coefficients in (5.37). In
the SM only diagrams with a chirality flip on the external b-quark line contribute to
C74, since the W= boson couples only to left-chiral quarks. Since in the RS model
we can have also couplings to right-chiral quarks, there are additional contributions
originating from diagrams where the chirality flip is performed on the internal quark
line, which generates the factor my, /ms in front of the first term in each of the brackets
in (B.37). When exchanging KK quarks in the loop this factor is large and enhances the
contributions.
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Pict Average time to calculate Average time fractions for each contribution
icture .
C f RS t A/G
77,89 10T ORI PO C%,Eig C%W C7Z'v,8g 077/7857 CSGgG C#%Sg
5D 571 min 2% 4% 21% 2%  41% < 0.01%
4D 9 min 16% 46% 38% <0.1%

Table 5.1: Time performance for calculating the Wilson coeflicients C7, and Cy, in the
5D and 4D (including 5 KK levels) pictures. The first column contains the average time
needed in order to calculate the Wilson coefficients for one RS point on a 2.4 GHz Intel
Core i5 processor, such that the results are compatible at the few per mille level in both
approaches (see Figure for more details). The additional columns show the relative
fractions of time needed for the calculation of the six different contributions. Similar
values are obtained in case of the chirality-flipped Wilson coefficients.

We have numerically checked that all corrections in the RS model decouple with
M2, which is not directly obvious from the expressions (537). For instance, let us

discuss the KK contributions to 0%789. At first we stress that the loop functions can

only take values from the compact intervals Is(z) € [-2,—1] and I7(z) € [, 2], and

are irrelevant for the discussion. We begin with the contribution of penguin diagrams
that exchange SM quarks (n = 1,2,3) with KK W bosons (m > 1) in the first line
of (B.37). Obviously the suppression by the squared KK W-boson mass implies that
the contribution decouples with MIEE{ Next, we discuss the contribution from exchang-
ing the W boson (m = 0) with KK quarks (n > 4). The overlap integrals scale like

Vo~ ang; ~ ang; ~ MIE%{ for n > 4, which implies that the second term in the
round bracket of the first line in (5.37)) decouples with MI;I% The first term in the round
bracket is more subtle, since it is enhanced by the KK-quark mass m,, ~ Mkk. How-
ever, numerically we observe that the summation over complete KK levels (n = 4,...,9
for the first KK level and so on) leads to cancellations such that there appears an addi-
tional Mgé suppression. Hence, also the first term in the round bracket, when summed
over complete KK levels, decouples with MI;I% In a similar fashion we can proceed with
the contributions from the penguin diagrams with KK W bosons and KK quarks. The
discussion can also be extended for the remaining Wilson coefficients. In fact the decou-
pling behavior with MI&% is apparent in the approximate expressions that will be given
in Section 5231

Finally, we remark that the Wilson coefficients in the SM can be recovered from the
second terms in C%V’Sg and C’% W by summing only over the gauge-boson (m = 0) and
quark zero modes (n = 1,2,3), and by replacing the overlap integrals with the CKM
matrix elements VQ%[;_ — Vs and VnV(I)/; — Vo With ug 23 = u, ¢, t.

5.2.2 Numerical evaluation

The first step is to generate six sets of 5000 RS points with different values for y, =
0.5, 1, 1.5, 2, 2.5 and 3 according to the procedure described in Section Here, y,
sets the upper bound for each entry of the Yukawa matrices, such that |(Y5);;| < y«. We
have implemented the integrals arising in the expressions for the dipole coefficients in
ER), (:24) and (B33) using Mathematica [186]. Since we expect the RS corrections
to the SM Wilson coefficients to lie in the few percent range, we need to calculate
the integrals to an accuracy of a few per mille. We therefore set PRECISONGOAL to 3
for the numerical integrations. Furthermore we use a UV momentum cutoff such that
kg < Acys = 100 Mkk, which improves the time performance without losing the required



164 Chapter 5. The b — s~y transition in a warped 5D space-time

precision. It turns out that the numerical integrations over ¢ and ¢’ can be made faster by
making the substitution ¢ — ¢/7 = In(t/€)/In(1/¢) and analogously for ¢', which maps
the integration region on the unit square. The first row of Table Bl compares the time
performance of calculating the Wilson coefficients C'7,, and Cy, in the 5D and 4D pictures,
averaged over many sets of RS parameter points. We need on average 571 minutes per
RS point on a 2.4 GHz Intel Core i5 processor to calculate C7, and Cg, in the 5D
approach. In more detail, the calculation splits into six parts belonging to different
amplitude topologies. The least amount of time is required for the calculation of the
Higgs contribution, since the ¢ and ¢’ integrations can be performed analytically, leaving
over one momentum integral to be evaluated, see (5.8]). Most of the computational time
is needed for the KK contributions of the neutral gauge bosons, since the corresponding
integrands involve all components of the 5D fermion propagator functions, in contrast
to the W*-boson Wilson coefficients in (5.24) and (5.33)).

We can compare our results from the 5D approach with the summation over zero and
KK modes in the KK-decomposed theory, based on the results shown in (5.37]). In order
to achieve a consistency between both approaches at the few per mille level, we need to
sum over five complete KK levels. The left plot in Figure confirms that the results
for C7, calculated in the 5D and 4D approaches (indicated by the superscripts “5D” and
“4D”) are consistent at the few per mille level. The results for the RS corrections relative
to the SM Wilson coefficient C%VI are compatible at the 10% level in both pictures, as
shown in the right plot in Figure This presents a non-trivial cross-check of the
formulas derived in Section .1l In both plots of Figure we have focused on C7,, but
we have checked that the histograms look similar in case of Cg, and the corresponding
chirality-flipped Wilson coefficients. We need on average 9 minutes to calculate the KK
quark and gauge-boson masses as well as the overlap integrals in the 4D formulation, see
Table (.1l Effectively there are only four different amplitude topologies, since 0%89 and
C;Z W both depend on the same masses and overlap integrals, and analogously for 0%89
and CE?QG. Therefore we present combined time fractions for those Wilson coefficients in
Table 5.1l When we require a consistency of a few per mille for the calculation of the
Wilson coefficients between the 4D and 5D approaches, we find that the summation over
KK levels is faster by a factor of order 60. As a consequence, after we have verified that
the results in the 5D and 4D approaches agree at the required level of precision, we will
implement the equations in (5.37) for the numerical calculation of the Wilson coefficients
for most of the RS points used in the phenomenological analysis in Section .3l

We emphasize that the integral expressions (5.8), (0.24) and (2.33]) and the corre-
sponding results in the KK-decomposed theory (5.37) are formally valid to all orders in
v? /Mf(K All numerical results that will be presented are calculated from those equations
according to the procedure described above.

5.2.3 Separating the zero- and KK-mode contributions

We parametrize the RS corrections relative to the SM Wilson coefficients by

C’%S’O(MW) = C;/Y/’O(,uw) + C;/Y/W’O(MW) + Ci;o(uw) + C?W’O(MW) — C2M (uw)

Co 8 (i) = Con™ ™ (puscac) + Oy VM8 (xerc) + O3 (puacac) + O ()
+ 7 (k) + O (i) (5.39)

where we distinguish corrections that arise from exchanging only zero modes and of
loops including at least one virtual KK particle. The individual zero-mode contributions
C7B,Y’O(/Lw) for B=W,WW, Z, h are defined at the electroweak scale uy ~ my and are
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Figure 5.2: Compatibility of the results for the Wilson coefficient C7., (left) and for the RS
corrections relative to the SM Wilson coefficient C2M (uw) ~ —0.20 (right) calculated in
the 5D and 4D pictures. Both histograms contain RS parameter points with different values
for y. and Mgk € [1,10] TeV. The vertical dashed lines denote the median values of the
corresponding distributions.

given simply by setting m = 0 and summing over n = 1,2, 3 in (537]). On the other hand
the KK contributions C%’KK (ukk) are defined at the KK scale uxx ~ Mkk. Analogous
parametrizations hold for the chirality-flipped and chromomagnetic Wilson coefficients,
where the triple gluon-vertex contribution must be included. In the SM the contribution
to the Wilson coefficients at leading order is given by the penguin diagrams (II) and
(IIT) in Figure 5.I] in which virtual W bosons and up-type quarks are exchanged. The
charm- and top-penguin diagrams yield comparable contributions)d since the product of
the CKM matrix elements are of similar sizeE [At] & [Ac|, where Ay = V[ V. Making
use of the unitarity of the CKM matrix, which implies A, + Ac + A\ = 0, the SM Wilson
coefficients at the electroweak scale are given b

_[7(513t) 1 5

C8 ) = Qu (5 - D)t R - B O )

I7(.’Et) 1
2 3’

(5.40)

where 2 = m?/m%,. The loop functions I7(z) and Iy(x) can be found in Appendix[Bl Us-
ing my pole = 174.6 + 1.9 GeV [76] and my, = 80.38570:012 GeV [76] we find CEM (uw) ~
—0.20 and Cg (uw) ~ —0.097.

In a first step, we look at the relative size of the RS corrections, based on a set of RS
points. To this end, we compare the median values of the distributions obtained from

calculating |C%’%9(MW)| and |C’7';”I§;<(MKK)| and normalizing them to the total sum of
each (absolute) correction ) 5 \Cﬁy’%g(uwﬂ and ) 5 |C’%7I§;< (uxx)|. Table B2l shows the

results. The general pattern is that the penguin loop diagrams with W*-boson exchange
give the largest corrections. In case of the zero-mode contribution we find that the largest
corrections are given by the deviations of the overlap integrals ‘/2‘6%7 and Vggg in the
RS model with respect to the CKM matrix elements V,; and Vj; in the SM, and by

3In fact, the charm-quark contribution is slightly larger than the top-quark contribution due to the
larger loop functions I7(z.) ~ 0.66 > Ir(x¢) =~ 0.47 and Ig(z;') ~ 0.42 > Io(z;') =~ 0.28, where
Tey =m2,/miy and the loop functions are given in Appendix [Bl

“In more detail, A\; and A. have a relative sign in common, A\; &= —\. & —0.04, such that the top-
and charm-quark contributions interfere destructively.

’Since @y, < 1, we have taken the limit z,,. — 0 for the loop functions and used I7(zu.) ~ £ and

Io(z, ) ~ 2 in (GA0).
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Median values of the distributions in [%)]

w  ww  Z A G GG h

Size of RS corrections

CEO )/ S 1O (ww)|l | 326 658 16 - _ - 004
1Ce ()| X2 5 1Cay ()] 906 - 9.2 - - _ 02
\CBKK(MKK)I/ZBWBKK( kk) | 337 514 77 00001 01 - 7.1
CERK (i) |/ 3 5 [CE S (ugr)| | 528 - 241 0.0003 0.04 0.5 22.2

Table 5.2: Median values of the distributions in the left column based on RS points
with Mgk € [1,10] TeV and for different values of y,. The median values can be used
to estunate the relative size of the RS corrections arising from the exchange of only Zero
modes 077 sg(MW) and of loops including at least one virtual KK particle 077 8g K (uxx).-
Similar values are obtained in case of the chirality-flipped Wilson coefficients.

the coupling of the W boson to right-chiral quarks. Those corrections stem from the
non-flatness of the W-boson profile and from deviations of the exact (Z-even) quark
profiles from the ZMA expressions. The zero-mode contributions from the Z and Higgs
bosons arise due to their flavor-changing couplings to quarks in the RS model, but they
are suppressed by small down-type quark masses and can be neglected. Concerning the
KK contributions we find, contrary to the observation made in [246], (independently of
y«) that the triple gluon vertex contribution is subdominant and does not enhance the
chromomagnetic dipole coefficients. In general, we find that the penguin diagrams with
the exchange of photon and gluon KK modes yield very small corrections. At last we can
compare the relative magnitude between 0%88(; (uw) and C&Sélg(K (pkK ). Numerically, we
find that both contributions are similar in size for y, ~ 2. For larger values of y, the KK
contributions dominate in size[

In the next step, we will take a closer look at the main KK contributions to the
Wilson coefficients and derive approximate expressions.

W- and Z-boson KK contributions

We begin with the KK contributions of the W*- and Z-boson penguin diagrams to the
dipole coefficients. These contributions are implicitly included in the first two expressions
in (537)). Numerically, the dominant contributions are coming from diagrams exchanging
charged /neutral scalar zero modes (stemming from the fifth component of the 5D gauge-
boson field and the NGBs 111 the Higgs sector) and KK quarks[?] In this case we are
allowed to take the limits % B, > 1 and xi’” < 1 for the loop functions in (B.37),
leading to Ig(x) ~ —1/2, I7(x) ~ 5/12, Is(x) ~ —1 and Iy(x) ~ 5/12. We find

7v,8g
W,KK kw7 5 w V20n VnOS Liow ‘/203 V303
Crygg (HKK) ~ 2G N [ﬁ <RL Z m2, 4 Rip— my m2, ’
n=1

SIn case of the chirality-flipped Wilson coefficients, we find that C‘?jﬁf

than CHSSOQ (uw) for y, 2 1.

"We like to stress that if we do not include the contributions from the NGBs, the diagrams with
gauge-boson zero-modes and KK quarks would be suppressed to leading order by v* /M. In this case
the contributions from KK gauge-bosons and KK quarks would be dominant, since they contribute

already at order v?/MZ.

(pkk) is in general larger
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Ty
1 vy 1 my Vol VI
CWWKK ”WW [ <RW _ 20n_ Vn03 > 4 <RW My Vops Vo3 >]7
7y (hxK) ~ V2G| 6 LL gim%v 4 \'LR o 7mw
77,89
K 5 VEZ VZ 1
CZ,KK ~—2Z |2 (RZ _ Y20n Yno3 - RZ : 5.41
7,89 (MKK) 1V2G N | 24 LL nz::l mQZ 4 VLR ( )

where the boundary terms RZ; and RPp, are given in (5.28) and (5:32)). Since the limits of
the loop functions we have taken are not valid in case of SM quarks, we have to subtract
the contributions from the quark zero modes in (5.41]). We observe that the corrections
of O;/[,;’KK(,U,KK) and C;X W’KK(NKK) add up constructively, since ﬁ;} =Qu “QW' We can

further simplify the boundary terms REVL’Z

and REVI%Z in (B41) by expanding them in

v? /]\4%K and neglecting terms that are suppressed by mg/m;. We obtain

L ~ (6p)2s
RIL ~ — (Ap)as = —5—,
2M12<K mé,
L 1 v v o), (3) /41—
RV ~ — A D1 PLY, Y Y, D (17),
LR N T, (Ap)as + 272 Vo M2 DL (17) P Yo, Y,/ Yo Dy (17)
L (9%)*\ (9p)23
Z R
L~ — (Ap)a2s — <1 - —5—
M (92)2) M3
L g5 9% (6p)23
Rip~— (Ap)as — =& (1 -
Mgy ) 91/ M
+ (1 e )2 L v “2 PP PLY Y v DY (1), (5.42)
- g 12 £d d ) .
9t ) 2wy 2my, Mgt ¢ f
where in the case of R}V, and RZ, we have implemented the relation [149]
(m)T - Y (TL) - mQR mQ'm an
— 17) P Y, 17) = 0mn — —(0g)mn — 0Q)mn - A4
50 P Y, 0 (1) 0 T (5 — L (B (5.43)

We checked numerically for different values of y, that the approximate formulas (5.41])
together with (5.42]) are accurate at the 10% level compared with the exact expressions.
We emphasize that the approximate expressions are independent of the masses and pro-
files of the KK quark and gauge-boson modes. In (5.42)) we encounter terms including
products of three Yukawa matrices YuYuJr Y, and YdY;iTY;i originating from the IR brane-
localized terms in RY, and RZp in (5.32)). They originate from diagrams exchanging
W+ and Z NGBs with a chirality flip on the internal KK quark line as shown in Fig-
ure 5.3l Those terms yield the dominant KK corrections for not too small values of the
Yukawa matrix entries, which is approximately fulfilled for RS points with y, = 1. In
this case we can derive simpler expressions and find (y. 2> 1)

2

” 1 w v 2t (3) 1 1my VIV v
OprRK Qul 1 PP (17) P Y, Y] Y, DY (1 ——7203 303
m (i) ~ Nl 8v2m, Mzt (17) P Yo D (17) + dmy  mdy,

Qaf 1 v v ), 3) 4
CZ KK(NKK) A | 16 v2m, Mgy DS: )T(l e Y:inTYd DJ(Q) 4o (44

where the chromomagnetic dipole Wilson coefficients

CgVKK (C’Z KK can be obtained

from the first (second) line in (5.44)) by sending @, — 1 (Q4 — 1). Moreover, C;/Y/W’KK
is given analogously by the expression in the first line of (5.44]) with @, set to 1. We
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Figure 5.3: For y, 2> 1 those diagrams give the main KK corrections C%S’%EK(HKK) for the
transitions b — sy and b — sg at the one-loop level. Internal solid lines labelled by ugr
denotes the exchange of singlet up-type KK quarks, while Uy, Dy, imply the exchange of
SU(2), doublet KK quarks. Crosses denote a chirality flip on the internal KK quark lines.
Here, dashed lines labelled with W or Z denote the contributions from the corresponding
NGBs in the Higgs sector.

checked numerically that the approximate expressions are valid at the 10% level with
respect to the exact expressions for RS points with ¢, = 1. Approximate formulas for the

chirality flipped Wilson coefficients é%gf (ukK) can be obtained from (5.44)) by making

the replacements L <+ R, Y, < Yy, VI~ — VIV and V" — vl

Higgs KK contribution

The diagrams contributing to C’?;YI;I;(MKK) involve the exchange of the Higgs boson with

KK quark modes. For the exchange of KK quarks we can use that acZ" > 1, allowing
us to take the limits I3(z) = 1/(2x) + O(x~2) and I4(x) = 1/(12z) + O(z~2). The
contribution associated with I3(x) dominates, since this loop function is less suppressed
than I4(z) in the considered limit and the contribution is enhanced by mg, /my, which is
a large factor for KK modes. If we only keep the corresponding contribution associated
with I3(z), we obtain approximately

1 v v2 2
KK o Qal Ll el

(17) P YaY, Ya D (17) = 2(p)as|, (5.45)

1
-8
where we have expanded the expression to leading order in 2 /Mf(K and neglected
ms/my suppressed terms. The corresponding expression for ng’KK is given by (5.45])
with Q4 — 1. Numerically we have checked that (5.45]) is accurate at the 10% level with
respect to the exact expressions. Note that the YdeTYd structure in (5.45]) originates
from the leading order expansion in v? /M2y of the function g(Xg, Yy) defined in (5.17)
and gives the dominant contribution for y, = 1. In fact, this term exactly cancels the
expression C’%’KK(MKK) in (5.44]). Consequently, for y, 2 1 the KK corrections from the

~

Z-Goldstone boson and Higgs diagrams cancel to very good approximation.

Dependence of the KK contributions on Mg(l) and y.

Figure 5.4 shows histograms of the (absolute) KK corrections for a set of RS parameter
points with y, = 3 and M u) = 10TeV. We choose y, = 3 to obtain maximal effects,
while still staying in the perturbative regime for the Yukawa sector. The value M a) =
10 TeV is close to the lowest KK gluon mass that is consistent with the tree-level analysis
of the Peskin-Takeuchi parameters, see Section The distributions can be well
described by the approximate formulas given in (5.44]) and (5.43]). For different values
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of M u) and ys, the corresponding distributions can be obtained by the formula

2
10 TeV Y\ 2
CRSKK  (RSKK » x (-*) . (546
77,89 (IU‘KK) 7,89 ('U’KK) Mg(l)ZIOTeV’y*:?’ Mg(l) 3 ( )

which is a good approximation for y, = 1. For smaller values of y, the KK contributions
do not follow a simple scaling law with y,. An analogous equation holds for the dis-
tributions of the chirality-flipped Wilson coefficients. In order to get a rough estimate
for the typical size of the KK corrections, we can calculate the median values of the

distributions of |CEOK (k)| and find (y, > 1)

77,89 ~
10Tev 2
. e *
Median (\C%%éI;K(NKK)\) X G5y X <T> X (%) : (5.47)
e

with a7, = 0.012 and ag; = 0.0072. In case of the median values of |C~’%S7é§K(/LKK)‘ the
coefficients read a7, = 0.021 and agy = 0.012. These coefficients represent the median
values of the distributions shown in Figure[5.41 We observe that the KK corrections to the

chromomagnetic dipole coefficients are (approximately) smaller by the factor /1?,3 (/{17/3 +

/@QW) = 3/5 with respect to the electromagnetic dipole coefficients. Furthermore, we
find the general pattern that the chirality-flipped Wilson coefficients are enhanced, which
can be explained by the different localization of the left- and right-chiral bottom-quark
profiles. The left-chiral bottom quark profile, which enters C’%S,éI;K(uKK) is more localized
towards the IR brane (¢,, = cg, > ¢, = ¢4;) and is thus more sensitive to flavor-
violating effects. This hierarchy of the bulk mass parameters is due to the large mass
difference of the top and the bottom quark, which requires that F'(cp, ) > F(cp,,).

We can (approximately) relate our results with the numerical analysis of the Wilson

coefficients performed in [246], where the case of y, = 3 and M o = 2.0TeV was dis-

cussed. When we consider M ) = 2.5 TeV we find that the KK corrections C’%S’KK(MKK)

and C’%S’KK(MKK) are larger by roughly one order of magnitude compared with the cor-
responding corrections given in [246]. We have been unable to trace the origin of these
discrepancies. But, the fact that we have performed our analysis using both the 5D
and 4D formulations of the RS model and found consistent results in both approaches
provides a highly non-trivial cross-check of our calculations. Concerning the chromo-

magnetic dipole Wilson coefficients C;;S’KK(/LKK) and C’RS’KK(MKK) we find that our

Ry
corrections are similar in size compared to the ones in [246].

5.2.4 Comment on the narrow bulk-Higgs scenario

We have observed that the sum of the KK contributions C?&%;I;(MKK) and C’%g?(MKK)
cancels to a very good approximation for y, = 1. In this section we investigate whether
this cancellation still holds in the narrow bulk-Higgs model.

The Higgs contribution was already calculated in Section B.I.1], and the final result
has been given in (.16]) and (5.I7)), including the case of a narrow bulk-Higgs. It follows
that the first term (containing the YdY;iTY;i structure) in the approximative formula for
C’?;YI;I;(MKK) in (5.45) must be multiplied with a minus sign in case of a narrow bulk-
Higgs. Concerning the Z-boson contribution we focus on the scalar diagram (IIb). For
Y« 2 1 the dominant corrections are due to the exchange of the Z-Goldstone boson. The
corresponding terms can be extracted from CZsealar iy (519). We can proceed analo-

77,89
gously to the calculation of the Higgs contribution discussed in Section BTl Therefore,
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Figure 5.4: Absolute corrections from KK modes to the Wilson coefficients at the KK
scale for a set of RS points with y, = 3 and M, g = 10 TeV. The vertical dashed lines
denote the median values of the corresponding distributions. The size of the corrections
are equally distributed among the real and imaginary parts of the Wilson coefficients.

we refrain from giving more details here and quote the final result (y. = 1)

77,89 ¥
scalar 1 1 2DF 41— h(Xd7 Y;i) (3) /41—
CZscalar o, iz — pWa){ p, D2d 2d) p3) g 5.48
7v,8g 4GF)\t (g%)Q 2 L ( ) 12 4mb R ( ) ( )
> Za(ky) |1 Py 3 5kp 3k2, k:?,:; 3
or | dkp —— Lo | =D (1) | 0k, + L0 )
e T Zk) | e R (WO 53 e + 75 %% + g5 Ok

P, k%, k3, 2 ME
_|__1b2}fd'D( )(1_)<k‘E—|— 8kE+—8kE>] L2~2 BZ55(1_ 1~ k‘%)}
my

The scalar Z-boson propagator behaves like Bz 55(17,17; k%) = L?m%/(2me’k%, MKK)
O(k") for large Euclidean momenta, rendering the integral finite. The function h(X,, Y;)
in the first line of (5.48) is given by

2y v
> 0°Y, Y, ~
Xy, =Y, = Y Y]Y, + 0",
brane Higgs 1+ Q2Y Y (5 49)
Y X coth Xy ~ Q2 A
h(X4, Y, — (2P )y — L yyiy 4+ 0O
( © )narrow bulk Higgs 2( COSh2 Xd > q 3 a-q q+ (Q )7

where the difference between the brane-localized and narrow bulk-Higgs scenario is to
leading order the relative factor —1/3. Thus, in the narrow bulk-Higgs scenario the

approximate expression for Ch 8¢ K (ukk) in (5:44) must be multiplied with —1/3. Finally,
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adding C’?;YI;I;(MKK) and C%EE(HKK) we obtain approximately (for y, = 1)

Qv
o { 0; brane Higgs,

_1_12 : narrow bulk Higgs .

O (ki) + CZ S (uxk) ~ PP (1) P Y[ Y, DY (1)

(5.50)

The corresponding expression for the coefficient of the chromomagnetic dipole operator
is obtained by replacing @4y — 1. The structure YdY;iTY;i cancels in the brane-localized
Higgs case, while there remains a non-zero contribution in case of the narrow bulk-Higgs
scenario. This observation and the factors 0 and ﬁ in (5:50) were first encountered
in [215, 1252] for the case of lepton penguin loops. In fact, we can exactly reproduce
the result (26) in [252] for the Higgs contribution in the lepton sector from equation
(BE350) by replacing Qg — Qe = —1 and by accounting for factors in the definition of the
Wilson coefficient. We note that while the contributions from the neutral scalars cancel
for y. 2 1 in the brane-localized Higgs scenario, we still have left over the (dominant)
contributions from the charged NGBs. The latter contribution is absent in case of the
leptonic dipole coefficient for the transition /; — [;7 in the minimal RS model, which
does not include right-chiral SU(2), singlet neutrinos. However, a non-zero contribution
from neutral scalars would be present in case of the RS model with custodial protection,
which can be found in 250, 253].

Finally, we remark that in order to calculate the contribution of the charged W=+
NGBs in the narrow bulk-Higgs scenario, we would need to perform ¢,¢" integrations over
matrix-valued functions mixing Y, with Y. Since we could not handle those integrations
in a semi-analytic way we will therefore confine our analysis to the brane-localized Higgs
scenario in the remainder of this paper.

5.2.5 Renormalization-group running to the B-meson scale

In the previous section we have analyzed the corrections to the SM Wilson coefficients

from the zero modes C’%SSOQ(MW) defined at the electroweak scale uy ~ my and from
the KK particles C%SSI;K(NKK) at the KK scale uxx ~ Mgkk. For the phenomenology we
are interested in the Wilson coefficients C7, g4(up) at the B-meson scale p ~ mjp. When
running down from higher scales down to p, QCD effects generically lead to a mix-
ing between dimension-6 operators. The general effective Lagrangian for a new-physics

model at a high scale (uxk in our case) can be written in the form

Gr
V2

+ Y% Ci’[A,BMuKK)QﬂA,B]+05[A,B1<NKK>@3[A,B])
A,B=L,R q=u,c,t,d,s,b

Leg = At | Oy (i) Q7y + Osg () Qsg + Cray (1) Q7 + Csg (1) Qsg

+ ) <Cl A, B(uxk) QF[A, B] + C4[A, B](uxk) Q3[A, B]) (5.51)

A,B=L,R
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where we adopt the notation of [254]. The dipole operators (Q7-,g, and Q7%89 are defined
in (5.1)) and (5.2). Here, Q‘{Q [A, B] and Qﬁlg [A, B] are neutral current-current operatorsﬁ
which implicitly include the charged current-current, four-quark QCD and electroweak
penguin operators of the SME In the RS model such operators are induced at tree-
level by the exchange of the heavy KK modes of the Z boson, photon and gluon. For
simplicity, however, they will be neglected in our analysis When running down from
KK ~ Mgk to pw ~ mwy we consider only the mixing between (7, and Qg,.

Let us outline the basic steps how we evolve the Wilson coefficients down to the
meson scale. We need the evolution matrix U (1, p2) which can be calculated from the
anomalous-dimension matrix 4 of our operator basis, which is contained in the more
general basis considered in [254]. The running between scales is accomplished at leading
order by

U, ) = [%} RS (5.53)
D

where 7 includes the eigenvectors of the transposed anomalous-dimension matrix
’y(o)T. The matrices V' diagonalize '?(O)T, such that V_l'?(O)TV is diagonal. Note that
40 and By = (33 — 2nys)/3 depend on the number of active flavors ny. Between the

scales uxk and pp we integrate out the top quark, such that the evolution matrix splits
into two parts,

U (s ) = U =) (i, o) U= (i, e - (5.54)

The RS corrections at the KK scale, coming from integrating out heavy KK resonances,
are contained in the coeflicient éRS’KK(uKK). The evolution down to the electroweak
scale is given by CRSKK () = U(uw, pxk) CRS K (ukk). At the electroweak scale
the W boson and the top quark are integrated out. Matching on this new effective
Lagrangian we include the contributions from the boson and fermion zero modes, which
are given by CO (uy) = CM(uyy) + CRS0(uyy), where CRS0(pyy) contains the zero-
mode corrections to the SM coefficient. Next we evolve this contribution down to the
meson scale. The effective Wilson coefficient reads

Cup) = ™ (1) + U (i, pcic) CF KX (i) + U (g, o) CF50 () (5.55)

where the SM Wilson coefficients are given by C’%VI (up) = —0.32 [255] and C%\/I(ub) =
—0.15 [255]. Performing all steps including the dipole and the charged current-current
operators, the RS corrections to the electro- and chromomagnetic dipole operators at

8Explicitly, the neutral current-current operators are given by (a, 8 are the QCD color indices)

Q1[A, Bl = 4(5a7uPabs) (37" PBga) ,  Q3[A, B] = 4(5a7,Paba) (37" PBas) ,

R _ . _ .52
QUA, B] = A5y Pada)(ds Paba), - QYA B) = A5y Pada) @ Puba). )
For instance, the charged current-current operators of the SM, Q1 = 4(54y,Prcs)(és7" Prbs) and
Q2 = 4(5avuPrca)(esy" Prbg), can be related to Q5[L, L] and Q$[L, L] using Fierz identities.
9The authors of [251] have considered four-fermion operators at the high scale uxk. They found that
when including the four-fermion operators the electromagnetic dipole coefficient C7- (up) would increase
by 5% on average for RS points with y, = 3.
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Figure 5.5: The upper four plots show the corrections in the RS model to the effective
Wilson coefficients in the SM C2M(uy) = —0.32 [255] and CF)' = —0.15 [255] at the
B-meson scale p, = 4.8 GeV for a set of RS points with y, = 3 and M a) = 10TeV. The
size of the corrections are equally distributed among the real and imaginary parts of the
Wilson coefficients. The lower two plots show the amount of mixing of the chromo- into
the electromagnetic dipole Wilson coefficients. Vertical dashed lines denote the median
values of the corresponding distributions.

the B-meson scale are given by

OB (up) = 0.475 CF M (ki) + 0.123 CL ™ (k) + 0.667 C12° ()

Ty Ty
+0.092 Ceg™ (), (5.56)
CE (p) = 0.522 Cop> M (pureac) + 0.702 Cgp> ™ ()

The numbers in front of the zero-mode and KK corrections have been calculated for
prr = 1TeV, up = 4.8GeV and py = 80.385GeV. In our numerical analysis we set
ukk = Mgk for each RS point. We note that the numbers decrease by approximately
10% for the scale choice p, = 2.6 which is sometimes used in the literature, e.g in the
analysis of [251]. Relation (5.56]) also holds for the chirality-flipped Wilson coefficients,
since (massless) QCD is blind to the fermion chirality.
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Figure 5.6: Left (right) is shown the approximate linear correlation between the RS
corrections to the (flipped) electro- and chromomagnetic dipole coefficients for RS points
with y, = 0.5,3 and M a) = 10TeV. The crossing of the vertical dashed lines in the left
plot denotes the SM value |C2M (u)|. There is no correlation between Cﬁssg(ub) and

; Y - 77,89 7
their chirality-flipped counterparts.

The first four plots in Figure show the RS corrections of the dipole Wilson
coefficients at the B-meson scale for RS points with y, = 3 and M o = 10TeV. We see
that the corrections to the SM Wilson coefficients C'%Vl(ub) = —0.32 [255] and ng(pb) o
—0.15 [255] lie in the few percent region. The dominant contributions to C’%S(ub) are
given by the RG-evolved KK and zero-mode corrections of the electromagnetic dipole
Wilson coefficients. The mixing of the chromomagnetic dipole coefficients into C’%S (1p)
is shown in the lower two plots of Figure for RS points with 3, = 0.5 and 3. Here,
C%S’no MEE (1) is obtained from (B.56]) without including the contributions from the
chromomagnetic dipole Wilson coefficients. Neglecting the mixing would decrease the
Wilson coefficients at the level of 10%, which shows the relative importance of the
mixing effects for the transition b — sy. We remark that C’%S(ub) and C&S(ub) are
approximately linearly correlated, which can be seen in Figure This is expected,
since the main contributions arise from penguin diagrams containing W¥-boson modes,
and they only differ by the factor (/117/;} +/£I7/;}W) / H?/g = 14Q,, = 5/3. In general, we observe
that the RS corrections for y, = 3 are larger in magnitude than for y, = 0.5. However, the
difference in size is more pronounced in case of the chirality-flipped Wilson coefficients,
since their corrections are more dominated by the RG-evolved KK contributions than
by the zero-mode corrections.

5.3 Phenomenological implications

In the following we discuss observables that are sensitive to corrections to the loop-
induced dipole Wilson coefficients. Therefore, we concentrate on the branching ratio
of the inclusive B-meson decay B — X,y and the time-dependent C'P asymmetry in
BY — K"y

"For further observables, we refer the reader to [199], which includes a discussion of the branching
fraction for the leptonic inclusive decay B — X IT1™, the direct CP asymmetry Alé;m and the CP
asymmetry difference AAY%.*Y. However, Br(B — X,I717) is mainly affected by RS corrections to the
Wilson coefficients of the leptonic four-quark penguin operators, and is not sensitive to the dipole Wilson
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Branching ratio of the inclusive decay B— X~

We begin with the C'P- and isospin-averaged B — X7 branching ratio, which is one of
the cleanest observables in B physics from a theoretical point of view. Measurements
lead to the combined resulfld Br(B — X,7)ep = (3.43 £ 0.21 % 0.07) x 1074 [256]
for the branching ratio defined with a lower cut E, > Ep = 1.6 GeV on the photon
energy in the meson rest frame. The SM prediction at NNLO reads Br(B — Xv)sm =
(3.36 £0.23) x 10~ [257] for Ey = 1.6 GeV, showing that both values are compatible at
the 1o level. In order to estimate the effects of the RS model we use the approximate
formula (for £, > 1.6 GeV) 254, 258]

Br(B — Xsv) 1
Br(B — Xsv)sm  |C2 ()2 + N(E,)

= 1+ 0.0032 [\O%S(ub)ﬁ + |CBS (1uy)[2] = 0.0020 Re CBS (115) ,

[1Cr (10) 2 + |G () + N(E,)| 5

where N (E,) in the first line is a non-perturbative correction and evaluates to N (E, =
1.6GeV) = 3.6 x 1073 at the minimum photon energy. The second line of (557 is
obtained by using the SM value C7S}>/I (1p) = —0.32 [255], while we neglect the contribution

of the chirality-flipped Wilson coefficient é%w(ub) in the SM since it is suppressed by the
ratio mg/my. Note that the Wilson coefficients in (£.57)) are evaluated at the B-meson
scale up ~ 4.8 GeV.

The dominant correction to Br(B — Xs7v)sm stems from the last term in the second
line of (B.57), which is proportional to Re C%S(ub). The squared contributions (and
in particular the chirality-flipped Wilson coefficient), have only a minor impact. Since
the KK contributions are approximately proportional to 42, the biggest effects can be
expected for large values of y,. In the left plot in Figure 5.7, we show the RS predictions
for the branching ratio Br(B— Xv) as a function of the first KK gluon mass. The black
(green) points are obtained with y. = 3(0.5). We see that the RS model with y, = 0.5 is
completely compatible with the experimental data at 95% CL. If we require that at least
10% of the RS points lie within the experimental 20 error margin, we can derive the
lower bound Mg(l) > 3.4TeV at 95% CL for y, = 3. However, this bound cannot compete
with the constraints coming from a tree-level analysis of the Peskin-Takeuchi parameters
and from Higgs physics. Thus, Br(B — X,v) does not give any new constraint on the
RS parameter space

Let us comment on two further constraints on the RS parameter space. First, we
consider the C P-violating observable e in kaon mixing, which can receive large correc-
tions in the RS model due to a strong chiral enhancement of the four-quark operator
Q4 = (dgsr)(dpsg), after performing the RG running from Mgk down to the kaon
mass. When we impose the constraint that the RS prediction for ex lies in the 20 re-
gion of the SM prediction we find that roughly 15% (1%) of the black (green) points
in Figure 5.7 survive. The fraction of allowed points decreases with smaller values of

coefficients discussed in this thesis. Furthermore, A%.*" and AAY%.®" are plagued by large hadronic
uncertainties, such that the RS parameter space cannot be constrained by those observables.

12This experimental result is the average value obtained by the Heavy Flavor Averaging Group (HFAG)
in 2014. The first error is statistical, and the second one is systematic. Experimentally, there are two
approaches to measure Br(B — X7). While in the semi-inclusive approach one considers a sum of
exclusive decay modes, in the fully-inclusive approach one measures the emitted photon but does not
reconstruct Xs.

131t is reported in [1259] that the future Belle II experiment has the potential to reduce the 1o uncer-
tainty on Br(B — Xsv) from 13% of Belle in 2006 to 7% (6%) for a luminosity of 5ab™! (50 ab™!). This
will increase the potential to discover the impact of KK states on the decay B — Xsv.
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Figure 5.7: Left is shown the branching ratio of the radiative decay B — X, as a function
of the first KK gluon mass M ). The right plot shows the time-dependent C'P asymmetry
Sk+~ with respect to Br(B — X v). In both plots the light gray and blue bands show
the 20 experimental error margins while the area between the horizontal dashed lines
contains the SM prediction with 20 uncertainty. The vertical dashed line in the left plot
shows the lower bound on M e obtained from a tree-level analysis of the Peskin-Takeuchi
parameters. All black (green) points represent possible RS scenarios with ¢, = 3(0.5). In
case of the right plot the lightest KK gluon mass is fixed to M,u) = 10 TeV.

Ys, since the RS corrections to ex are approximately proportional to 1/y2. Still, the
shape of the distribution of points is not strongly affected, since ex is uncorrelated with
the observables discussed in this paper. Secondly, we can discuss the impact of Higgs
physics, where the strongest bounds arise from the signal rates of the Higgs decaying
into pairs of electroweak gauge bosons. Details have been given in Section 4l Com-
paring with LHC data we find the condition M ) > 11.3 TeV x (y«/3) at 95% CL, see
(E154). Applying this bound to the RS points with M ) = 10TeV would exclude the
black points (y. = 3) but still allow for the green points (y. = 0.5).

Time-dependent C P asymmetry in B— K*%y

In the SM, the left-chiral structure of the weak interactions makes the emitted photon
mainly left-handed in b decays (b — s7z) and right-handed in b decays (b — 5yg). The
reason for the helicity suppression of right-handed (left-handed) photons in b (b) decays
is that those decays require a chirality-flip on the external s-quark line, which implies
that the chirality-flipped Wilson coefficient C’%VI is mg/my suppressed with respect to
C’%\/I However, in new-physics scenarios like the RS model there can be chirality flips on
internal fermion lines of a penguin diagram, such that the amplitude for a right-handed
(left-handed) photon in b (b) decays is no longer suppressed by m./my,.
Experimentally, the photon helicity can be accessed indirectly by measuring the

time-dependent C' P asymmetry in exclusive Bg — K*0~ decays, which is defined b

(t) = K*%) -T'(B
(t) — K*99) +T(B

(t) = K*y)
()= K)

0
g = Sk=ysin(Ampt) — Cg+y cos(Ampt). (5.58)
d

Here, Sk+, and Ck+, indicate the mixing-induced and direct C'P violation, and Amp
denotes the mass difference between the heavier and the lighter neutral B-meson mass
eigenstates. The mesons K*¥ and K*0 can be observed via their decay into the C'P

4We are interested in the C'P ‘asymmetries that follow from the interference of mixing and decay,
which requires that both BY and BY decay to the same exclusive final state K*°v, and that the photons
produced in BY — K*%y and B% — K*°y must be a mixture of left- and right-handed helicities.
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eigenstate ngo, where Kg is the short-lived neutral Kaon. The helicity suppression
can be measured by S+, which to leading order is given by [260, 261]

2
T Cory (1) 2+ |Gy (10 12

SK*'y Im e_i(bl 077(/1(,) 077(/%)] . (559)

This observable is sensitive to the chirality-flipped Wilson coefficient C~'77 (14p)- The angle
¢1 is one of the three angles of the unitarity triangle diagram, and is defined via ¢ =
arg(—ViaVi;/(VeaV3)). This phase appears in the description of B — BY mixing and
has been measured in BY — J/1 Kg’L decays to be sin¢; = 0.682 + 0.019 [256]. Due
to the occurrence of C7, (1) in the numerator of (5.59), the SM prediction for Sk« is
suppressed by the ratio mg/m; and reads SSl\fw = (-23+1.6)% [262] The current
experimental value S;?fy = (—16 £ 22)% [256] still suffers from large uncertainties[1

The right plot of Figure 5. 7lshows the asymmetry Sk, with respect to the branching
ratio Br(B — X,v) by the black (green) points for y, = 3(0.5) and M1y = 10TeV.
Gray and blue bands denote the experimental values with the experimental 20 error
margins for Sk+, and Br(B — X,v), respectively. Compared with the SM prediction
the RS corrections can be significant due to the sensitivity of Sk« on the imaginary
part of CN'M(,ub), which can receive large corrections in the RS model. On the other
hand, the corrections are not significant when compared with the experimental result
due to the large uncertainty. The RS model with y, = 0.5 is completely compatible
with the experimental measurements. Requiring, in case of y, = 3, that at least 10%
of the RS points lie within the experimental 20 regions of S+, and Br(B — Xy7), we
can derive the lower bound M g = 3.8 TeV at 95% CL. Again, this constraint cannot
compete with the lower bound obtained from a tree-level analysis of the Peskin-Takeuchi
parameters. However, according to [259] the future Belle II experiment can reduce the
experimental 1o error from 0.32 of Belle in 2006 to 0.10 (0.03) at an integrated luminosity
of 5ab™! (50 ab™1). This significant reduction of the error margins has the potential to
find possible deviations from the SM prediction or to cut strongly into the RS parameter
space.

5 A naive estimation for Sk, in the SM is given by the formula Si«~ &2 —2(ms/my)sin(241) [263].
'6The experimental value is the HFAG average of the BaBar [264] and Belle [265] results for the decay
into the vector-meson resonance K *°(892), which has a mass of 892 MeV.






Conclusions

We have presented a comprehensive study of the Higgs-boson production and decay pro-
cesses and the flavor-changing neutral current b — s+ in models with one warped extra
dimension. All models considered in this work allow the gauge bosons and fermions to
propagate into the bulk of the fifth dimension, while the Higgs sector is being localized
on or near the infra-red brane. These so-called Randall-Sundrum models are well mo-
tivated, since they provide a geometrical solution for the gauge-hierarchy problem, the
flavor puzzle and the smallness of flavor-changing neutral current processes. In case of
our study of the Higgs-boson processes we have extended the results from the minimal
to the custodial RS model. The latter version is less constrained by a tree-level analysis
of the Peskin-Takeuchi parameters, i.e. the lower bound on the lightest KK gluon Inas
is reduced at 95% CL from M,a) > 11.3TeV in the minimal model to M a) > 4.9 TeV
in the model with custodial protection. However, both bounds already exclude the di-
rect detection of heavy Kaluza-Klein resonances at current collider experiments. As a
consequence this thesis has focused on the indirect search for hints of a warped extra di-
mension, especially via loop-induced processes, where possible new Kaluza-Klein states
in the loops can lead to sizeable deviations from the SM expectations.

At the technical level we have performed the calculation of Feynman amplitudes in
the 5D framework. Using 5D Feynman rules we have derived exact expressions for the
amplitudes of the loop-induced processes of Higgs production via gluon fusion gg —
h, Higgs decay into two photons h — <7y and the electromagnetic dipole transition
b — s7v in terms of integrals over fermion and gauge-boson 5D propagators. The use
of 5D propagators avoids the notion of infinite KK sums and has allowed us to obtain
closed analytic expressions valid to all orders in an expansion of v? /MI%K, where Mgk
sets the mass scale for the lightest of the new KK resonances. We have calculated the
boson and fermion propagators in a warped 5D space-time where we have worked in
the mixed momentum-position representation. For the first time we have derived the
W-boson 5D propagator in the custodial RS model valid for arbitrary values of the four-
momentum. Furthermore, we have derived the fermion 5D propagator by retaining the
full dependence on the Yukawa matrices, and by regularizing the profile of the Higgs vev
by a square box of width n and height 1/n with n < v|Y,|/Mkk.

The main conceptual result of this thesis has been to show that the amplitude of the
fermion triangle diagram, contributing to the processes gg — h and h — v, does not
smoothly interpolate between a Higgs-boson localized on and near the IR brane. Our
analysis has led to a classification of different versions of the RS model according to
the parametric relation of the characteristic width n of the Higgs-boson profile with
respect to the two ratios v|Yy|/Mkk and v|Yy|/Arey, where Atey is the value of the
inherent UV cutoff near the IR brane. We have defined the brane-localized Higgs sce-
nario for n < v|Yy|/Atev, and the narrow bulk-Higgs scenario by v|Yy|/Arey < n <

17We have used the convention to quote bounds on the mass of the first KK gluon resonance which is
directly connected to the KK scale via the relation M a) = 2.45 Mkxk.
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v|Yy|/Mkk. When one tries to interpolate between both scenarios one enters a transition
region with 7 ~ v|Yy|/Artey, in which the contributions from certain higher-dimensional
operators involving additional derivatives in the RS Lagrangian become unsuppressed,
so that the effective field theory approach breaks down. Our 5D analysis has shown that
the dominant new-physics contributions arise from KK states with masses of order of
several times Mxkgk, while in the narrow bulk-Higgs scenario there is another equally im-
portant contribution from states with masses of order v/n, which can resolve the “bulky
nature” of the Higgs boson.

In case of the effective Higgs coupling to two gluons (hgg) we have shown that to
good approximation the RS corrections scale proportional to F y2uv? /MI%K, where 1/,
sets the upper bound for the entries of the anarchic 5D Yukawa matrices such that
|(Yyud)ij| < yx. The negative (positive) sign in the brane-localized (narrow bulk-) Higgs
scenario leads to a suppressed (enhanced) effective hgg coupling with respect to the
SM prediction. Furthermore, we have addressed the question of the numerical impact
of power-suppressed |<I>|2(GZV)2 operators, which contribute to the hgg coupling at tree-
level. We have shown that, irrespective of whether the Higgs sector is localized on the IR
brane or lives in the bulk, one expects power corrections of similar size. We have argued
that the resulting power corrections are likely to be numerically smaller than the RS loop
effects. In case of the effective Higgs coupling to two photons (hvy7y) we have concentrated
our analysis on the diagrams with bosonic fields propagating in the loops. We have shown
that the relevant diagrams, calculated in the general R¢ gauge, add up to a gauge-
invariant result. Working in unitary gauge, we have derived an exact expression for the
h~v coupling in terms of an integral over the W-boson 5D propagator and the Higgs-
boson profile. In contrast to the fermion triangle diagram, we have shown that the 5D
loop diagrams with bosonic fields are insensitive to the precise details of the localization
of the scalar sector on or near the IR brane. The tower of KK excitations of the W
boson (including the Nambu-Goldstone fields) leads to a correction that is proportional
to —Lm%/v /MI%K, where L =~ 33.5 denotes the volume of the RS space. In general, when
switching from the minimal to the custodial RS model the contribution of the KK quarks
increases by a factor of 4 (68/5) for the effective hgg (hyvy) couplings, which is due to the
larger KK-fermion multiplicity in the model with custodial protection. We have shown
that the Higgs couplings hgg and hy~y are strongly anti-correlated. Moreover, we have
studied the tree-level Higgs decay h — VV* with the subsequent decay of the off-shell
gauge boson into a pair of fermions. We have also calculated the RS corrections on the
Higgs-strahlung and vector-boson fusion production processes and shown that to very
good approximation they can be accounted for by the corrections to the on-shell A V'V
coupling. This analysis has included the effects of virtual KK gauge bosons, which have
been shown to be subleading (in L) with respect to the contributions stemming from
the modified hV'V couplings.

In the phenomenological section we have compared the RS predictions for the tree-
level ¢y, cz, ¢, cp, ¢ and loop-induced effective c‘;ﬁ, cgﬁ Higgs couplings with fit results
obtained from current experimental data of the LHC. The fit value for the Higgs cou-
pling to top quarks ¢; = 1.42J_r8:%§ [219] imposes a strong constraint on M) since the RS
corrections for ¢; are always predicted to be reduced with respect to the SM value. As a
consequence KK gluon masses are excluded in the range of M ) < 12TeV x (y«/3) in the
minimal and M ) < 18 TeV X (y./3) in the custodial RS model at 99% CL. In order to
elucidate the potential of future measurements at high-luminosity proton and lepton col-
liders we have compared the predicted new-physics effects on the relevant couplings with
the sensitivities that can be reached at the LHC with /s = 14 TeV and an integrated
luminosity of 300fb~!, and at the ILC with /s = 1TeV and an integrated luminosity



of 1000 fb~!. At the ILC in particular, one will be able to probe KK gluon masses in the
range over several tens of TeV from an analysis of the loop-induced Higgs couplings to
gluons and photons. The analysis of the Higgs coupling to W bosons at the ILC will have
an expected sensitivity to KK gluon masses of 11 TeV (16 TeV) in the minimal (custo-
dial) RS model, which is independent of the realization of the Yukawa sector and hence
the value of the parameter y,. Apart from the Higgs couplings we have also compared the
modifications of the signal rates of the processes pp — h — bb, 777, WW*, ZZ*, ~v
with the latest data from the LHC. The strongest exclusion bounds originate from the
Higgs decay rates into pairs of electroweak gauge bosons. In the minimal model we can
exclude at 95% CL KK gluon masses lighter than 11.3 TeV x (y,/3) in the brane-Higgs
case and 7.3 TeV x (y,/3) in the narrow bulk-Higgs scenario. Those bounds increase in
the custodial model to 22.2 TeV x (y,/3) in the brane-Higgs case and 15.0 TeV x (y./3)
in the narrow bulk-Higgs scenario. We observe that the bounds on M g(» in the mini-
mal (custodial) RS model are weaker (complementary or stronger) than those from the
electroweak precision observables and rare flavor-changing processes. Thus, we find that
while the implementation of the custodial symmetry can tame the tree-level effects on
the Peskin-Takeuchi T" parameter the bounds from Higgs physics undermine this original
advantage. In general, our analysis has shown that Higgs physics provides very sensitive
probes of virtual effects from heavy KK excitations. Consequently, improved precision
measurements of the Higgs-boson couplings to SM particles in the future will provide
a powerful tool to either find hints for the existence of a warped extra dimension or to
exclude large portions of the RS parameter space.

At last, we have investigated the loop-induced electro- and chromomagnetic (quark)
dipole coefficients C7, g, and C~’7%8g for the b — sy and b — sg transitions in the mini-
mal RS model with a brane-localized Higgs sector. We have derived integral expressions
for all contributions arising at one-loop order using fermion and gauge-boson 5D prop-
agators, where our final results involve one four-momentum and two extra-dimensional
integrations. In addition, we have derived expressions in the KK-decomposed (4D) the-
ory and shown analytically and numerically that the dipole Wilson coefficients coincide
in both pictures, presenting a highly non-trivial cross-check of our calculations. We have
shown that the dominant corrections of heavy KK resonances originate from the W-
boson penguin diagrams. More precisely, when working in Feynman-t Hooft gauge the
dominant corrections stem from the parts of the diagrams which involve the scalar com-
ponent of the 5D gauge-boson field and the charged Nambu-Goldstone bosons from the
Higgs sector. For y, 2 1 the latter contributions dominate and the size of the corrections
to the dipole Wilson coefficients increase proportionally to 2. For the phenomenological
analysis we have renormalization-group evolved the RS corrections of the dipole Wilson
coefficients to the B-meson scale p, = 4.8 GeV, where we have taken into account the
mixing of the chromo- and electromagnetic dipole operators. The mixing effects enhance
the corrections to C7, (i) at the level of 10%. For RS points with M o = 10TeV and
Y« = 3 one can obtain corrections to C7+ (1) and Cgy(p1) in the few percent region with
respect to the SM values. Furthermore, we have shown that the RS corrections C%S (120)
and C’g}s(ub) are linearly correlated. We have investigated the branching ratio of the
inclusive decay B — X v and the time-dependent C'P asymmetry S Ky D B’g — K*0y
decays, which are both sensitive on new-physics corrections to C7. (1) and Cr(y). For
RS points with y, = 0.5, the predictions are in general compatible with the experimen-
tal measurements. In case of y, = 3, we can derive the lower bound M u) > 3.8TeV
if we require that at least 10% of the RS points lie inside the 20 experimental error
margins. However, in contrast to the bounds derived from the analysis of Higgs-boson



production and decay processes hard constraints on the RS parameter space could not
be obtained.



A Summary of Feynman rules

In the following we present the Feynman rules of all vertices that are required for the
calculations in Chapters ] and Bl We consider the minimal RS model and distinguish
between the rules in the 5D framework and the KK-decomposed (4D) theory. The general
convention is that all particle momenta are flowing into the vertices and that amplitudes
are denoted by the symbol A.

5D framework

We begin with the vertices that couple two 5D quarks and one 5D boson. Each vertex
is labelled by the extra-dimensional coordinate ¢ € [e, 1]. The corresponding amplitudes
can be summarized by

igs 97 igs
o V2

q
AL 0459, 30G5a, 0Z50,aW5 '} {Qqe5, 5.5 1%, P5IL. &} [VBi ()P, + Ve (t)PR] 7
cw V2 5 5

At — \_/—% 5t~ 1) [MY P+ MY TP, (A1)

GAL, GaGCqn, GZuq, GV E Q'
A{q w4 da “qb 1“ne:q Mq} = {ZQqe57 Zg85tab7 } PBJ

where MY = YO Py + Y Pot, Qu = 2/3, Qu = —1/3 and ¢! = T§ — Qus%. In
the first two lines of (Al the subscript B of Ppg, VB:t and VB:l: must be replaced by
the corresponding bosonic label B = A, G, Z, W on the left 51del The projector P;;
for 4,7 = 1,2 is a 2 X 2 matrix with zero entries except for the ij-component, which
equals 1. Furthermore, the structures Pp are given by Py = Pg = 1ax9, Py = P4 and
P; = P, + g%/g! P_ with Py = diag(1,0), P_ = diag(0,1) and g% = —Q,s2%. The
electromagnetic, SU(2);, and strong 5D gauge-boson couplings are denoted by es, g5
and gs 5. The weak mixing angle is defined via c2, = cos? 6, = g2 /(g2 + g¥*) where g} is
the hypercharge 5D gauge coupling. The ¢-dependent functions in (A.I]) are given by

€
VA5 (t) = Z 1ax2, VA5 (t) = _VAs (t)7 (AQ)
el oM? .
Vi () = - | P + —me%: St — 1) MYT ] Vi (8) = Ve (O] i, pey
1% _ [y Mo 1) a7 4 — v
Ws (t) - Z w + m (t - ) du | Ws (t) - Wy (t)‘M;/J%—Mfd’
el oM? -
Vit = & [Pr+ (1= D) 2 0 ) ], V0= Vil

The superscripts of B;E are only relevant for B = W and can be ignored otherwise.
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184 Appendix A. Summary of Feynman rules

where Vi, (t) = V. (), Vg.(t) = Va,(t) and M;fq, = Y;C Py — Yq‘?TPgl. The Nambu-
Goldstone boson contributions from the Higgs sector are contained in the IR brane-
localized terms, where we implement the regularized J-function given in (L5S)]).

We continue with the Feynman rules for the triple gauge-boson vertices. We assume
that some of the attached fields are photon and gluon zero modes, which are denoted
by A© and GO belowE The corresponding amplitudes are then given by

+ (0) F o2l
AVEWAS@WTE) — ies ST (g = p)y + 13y (p — K)o+ 1k = s

Lt
(0) 2m M +
AWE AL WF _ 65 Tay % [ath 48t — 1)] t% 7
wx A‘(XO) wFk) _ . 27 MI%K 62
AWs (?) 5 (k) —j:(p—/-c)azeg)f[l—l—Lm%vén(t—l) =

(0) 2m 1
AG8(P) Goalq) Gre(k) — Js5 fabe T7 [77046((] = P)y T 18y(P — k)a + 1yalk — @)g|
(0) . 2r Mgk Gg €
AGg,b Ga)a Gse iG55 N fabc - at 5 t_2 :
(0) 21 €2
AG5.6(P) Goa Gs,e(k) — 9s5 [ (p — k) T & (A.3)

where the incoming four-momenta p, g, k are only shown if they are necessary for the
corresponding Feynman rule. The superscript of the t-derivatives indicates the field it
should act on.

KK-decomposed (4D) theory

Working in the 4D framework, the amplitudes for the vertices coupling two quarks and
one boson can be summarized by

_ 70 G . G ) . . 9591, 195 7 ¥
ATAu4,0aGLa, 4Zpa,aWiEd' — {que5, i9s.5t5p, - L ﬁ} H [Vﬁnk P+ Vrfnk PR] ,
w

\27r

q
7 G < = = ot 1 ~
AL 8044, Qa9 a: 3929, 3P d't — {Qq€5, o5t 9591 95 VPE P 4+ V5 PR} :

ab> Co ’ \/E}\/% [ nmk

AT = i [(G]) i Pr + (9])ui Pr] (A4)

where n,m and k are the KK-mode numbers of the incoming anti-quarks, bosons and
quarks. The label B on the right side must be replaced by the corresponding bosonic

label on the left side. The vector and scalar overlap integrals for the neutral gauge bosons
are given by (B = A,G, Z)

1
Vit =Var [ andi0 0 (0P 0P W), Vi = Viliulion. (A.5)

/ ! —kt o Xﬁ t n k -
Vson?k = 277/ dt ti() Q%)T(t) VB5 (t) Qs:)(t)’ AR VHDBk|L<_>R, V35_>f135 )

n mpg nmk nm.

2This assumption simplifies the Feynman rules and is also sufficient for the calculation of the processes
considered in this thesis.
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where the various functions Vp,, Vi, are defined in (A2). In case of the W boson we
find the following overlap integrals

/ k + +
nmk - /dt Xm Z/{L i ( ) PW DE’, )(t)7 Vnmk nvglk |z,{<_>D7 Vnmk nvglk ‘LHR’

Vit =2 / t —} U O Vi D@, VI = Vi v v
Wm 5 5
—kt[d) .
Vi = V2 / dt —tx’“( Lo vy, ouie, (A.6)

We can simplify the scalar overlap integrals by performing a partial ¢-integration noting
that boundary terms at ¢ = ¢, 1 vanish, since we work with the regularised d-function
(L58]). We can apply the equation of motions for the quark profiles such that the terms

+
with the d-functions cancel. For instance, in case of the integral Vf& we can use that

mdk

My, n n
Ui () Py D (1) — gt 0 P D ()

Mgk Mxk (A7)
— 08"t — DUy My D (t)

o, U™ (1) P, D(L’“(t)] _

where the last term in (A7) cancels the d-function appearing in VW5+ (t). Repeating the
steps for the remaining cases we find

m B Mg L Mg,
Vo= Vo — — VR, Vi = R Vi, (B=A4,G,2)
nmk nmk nmk > nmk nmk nmk > 5
yew _ M e M g gty M g My
nmk mw,, nm mw,, nmk > nmk mw,, nm mw,, nmk
ow = Dy Tue g g T g T A8
nmk my,, nmk my,, nmk > nmk mw,, nmk mw,, nmk » ( . )

where all scalar overlap integrals can be expressed in terms of the vector overlap integrals.
Concerning the Higgs-boson couplings to quarks in (A4]) the overlap integrals are given

1
<gz>nk=% / dt&(t —1) QP MY QW (M), (G = [9Dka] - (A9)

In the brane-localized Higgs scenario with YC YS we can perform the t-integration
analytically and find

<gz>nk=%Q<ﬁ”<r>P o TR0, (A.10)

where X, = Q(YquT)lm and Y, = (tanh X,/X,)Y,
Next, we present selected Higgs-boson couplings to KK modes of the W boson and
the photon. They read

WEM pFE  2im?
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which are all non-diagonal in the KK-mode numbers.
Now, we consider important triple and quartic gauge-boson vertices. The correspond-
ing amplitudes are given by
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Due to the presence of photon (or gluon) zero-modes all vertices conserve the KK-mode
number.

Finally, we present the relevant couplings involving ghost fields of the W boson,
which are required for the calculation of the h — v+ decay amplitude. They read

)
+(n) (k)
e hep —¢ ZmTW 2mx (1) xi (1),
£(n), | 4(0) F(k) ies A
Aw (p) Ay ‘w o = $\/2—W DPa 5nk )

where £ is the gauge-fixing parameter and cﬁ,(n) is the n'" KK-mode of the W-boson

ghost.



B Loop functions

In the KK-decomposed (4D) theory the dipole Wilson coefficients in (5.37)) involve the
loop functions I3 4(z) and Is_11(x). They can be defined by the integral representations

m2, (1 > 1 3k2, k3 1
I3(xy,) = —(— +m%1/ dkE m[ 1 E Oy, + —EﬁkE} 7) :
E
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Iy (™) = - +m / dkp [5]% % ]jé gE}m (B.1)

where 2} = mg/mz Note that the loop functions I3 46,7(x) and Ig_1;(x) have different
arguments. The equations in (B.]) can be used to rewrite the dipole Wilson coefficients
in the 5D framework, given by (5.8), (5.24]) and (5.33)), in terms of the corresponding
expressions in the KK-decomposed theory in (5.37). Performing the momentum integrals
in (B.) the loop functions explicitly read
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_ 4 — 49z + 78x2 — 4323 + 10z* — 18z Inx
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My own contribution

In the following, I clarify which parts of my thesis are based on results that have been
published in our four publications [A-D] (listed on the next page). Furthermore, I explain
which results have been worked out by myself and are therefore my own contributions.

Chapter 1 serves as an introduction into the subject of my thesis. Therefore, the
presented material is not based on my own work. The only exception is Section [[.4.5]
which discusses the Higgs-sector localization in RS models, and which includes results
that I have derived in [D].

Chapter 2 introduces different RS models. Sections 211 and 4] discuss the
minimal and custodial RS models, where the presented material is mainly based on
[132, 149]. Section [Z3] which presents the extension of the minimal RS model to a
bulk-Higgs sector, is based on my own work published in [D]. Section explains the
procedure to generate RS points, which is based on an updated and modified version
of the algorithm first used in [132]. The last paragraph calculates the Peskin-Takeuchi
parameters and is based on an updated analysis of |[164].

Chapter 3 is dedicated to the warped 5D propagators. Sections[3.1] and derive the
bosonic 5D propagators. These propagators have already been obtained earlier in the
literature, but I have derived them in the so-called t-notation. The only exception is the
W-boson 5D propagator in the custodial RS model, which I have derived for the first
time in an exact form valid for arbitrary four-momentum. This result has been published
in [C]. Section B3] includes a comprehensive derivation of the fermion 5D propagator in
the minimal and custodial RS models, while keeping the full dependence on the Yukawa
interactions, and by working with three family generations. This section has been partly
published in [A] and [D]. There exists only one earlier work [200], which has calculated
the fermion 5D propagator in the minimal RS model for a brane-localized Higgs sector,
and which has also kept the dependence on the Yukawa couplings. However, I have
performed the derivation by regularizing the vacuum expectation value by a square box
of width 7 and height 1/n with n < v|Y;|/Mkk, which has allowed me to obtain exact
results in both the brane-localized and narrow bulk-Higgs scenarios. In addition, I have
extended the results to the custodial RS model. Section B4l discusses the ultra-violet
behavior of the fermion and gauge-boson 5D propagators in the minimal RS model,
which has been published in [A].

Chapter 4 discusses Higgs physics in a warped extra dimension. Section ATl deals with
the process gg — h, where I have worked out the ideas of M. Neubert and performed
all the calculations. This section is based on [D]. By working in the 5D framework,
I have shown that the Feynman amplitude for the fermion triangle diagram does not
smoothly interpolate between the brane- and narrow bulk-Higgs scenarios. Furthermore,
I have shown that the disagreement of the results for the KK-tower contribution to
the gg — h amplitude, between [149] and [209], can be resolved, once it is realized
that the calculations had been performed in two different implementations of the Higgs
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sector. Section analyzes the process h — v in the RS model and is based on [C]. I
have performed all the calculations and analyses presented in this section, except for
showing the R¢ gauge invariance of the h — 7y amplitude in the RS model, which has
been done first by J. Hahn. Section 3] discusses the tree-level Higgs production and
decay processes, which I have worked out by myself and which have been published
in [B]. Section 4] includes the phenomenological implications, which are based on an
updated and extended analysis of the one published in [B]. All numerical calculations
and plots have been performed and created by myself, using Mathematica [186].

Chapter 5 includes a comprehensive investigation of the b — sv transition in the
minimal RS model, and by working in the 5D framework. This chapter is entirely based
on [A], written mainly by myself. There are only two other works, [246] and [251],
which have performed comprehensive calculations of the b — s+ transition in the 5D
framework. However, in contrast to both works I have obtained integral expressions that
are formally valid to all orders in v? /]\4%K Furthermore, I have shown that my results
from the 5D calculation coincide analytically and numerically with the corresponding
expressions in the KK-decomposed theory. Concerning the results in the KK-decomposed
theory, I have benefited from earlier calculations performed by C. Schmell, which are
contained in his doctoral thesis [247]. All numerical calculations, especially extensive
have been the evaluation of the integral expressions for the dipole Wilson coefficients
and the determination of the KK masses up to the fifth KK level, have been performed
by myself, using Mathematica [186].

Appendix A includes the Feynman rules in the RS model, which I have derived in
order to calculate all the amplitudes that are relevant for my thesis. They have been
partly published in [A-D]. Appendix B contains the necessary loop functions for the
b — sv transition in the KK-decomposed theory, which have been published in [A].
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Dipole Coefficients in b — sy Transitions, JHEP 04, 042 (2016), arXiv:1509.02539

[hep-ph] .

[B] R. Malm, M. Neubert, C. Schmell, Higgs Couplings and Phenomenology in a
Warped Extra Dimension, JHEP 02, 008 (2015), arXiv:1408.4456 [hep-ph].
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