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This thesis is on loop-induced processes in theories with warped extra dimensions where
the fermions and gauge bosons are allowed to propagate in the bulk, while the Higgs
sector is localized on or near the infra-red brane. These so-called Randall-Sundrum (RS)
models have the potential to simultaneously explain the hierarchy problem and address
the question of what causes the large hierarchies in the fermion sector of the Standard
Model (SM). The Kaluza-Klein (KK) excitations of the bulk fields can significantly affect
the loop-level processes considered in this thesis and, hence, could indirectly indicate
the existence of warped extra dimensions.

The analytical part of this thesis deals with the detailed calculation of three loop-induced
processes in the RS models in question: the Higgs production process via gluon fusion,
the Higgs decay into two photons, and the flavor-changing neutral current b — s7.
A comprehensive, five-dimensional (5D) analysis will show that the amplitudes of the
Higgs processes can be expressed in terms of integrals over 5D propagators with the
Higgs-boson profile along the extra dimension, which can be used for arbitrary models
with a compact extra dimension. To this end, both the boson and fermion propagators
in a warped 5D background, valid to all orders in the expansion in v? /MIQ<K7 are derived.
It will be shown that the seemingly contradictory results for the gluon fusion amplitude
in the literature can be traced back to two distinguishable, not smoothly-connected
incarnations of the RS model.

The investigation of the b — s transition is performed in the KK decomposed theory.
It will be argued that summing up the entire KK tower leads to a finite result, which
can be well approximated by a closed, analytical expression.

In the phenomenological part of this thesis, the analytic results of all relevant Higgs
couplings in the RS models in question are compared with current and in particular
future sensitivities of the Large Hadron Collider (LHC) and the planned International
Linear Collider. The latest LHC Higgs data is then used to exclude significant portions of
the parameter space of each RS scenario. The analysis will demonstrate that especially
the loop-induced Higgs couplings are sensitive to KK particles of the custodial RS model
with masses in the multi tera-electronvolt range.

Finally, the effect of the RS model on three flavor observables associated with the b — sy
transition are examined. In particular, we study the branching ratio of the inclusive
decay B — X7, the time-dependent CP asymmetry Sk~ in the decay B — K*v, and
the photon polarization parameter in the decay B — Kiv. It will be shown that the
latter two processes are especially sensitive to the RS corrections considered in this work,
which could be probed at future precision experiments.



Zusammenfassung

Gegenstand dieser Arbeit ist die Behandlung Schleifen-induzierter Prozesse in Theorien
mit gekriimmten Extradimensionen. Diese sogenannten Randall-Sundrum (RS)-Mo-
delle sind besonders attraktive Erweiterungen des Standardmodells (SM), da sie sowohl
flir das Hierarchieproblem im Eichsektor als auch fiir die Hierarchien im Flavorsektor
Erkldrungen liefern konnen. Die Arbeit fokussiert sich auf RS-Modelle mit Fermionen
und Bosonen im Bulk und einem Higgs-Sektor auf bzw. nahe der Infrarot-Brane. Die
Kaluza-Klein (KK)-Anregungen der Bulkfelder kénnen signifikant zu den in dieser Ar-
beit behandelten Schleifen-induzierten Prozessen beitragen und daher indirekt auf die
Existenz von gekriimmten Extradimensionen schlieflen lassen.

Der analytische Teil dieser Arbeit befasst sich mit der detaillierten Berechnung von
drei Schleifen-induzierten Prozessen in o.g. RS-Modellen: dem Higgs-Produktionsprozess
iiber Gluonfusion, dem Higgszerfall in zwei Photonen und dem Flavor dndernden neu-
tralen Strom b — s7. Eine ausfiihrliche, fiinfdimensionale (5D) Analyse wird zeigen, dass
die Amplituden der Higgsprozesse als Integrale iiber 5D Propagatoren mit dem Higgs-
profil entlang der kompakten Extradimension ausgedriickt werden kénnen. Zu diesem
Zweck werden die 5D Boson- und Fermionpropagatoren in einem gekriimmten 5D Hinter-
grund hergeleitet, wobei der Fermionpropagator erstmals mit der exakten Abhéngigkeit
von den Yukawa-Matrizen und der vollen drei-Generationen-Flavorstruktur berechnet
wird. Ein wichtiges Ergebnis dieser Arbeit ist, dass die sich widersprechenden Resultate
in der Literatur durch zwei sich unterscheidende, nicht stetig ineinander iiberfiihrbare
Versionen des RS-Modells erklart werden kénnen.

Der b — sy Ubergang enthélt zwei unendliche KK-Summen und wird deshalb gesondert
behandelt. Es wird argumentiert, dass die Summation iiber alle KK-Moden zu einem
endlichen Ergebnis fiihrt, fiir das ein approximativer Ausdruck hergeleitet wird.

Im phénomenologischen Teil der Arbeit werden die Voraussagen fiir alle wichtigen Higgs-
kopplungen sowohl mit den gegenwértigen als auch den zukiinftigen Sensitivitdten des
Large Hadron Collider (LHC) und dem geplanten International Linear Collider ver-
glichen. Die neuesten Higgs-Daten des LHC werden dazu verwendet um signifikante
Regionen des Parameterraums jedes RS-Szenarios auszuschlieflen. Die Analyse wird
zeigen, dass die Higgskopplungen sensitiv auf KK-Teilchen sind, deren Massen bis in
den multi-Teraelektronenvolt-Bereich reichen.

Abschlielend werden die Auswirkungen des RS-Modells auf drei auf b — s basierenden
Flavor-Observablen untersucht. Speziell wird auf das Verzweigungsverhaltnis des inklu-
siven Zerfalls B — Xy, die zeitabhiéngige CP-Asymmetrie S+, im Zerfall B — K*v
und auf die Polarisation des Photons im Zerfall B — K7 eingegangen. Es wird gezeigt,
dass die letzteren beiden Prozesse sensitiv auf die in der Arbeit gefundenen RS Korrek-
turen sind, was durch zukiinftige, sehr genaue Messungen einen Hinweis auf die Existenz
von gekriimmten Extradimensionen geben konnte.
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Preface

In the field of particle physics, almost all phenomena can be explained by the Standard
Model (SM) of Elementary Particle Physics. During the past decades it has passed
numerous precision tests up to energies in the tera-electronvolt (TeV) range and after
the discovery of the last missing particle, the Higgs boson, at the Large Hadron Collider
(LHC) in summer 2012, its predicted particle content has been verified. Nevertheless,
there are still some unanswered questions and unexplained phenomena that the SM does
not address. For this reason, it cannot be regarded as the ultimate theory of nature and
must be replaced by a more fundamental theory at some high energy scale. The SM
would then emerge as a low-energy limit of this ultra-violet (UV) completion. The situ-
ation is analogous to the familiar case of classical mechanics, which must be modified to
incorporate Einstein’s theory of relativity in order to explain e.g. the precession of the
perihelion of Mercury to high precision.

Among numerous possible extensions of the SM, models with warped extra dimen-
sions provide a promising alternative to more popular models of new physics, such as
supersymmetry. These so-called Randall-Sundrum (RS) models can address the gauge
hierarchy problem and, moreover, give an explanation for the hierarchical structure in
the SM quark masses and mixing angles. A clear indication for models with warped
extra dimensions would be the direct detection via production of several very massive
copies of the known SM particles with equidistant mass differences, the so-called Kaluza-
Klein (KK) modes. However, as of today, the LHC has not detected any KK excitations
yet and electroweak precision measurements indicate that they could be out of reach
of the LHC. One is therefore urged to consider the indirect detection of new particles
via verification of deviations from the SM predictions for certain observables, such as
decay rates, branching ratios, charge-parity (CP) asymmetries, etc. The main focus of
the thesis at hand is on whether one could probe models with warped extra dimensions
via precise measurements of observables in the Higgs and the flavor sector, which are
loop-suppressed in the SM and therefore allow for significant effects from the infinitely
many KK excitations.

This thesis is structured as follows: In the first chapter, both the success and the
shortcomings of the SM, the currently most accurate theory in particle physics, are re-
called. Some of the most popular extensions of the SM are introduced, where special
attention is given to their possible explanations for the hierarchy problem and the flavor
structure of the SM.

Chapter 2 then introduces the versions of the RS model which this thesis focuses on.
It will be distinguished between the minimal RS model, based on the SM gauge group,
and the custodial RS model, based on an enlarged bulk symmetry, as well as models
with a brane-localized and (narrow) bulk-Higgs sector. It will be explained in detail how
RS models can generate the hierarchies in the quark sector before examining their com-
patibility with available electroweak precision data. We will show that the minimal RS
model is disfavored, while the RS model with custodial protection remains consistent.

ix



X Preface

In order to investigate loop-level processes in an elegant way, both the warped five-
dimensional (5D) boson and fermion propagators in the mixed momentum-position rep-
resentation, which implicitly sum over the entire tower of KK excitations, will be calcu-
lated in Chapter 3. Closed expressions for the gauge-boson propagator in the minimal
and custodial RS model will be derived, which are valid to all orders in the expansion in
v? /MI%K For the first time, we will calculate the 5D fermion propagator with the exact
dependence on the Yukawa matrices and the full three-generation flavor structure, which
will be an important tool for future loop-level calculations in theories with a warped ex-
tra dimension.

Chapters 4 and 5 form the core of this thesis. The first part of Chapter 4 deals
with the detailed calculation of loop-induced processes in the Higgs sector, namely the
Higgs production process via gluon fusion and the Higgs decay into two photons, in both
the minimal and the custodial RS model. A detailed 5D analysis will show that both
amplitudes can be expressed in terms of integrals over the 5D propagator including the
contributions of the SM quarks and the full dependence on the Higgs-boson mass. These
expressions can be used for arbitrary models with a compact extra dimension as long
as one succeeds in deriving the respective 5D propagators. Using the explicit results for
the 5D propagators, we will show that in the case of the fermion contribution to the
loop-induced Higgs processes, the seemingly contradictory results in the literature can
be traced back to the fact that a scalar sector localized on the IR brane cannot be con-
sidered as a limit of a more and more localized bulk field. The second part of Chapter 4
discusses the flavor-changing neutral current b — s, which, as opposed to the Higgs
processes, involves two infinite towers of KK modes, and thus demands for a different
treatment. We will investigate the gauge-invariance of the gauge-boson contributions
in the effective four-dimensional (4D) decomposed theory and argue that summing up
the entire tower of KK modes leads to a finite result, which can be approximated by a
simple analytic expression valid at leading order in the expansion in v? /]\JI%K

Phenomenological implications of the results derived in the Chapter 4 will be dis-
cussed in Chapter 5. In order to compare the predictions with experimental data, the
results for all flavor-diagonal Higgs couplings in the RS models in question are summa-
rized and compared with future sensitivities of the LHC and the planned International
Linear Collider (ILC). Moreover, the cross sections for Higgs production via Higgs-
strahlung and vector-boson fusion, as well as the decay rates of the Higgs boson into
pairs of electroweak gauge bosons, are calculated. Subsequently, the RS predictions on
the signal rates of the most important Higgs processes pp — h — bb, 7777, WWW*,
Z27*, vy will be checked for compatibility with the latest LHC Higgs data. We will
deduce bounds on the relevant parameters of the RS models from all processes. Finally,
we will investigate the RS corrections to three flavor observables associated with the
b — s7 transition, namely the branching ratio of the inclusive decay B — X,v, the
time-dependent CP asymmetry Sg=«, in the decay B — K*y, and the photon polar-
ization parameter )\, in the decay B — Kjv. The latter two in particular turn out to
receive significant corrections and could in fact allow for a discovery of warped extra
dimensions to be made at future precision experiments.

The main results of this thesis will be summarized in a final section giving our outlook
and conclusions.



Chapter 1

The Standard Model, Known
Shortcomings, and Possible
Extensions

This chapter is meant to explain the quite vague statements at the beginning of the
preface in more detail.! A short review of the SM will be given in Section 1.1, before we
discuss its shortcomings and the need for physics beyond the SM (BSM) in Section 1.2.
A special focus will be put on two hierarchy problems. Possible extensions of the SM are
then presented in Section 1.3, which deals with models based on the ordinary Minkowski
space-time, and Section 1.4, which focuses on models with extra dimensions.

1.1 The Standard Model of Elementary Particle Physics

The SM has been established as the most accurate theory in particle physics to date. It
combines three of the four fundamental forces of nature and can, in principle, be valid
up to the Planck scale Mp; = /hc/G ~ 1.2209 x 10'° GeV, where gravity becomes
strong and cannot be disregarded any more.? The rise of the SM dates back to the
development of the Glashow-Weinberg-Salam theory [6-8] in the 1960s, which combined
the weak and electromagnetic force. The strong interactions including the discovery of
asymptotic freedom were then supplemented in the 1970s [9-12]. Further remarkable
events in the history of the SM were, amongst others, the detection of several predicted
particles like the Z boson [13], the third-generation quarks [14-16] and, last but not
least, the Higgs boson [17, 18]. It would go beyond the scope of this thesis to list all
of the achieved milestones, but it should be stressed that the SM has been tested at
the quantum level and succeeded in explaining a wide variety of experimental results.
Therefore, it is worthwhile to briefly recapitulate the structure of the SM.3

1Tt is assumed that the reader is familiar with the concepts of quantum field (and gauge) theories as
well as renormalization-group (RG) evolution. Recommendable introductions to these subjects can be
found in e.g. [1-3] and [4, 5], respectively.

2Here, c is the speed of light in a vacuum, % is the reduced Planck constant, and G is the gravitational
constant. From now on, natural units ¢ = & = 1 will be used in this thesis.

3More detailed reviews of the SM can be found e.g. in [1, 19].
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fermions, spin-1/2 | bosons, spin-1 | boson, spin-0
Y
colorless Ve Vu Vr Z h
e T Wt
u c t
colorful d s b g

TABLE 1.1: Particle content of the SM. Shown are the mass eigenstates after the
electroweak symmetry is broken. The fermion masses increase from left to right.

There is a strong experimental evidence that the SM gauge group is
Gsm = SU3)e x SU2), x U1y, (1.1)

and the associated gauge bosons are the gluons (the mediators of the strong SU(3).
interactions) and W123 and B bosons (the mediators of the electroweak SU(2) xU(1)y
interactions). The above gauge symmetry together with the requirements of Poincaré
invariance, unitarity, causality, stability, and renormalizibility (proven by ’t Hooft and
Veltman [20]) completely determines the SM Lagrangian, which can be summarized as

Lsm = Lierm + L6, w,B + LHiges + Lyukawa + LaF + LFp - (1.2)

As the individual terms essentially have the same structure as the Lagrangian focused
on in Section 2.2, where we will consider the SM in an enlarged space-time with an
additional spatial dimension, it will be refrained from going into too much detail here.
Nevertheless, we shall briefly discuss what will subsequently be important.

The particle content of the SM is shown in Table 1.1, which distinguishes between
fermions (spin-1/2 particles) and bosons (Higgs boson, spin-0; gauge bosons, spin-1).4
The fermions can be split into two classes, the colorful quarks and the colorless leptons,
meaning that the former (latter) couple to the strong-interaction sector of the SM.
Moreover, the fermions are grouped into three generations which share the same quantum
numbers, but differ in their masses. Table 1.1 has to be regarded as qualitative in the
sense that it does not distinguish between the left-handed and right-handed components
of the 4D Dirac fermions, which can be obtained with the help of the projection operators
Prr = (1 Fv5)/2. In fact, the SM is a chiral theory, i.e. the particles of different
handedness, or chirality, transform differently under the SM gauge group Ggn. While
the left-handed fermions f; = Ppf transform as a doublet under SU(2)y,,

_ (uL _ [ VeL
the right-handed ones fr = Prf are SU(2)[, singlets

ur, dr, eR. (1.4)

The right-handed neutrino transforms as a singlet under the entire SM gauge group and
is hence not included in the Lagrangian. This discussion makes it easy to understand

4The particles depicted here are the mass eigenstates, see below.
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the structure of the term L. It contains the kinetic terms for all fermion fields,

Lierm = Z‘I’Zﬂ)‘l’, Ve {Qr,ur,dr,Lr,€er}, (1.5)
)

where ) = v#D,,. The covariant derivative D,, (of a fermion field in the fundamental
representation) is given by®

a 7
Dy, = 8 — igs Gy 5 —ig W), % —ig'B,Y | (1.6)
where g5, g, and ¢’ are the coupling constants of the SU(3)., SU(2)r, and U(1)y sub-
groups, respectively, and the associated generators are given by the Gell-Mann matrices
t* (a = 1,2,...,8), the Pauli matrices o° (i = 1,2,3), and Y. Note that the fields
U =V; (j =1,2,3) are 3-vectors in generation space. The fact that there is more than
one generation in the SM allows for different bases of quark eigenstates.® The kinetic
terms in Lgm are usually written in a basis, where the covariant derivative is diagonal.
This basis is called interaction basis and is not the basis which determines the propaga-
tion of the fields, i.e. the mass basis, see below.
Similarly, the term Lg w p represents the kinetic terms of the gauge bosons Gy, Wﬁ,
and B,

1 1., . 1
Logwp = —1 G G — 1 W, WHi — 1 B,, B" | (1.7)
where the field strength tensors of the gauge fields written in the interaction basis read
Go, = 0.G% — 0,G + g5 £ G}, G5, a,be=1,2,...,8,
Wi, =0, W) — 0,W}, + ge?* Wi W}, i,j.k=1,2,3, (1.8)

By, = 8,B, — 8,B,,.

The tensors f%¢ and €7% are the structure constants of the two non-abelian subgroups.
The gauge-fixing and the Faddeev-Popov ghost Lagrangians, Lgr and Lgp, are crucial
for a proper implementation of the gauge sector and will not be relevant for the further
discussion in this section.

So far, no mass terms for the fermions and gauge bosons have been included. Indeed,
they are forbidden by the gauge principle. For this reason, one introduces a scalar
SU(2)1, doublet @, the famous Higgs field, whose most general Lagrangian is given by

Liggs = (Du‘l’)T (DFe) -V (®), (1.9)
where the potential can be written as
2
V(®) = — 200 + A <<I>T<I>) . (1.10)

Assuming the dimensionful parameter to be positive (u? > 0), the scalar field acquires
a non-trivial vacuum expectation value (vev) (®) = v > 0, which in turn breaks the
electroweak symmetry via the symmetry breaking pattern SU(2)r, x U(1)y — U(1)em.

SIf not stated otherwise, the sum over double indices is implicit.

5 Assuming that neutrinos are massless, there is no such distinction in the lepton sector. However, as
verified by the neutrino oscillation experiments, see e.g. [21], there are at least two massive neutrinos,
so that a similar discussion also holds for the leptons. We will, however, focus on the quark sector, since
the class of models this thesis is based on can explain the mixing in the quark sector, see Chapter 2.
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This electroweak symmetry breaking (EWSB) gives masses to the matter and gauge
fields. To see this, we expand the Higgs doublet around this minimum via

_ L —iV2et(a)
(z) = V2 <v + h(z) + z'<p3(m)> ’ (1.11)

where the scalars ™ and > represent the three Goldstone bosons associated with the
symmetry breaking in question. They can be identified with the longitudinal degrees of
freedom of the massive W and Z bosons. The scalar h denotes the physical Higgs boson,
which is necessary to unitarize WW scattering.” It is now not difficult to comprehend
that the kinetic term of the Higgs |DM<I>\2 gives rise to masses to the gauge bosons.
The physical Higgs boson h also acquires a mass after EWSB. The radiative corrections
to this mass are the origin of the gauge hierarchy problem, which will be discussed
extensively in the next subsection. The fermion masses are generated by means of the
Yukawa interactions

EYukawa = *QL(I)YddR — QL‘i)YuuR — EL@YSBR + h.c. s (1.12)

where ® = io? ' and the quantities Y’ ¢ (f =wu,d, e) represent the non-diagonal, com-
plex 3 x 3 Yukawa matrices in the interactions basis. In order to end up in the physical
basis of propagating mass eigenstates shown in Table 1.1, we diagonalize these terms by
bi-unitary transformations

V2

and analogously for the down-type quarks and the charged leptons. The mass eigenstates
can then be obtained after the rotations f;"** = UTf fr and fR® = W} fr. Since the
matrices U and W are unitary, all interactions in the lepton sector and all neutral-
current interactions in the quarks sector, i.e. the couplings to the neutral gauge bosons
g,7, Z , are not affected by this rotation. The quark couplings to the W bosons, however,
become

Y., = U, diag(my, me, my) WL, (1.13)

Lwey = % uL YW, Vekmdr +hee., (1.14)

where the matrix

Vexu = ULU, (1.15)

is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [23, 24]. We see that, while flavor
mixing is not possible in neutral currents (at tree level), it is possible in the charged
electroweak interactions.

The structure of the SM Lagrangian, in particular the gauge-boson couplings to fermions
and the mixing in the flavor sector have been verified convincingly. Any deviation from
the SM would have been seen by the precise measurements performed at the Large
Electron Positron Collider (LEP) at CERN. The experimental results for the electroweak
precision (pseudo) observables [25] are summarized in Figure 1.1,% which shows the
deviations of the measurements from the SM predictions in standard deviations, the
so-called pull. We see that all observables are compatible with the SM. Only the decay
rate of the process Z — bb normalized to the full hadronic decay rate, Rg = I‘%’ / F%ad,

"In fact, the physical Higgs particle k is not required for the generation of the gauge boson masses,
which could also be implemented by means of a general non-linear sigma model, as explained in e.g. [22].

81t is assumed that the reader is familiar with the list of electroweak precision (pseudo) observables
shown in Figure 1.1. A detailed explanation for each observable is provided e.g. in [26].
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M, 0.0

My, \ 1.2

Mw i 0.2

M, | 0.2

Iz | 0.1

Orag 1.7
Riep 11
A% -0.8

A (LEP) 0.2
A (SLD) : -1.9
sin*05(Q_) -0.7
A, 0.0

Ay | 0.6

Ags - 0.9
A2 2.5
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FIGURE 1.1: List of electroweak precision observables published by the GFitter group
after the discovery of the Higgs boson [27]. A definition of all observables can be found
in [26]. Shown are the deviations of the measurements from the SM predictions in
standard deviations.

and the forward-backward asymmetry of the same decay, A%bB, deviate by more than
two 20 from the SM prediction. Both of them are sensitive to vertex corrections. Since
the remaining observables agree within 20 with the SM, the electroweak gauge-boson
propagators should only get corrections, defined (in the W-boson case) via

—i Pubv
— = 1.16
Ty (”*“’ P ) ’ (1.16)

that do not spoil the SM prediction too much. Peskin and Takeuchi developed a way to
parametrize possible deviations from the gauge-boson propagators by the three oblique
parameters [28, 29]

4 2 2 2 2
5 =200 [0+ 2=, 0) - 12, 0)]
ww
1
T = — [HWW(O) - cfu z7(0) — 2¢ySw z,(0) — 3121; HW(O)} , (1.17)
Wy
42

U = =22 [y (0) = ¢ 105(0) — 250 Ty, (0) — 5311, (0)]
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where s, = sinf, = ¢'/\/g%>+ ¢"? and ¢, = cosb, = g/\/g%+ g% are the sine and
cosine of the Weinberg angle 6,,, respectively, and o = e? /47 denotes the fine-structure
constant. The parameters are defined in such a way that they describe the shifts relative
to the SM values, hence S =T = U = 0 in the SM by construction. The best fit to
the experimental input values after the discovery of the Higgs leads to [27] (assuming
U =0)*

Sexp = 0.05 4 0.09, B (1.00 0.91> 7 (1.18)

Texp = 0.08 £ 0.07, ~\0.91 1.00

in which p denotes the correlation matrix. We see that the past and current measure-
ments verify the SM convincingly. Consequentially and importantly for the rest of this
chapter, the electroweak precision measurements put severe constraints on UV comple-
tions of the SM. The question now arises why one expects the LHC to find particles
that do not belong to the particle content of the SM. This is the subject of the next
subsection.

1.2 Problems of the Standard Model and the Need for
New Physics

There are several indications that the SM cannot be valid to arbitrary high energy scales.
Discussing all of them would go beyond the scope of this thesis, but some chosen problems
should be mentioned to motivate the search for BSM physics. On the one hand, there
is experimental evidence based on some unexplained observations, which makes the SM
fall short of being a complete theory of fundamental interactions. Especially phenomena
in cosmology require new physics (NP): The SM neither incorporates the full theory
of gravitation as described by Einstein’s general relativity (GR), nor does it give an
explanation for the accelerating expansion of the universe (as possibly described by dark
energy, see [30] for a review), nor does it provide any viable dark matter (DM) candidate
[31] that is compatible with all current cosmological observations. Furthermore, the CP
violating phases in the CKM matrix do not provide enough CP violation for a baryon
asymmetry which in turn is crucial for baryogenesis.!® Finally, in order to correctly
describe the neutrino oscillations [21], which are a consequence of finite masses of at
least two neutrino flavors, one may need to introduce an additional neutrino which is
not incorporated in the SM. These observations alone justify the point of view that the
SM cannot be a theory that is valid up to arbitrary high scales. On the other hand, it
is also desirable from the theoretical standpoint to have physics beyond the SM. The
stability bound of the Higgs potential, for example, indicates that the vacuum could
only be metastable [33], and the unification of the strong and electroweak interactions
is only almost accomplished in the SM. Furthermore, there are even more fundamental
questions, such as: Why are there three fermion generations? What drives the mass
term in the Higgs potential negative?

Due to all these open questions, the SM cannot be considered as a consistent theory
up to arbitrary high energies, although its feature of being renormalizable would indicate
that. It rather has to be seen as an effective field theory (EFT) valid up to a certain

9We assume U = 0, since Randall-Sundrum models do not contribute to the U parameter, as we will
see in Chapter 2. For U = 0, the experimental values for the S and T parameters are slightly larger [27].

19Although the SM is principally able to fulfill the necessary Sakharov criteria [32] (C violation,
CP violation, baryon-number non-conservation, and interactions out of thermal equilibrium), the CP
violation on the SM is orders of magnitude too small to account for the observed baryon asymmetry.
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energy scale Ayy, where it is replaced by a UV completion, i.e. a more fundamental
theory. As a consequence of this, the SM Lagrangian can be written as part of an
effective Lagrangian

(5)  £6)
Lot = co Ay + g2 A2y @10 — N(@TD)2 + £3) 4 W £ £

gange  Lmatter T+ Az +..., (1.19)

. . 4) . . .
where ¢y, cp2, and A are dimensionless constants, Eéa)uge includes the gauge interactions

as well as the gauge-fixing and Faddeev-Popov ghost Lagrangian, while Jise)

matter
prises the fermion kinetic terms as well as the Yukawa interactions. The superscripts
of the operators denote their mass dimensions and the ellipses stand for operators of
dimension 7 or higher.!! These operators are suppressed for low-energy processes by
(E/Auyv)"™, where E is the typical energy scale of the process, and are therefore called
irrelevant operators of the EFT. Dimension-four operators are marginal, while the ones
with dimension three or lower are referred to as relevant. Indeed, the (cosmological)
constant and the Higgs mass term are relevant in the sense that they are sensitive to
the UV cutoff scale of the theory, and the latter gives rise to the gauge hierarchy prob-
lem. We will encounter another hierarchy problem when dwelling on the flavor sector
of the SM. Both the gauge and the flavor (hierarchy) problem shall be discussed in the
following, since the theory that this thesis is based on can tackle both of them, as we
will see in Subsection 1.4.4 and particularly in Chapter 2.

com-

The Gauge Hierarchy Problem

The gauge hierarchy problem is often stated as the problem of the huge radiative correc-
tions to the bare Higgs mass, where the integration over the loop-momentum is bounded
from above by a hard-momentum cutoff A:

f

h h 2 3>\3£ 2 2 A 2
_»_Q>—- = (5mh = @ —A +6mflog mif —me .

Sometimes, it is then argued that this quadratic dependence on A is only an artifact of
using the hard-momentum regularization, while in dimensional regularization the loop
integral would only be logarithmically sensitive to the loop-momentum cutoff. However,
this argument is due to a lack of the understanding of the (Wilsonian) renormalization
group (RG), which shall be explained in the following.!? Let us consider the general
action built of local interactions O; in d dimensions [36]

Sz/ddegiOiz/ddeAngi, (1.20)

where ¢; = A% % g; with the characteristic scale of the system A is the dimensionless
O(1) coupling, called Wilson coefficient, and ¢; is the mass dimension of the operator

" Operators of mass dimension 1 and 3 are not gauge-invariant and thus do not appear in (1.19). The
only gauge-invariant dimension-five operator is given by 1/Auyv (Lr ®)T A (L ®), which gives (after
EWSB) a Majorana mass term for the left-handed neutrinos m, ~ v*/Ayy. This term could arise from
a UV completion of the SM via the see-saw mechanism, for a review see [34].

12 This discussion is based on Tan Low’s lecture at the TASI summer school 2013 [35].
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O;. Using dimensional analysis, we can now estimate the contribution from a given
operator O; in a scattering process at the energy scale E as (E/ A)ai_d. In the case of
the Higgs boson, where Og2 = ®® and 9p2 = — 2, this means that if the cutoff scale
is A = Mpianck ~ 1012 GeV and the energy E ~ 100 GeV, the natural size of the Higgs
mass term will then be

(109 GeV)?

/.L2 ~ Cp2 X

where we have assumed a typical scale of the low-energy theory of 100 GeV (i.e. the
electroweak scale) on the right-hand side. That is, to arrive at a light mass for the Higgs
boson, the value for the dimensionless coupling at the cutoff scale has to be extremely
tiny, cg2 ~ (10717)2. This is the hierarchy or fine-tuning problem of the Higgs mass and
is regarded as unnatural. In this context, it is worthwhile to recapitulate the concept
of naturalness. The strongest naturalness criterion is Dirac’s naturalness condition that
all dimensionless coefficients are of order one and the dimensionful parameters are of
the same order of magnitude [37, 38]. A weaker criterion is given by 't Hooft saying
that small parameters are natural if setting a small parameter to zero enhances the
symmetry of the theory [39]. Technical naturalness is yet a weaker requirement. It does
not require all parameters to be of the same order, it only implies that none of the
parameters receive radiative corrections that significantly exceed its magnitude. We see
that the coefficient of the Higgs mass operator is not even technically natural and calls
for an explanation around the TeV scale.!> At this point, it should be mentioned that
we would arrive at the same conclusion if we considered the aforementioned one-loop
corrections to the bare Higgs mass. In the case of dimensional regularization, the bare
Higgs mass is quadratically dependent on the mass my of the heavy fermions running
in the loop. These particles are assumed to have masses of order of the cutoff scale A,
so the fine-tuning problem also appears in this regularization procedure (although the
dependence on the loop-momentum cutoff is logarithmically divergent).

So far this has just been dimensional analysis. A more precise prediction on how the
couplings depend on (“run” with) the energy is given by the RG equation

d

m Cop2 (p2) = [ — 2+ g2 (gz)] Cp2 (pQ), (1.22)

which includes all loop-induced effects to the couplings. The anomalous dimensions
~vo2(g;) may depend on all couplings, which run and in turn depend on logp. In the
vicinity of a fixed point (84, = dgi/dlogp = 0), however, the couplings {g;} become
constant {g/} and the solution for the RG equation is given by

277@2 (g:)
A) . (1.23)

canls?) = ()

p

Provided that vg2(g) < 1, the parameters cg2 at different energy scales are related
to each other quadratically. The hierarchy problem can now be formulated in terms of
criticality. Figure 1.2 shows the phase diagram of EWSB [41]. In order to arrive at a

13Even more severe is the problem of the cosmological constant, which is indirectly measured at
(1072 GeV)*/A* [40]. Thus, either the UV completion sets in at the meV scale or a fine-tuning of
hundreds of orders of magnitude is necessary if one assumes A = Mp,. Since the cosmological constant
is not directly relevant for the physics of the SM, this problem will, however, be ignored and we will
focus on solving the fine-tuning problem of the Higgs sector in the following.
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FIGURE 1.2: Phase diagram of electroweak symmetry breaking [35, 41].

Higgs vev around the electroweak scale (cg2(v?) ~ O(1)), we have to sit extremely close
to the critical line, where cg2(A2) = 0. There are three possible explanations for that:

1. The critical line is a locus of enhanced symmetry, which essentially forces us to
sit on top of the critical line. There are only two known possibilities of such
symmetries. The first one is a bosonic symmetry, namely a (spontaenously) broken
global symmetry. Just like the pion, the Higgs could be a composite Pseudo
Nambu-Goldstone boson (PNGB) of a strongly-coupled sector.'* The second one is
a fermionic symmetry, i.e. supersymmetry. We will come back to both possibilities
in the subsequent section.

2. The anomalous dimension is not v2(g}) < 1, but yg2(g;) ~ O(1). This leads
to a very slow running of the mass parameter and implies that there should be
an approximate conformal invariance [43, 44]. In this scenario, since the running
is slow, we do not need to sit close to the critical line to obtain a Higgs mass of
126 GeV.

3. The third possibility is to accept fine-tuning, which is not completely absent in
EFTs. An example can be found in the effective description of the nucleon-nucleon
scattering below the pion threshold, which is basically described by contact inter-
action terms between the nucleons [45]. The cutoff of this effective theory should
be around the pion mass m, =~ 140 MeV or in some cases around the QCD scale
Ayv = 1 GeV. It turns out, however, that the inverse s-channel scattering length
of protons and neutrons is measured to be 1/as ~ 10 MeV, implying a fine-tuning
of at least 1%. In this case, the UV completion is known, but as of today, there is
no explanation for this hierarchy of scales, except for the theory being fine-tuned.

Although the third possibility cannot be disregarded completely, there are good reasons
to believe that naturalness wants to tell us that something is around the corner, i.e. that
some NP sets in around the TeV scale. Indeed, there are two examples in particle
physics, where naturalness could have been used to successfully predict the existence of
new particles:

“The Higgs could also be the fifth component of a 5D gauge field. However, by the AdS/CFT
correspondence [42] this scenario is the dual description of a composite PNGB Higgs, see e.g. [22].
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The first one deals with the self-energy of the electron, which is proportional to the
inverse radius of the electron radius, 7. < 107'¥m,!® and should give the electron a
mass of around me ~ e/re ~ 100 GeV. This is much larger than the measured electron
mass of 0.511 MeV. The resolution is to introduce the positron, i.e. a new particle with
the same mass but opposite electric charge [48]. The creation of an eTe™ pair out of
the vacuum at the distance scale of the Bohr radius r. cancels the infinite self-energy of
the electron. The cancellation of every electron in the universe is guaranteed by a new
symmetry called chiral symmetry. In this case, naturalness could have predicted both
new degrees of freedom and a new symmetry principle to cancel the linear divergence
in the electron mass, ending up with an only log-divergent mass dme ~ melog A/me,
which is controlled by the symmetry breaking parameter m, (note that for me — 0 the
chiral symmetry is restored). Hence, the critical line is a locus of enhanced symmetry
and a large cutoff is possible without much fine-tuning.

The second example is the discovery of the already-mentioned spin-0 (pseudo) scalar
mesons, the pions, in low-energy QCD. Their masses of m, &~ 140 MeV are only natural
if new degrees of freedom exist at or below the scale Apew ~ 4mm,; ~ 1GeV. As it
turned out, the p mesons have masses of around m, ~ 750 MeV and the QCD scale is
Aqcp ~ 1GeV, where the chiral symmetry in the light quark sector gets spontaneously
broken. As a result, the pions are PNGBs of this broken symmetry and are thus much
lighter than m, and Aqcp. This will be dwelled on in Section 1.3.2, where we will discuss
the possibility of the Higgs being a PNGB of a spontaneously broken global symmetry.

The scalar nature of the Higgs boson in the SM causes a completely analogous problem.
Interactions of the Higgs with the massive gauge bosons, top quarks, and itself create a
self-energy that is quadratically sensitive to the UV cutoff scale. In order to explain the
naturalness of the light Higgs mass, new particles or new symmetries are required at the
TeV scale, which is one of the reasons why the LHC was built. It should be emphasized
that this is an important difference to other problems of the SM, which could be cured
by NP setting in much above the TeV scale.'®

The Flavor (Hierarchy) Problem

The downside of New Physics at the TeV scale is that it would immediately cause some
trouble with flavor observables. As we have seen in Section 1.1, the fermion couplings
to the neutral gauge bosons are flavor diagonal at tree level, so that flavor-changing
neutral currents (FCNCs) are loop-suppressed in the SM. As a matter of fact, they are
additionally suppressed due to the Glashow-Iliopoulos-Maiani (GIM) mechanism [49],
which essentially states that in the case of equal quark masses the unitarity of the CKM
matrix enforces FCNCs to vanish, even at loop-level.!” Higher-dimensional operators,
such as the last terms in (1.19), can, however, lead to tree-level FCNCs and thus to large
modifications of the SM predictions for rare meson decays or neutral meson mixing, for
example. Since no deviations have been detected so far, the current measurements

15The upper bound on the size of the electron can be deduced by the measurements of its anomalous
magnetic moment [46, 47].

There is also another hint on new physics at the TeV scale, the so-called WIMP miracle. In a
nutshell, it states that a weakly-interacting massive particle (WIMP) with a mass of around the TeV
scale could be responsible for the correct abundance of dark matter in the universe today.

"This can be traced back to the fact that all SM interactions are invariant under a full U(3)® flavor
symmetry, which is only broken by the Yukawa couplings.
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set lower limits on the NP physics scale Ayy. The strongest bounds'® come from the
K K% mixing resulting in a lower bound of

Auy > 10* — 10° TeV . (1.24)

Thus, although a model could have a good solution for the gauge hierarchy problem, the
bounds from FCNCs immediately pushes the scale at which it is realized to much higher
energy scales. Consequentially, a viable model addressing the hierarchy problem must at
least explain why the Wilson coefficients shown in (1.20) are sufficiently small not to be
in conflict with the data. Ideally, the same mechanism should explain why the Yukawa
couplings have a hierarchical structure, which is put in by hand in the SM. Although
the Yukawa matrices cannot be measured, since many parameters are not physical, they
give rise to the large hierarchies in the quark masses and the CKM matrix. Concretely,
the mass ratios read [50]

My : Me 2 My = 1 : 500 : 100000, mg:mg:my ~1:20:1000), (1.25)

and the CKM mixing matrix (1.26) can be written in the Wolfenstein parametrization
as

1-¥ A AN(p— i)
Veokm = -\ — ’\72 AN? , (1.26)
AN(1 — p—ing) —AN? 1

where the parameters are given by

p—in = s
’ VaVen

C

(1.27)

‘Vus ‘ 1 ‘/cb
A= A=_1-2
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/ ’ A
‘Vud|2 + |Vu8|2

While A, p, and 77 are O(1) numbers, the parameter A ~ 0.23 is small. The Wolfen-
stein parametrization explicitly shows the diagonal-dominant, hierarchical structure of
the CKM matrix, which is not explained within the SM. While this is - just like the
gauge hierarchy problem - no problem from the phenomenological point of view, it is
unsatisfactory to have no explanation for these hierarchies in the fermion sector.

In the rest of this chapter, I want to present some of the current theories that address
at least one of the two hierarchy problems in question. While explaining each of these
BSM scenarios in detail would go beyond the scope of this thesis, it is worthwhile to
give a short overview on the idea and the set-up of the most popular theories. We will
also point out their compatibility with the electroweak precision tests, in particular the
S and T parameters, and show some typical signals at the LHC.

1.3 New Physics Models beyond Extra Dimensions

We begin our discussion of some of the currently most popular NP models based on the
ordinary Minkowski space-time with the unambiguous extension of the Poincaré group
before we will then turn to the possibility of the Higgs to be a composite state. While
these models mainly address the gauge hierarchy problem, we will also discuss a model
whose main objective is to explain the hierarchies in the flavor sector.

18We will concentrate on the quark sector from now on, although flavor violation is even more phe-
nomenologically constrained in the lepton sector [50].
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1.3.1 Supersymmetry

The most popular way to reduce the large corrections to the Higgs mass is given by su-
persymmetry (SUSY).' Its origin can be traced back to the famous theorem of Coleman
and Mandula, which basically states that under certain assumptions - such as analyticity
and non-triviality of the S-matrix as well as the presence of a mass gap - the most gen-
eral symmetry of the S-matrix in a local quantum fields theory is a direct product of the
Poincaré group and an internal symmetry group [53].2° However, this theorem included
a loophole, which was pointed out by Haag, Lopuszanski, and Sohnius [55]: Coleman
and Mandula implicitly assumed that the symmetry generators had to be bosonic, which
was sufficient for the immediate purposes but missed the possibility of supersymmetry,
the only possible extension of the Poincaré group.

In a nutshell, supersymmetry assigns each bosonic degree of freedom a fermionic
one and vice versa. In the lowest SUSY, there is only a minimal number of fermions
and bosons in a multiplet, the so-called supermultiplet. In particular, in the minimal
version of the supersymmetric extension of the SM, the minimal supersymmetric SM
(MSSM) [56], there is exactly one SUSY partner for each SM degree of freedom, which
has been shown in Table 1.1: The fermionic partners of the SM gauge bosons are Ma-
jorana fermions and are called gauginos, whereas the partners of the chiral SM Weyl
fermions fr, g are complex scalars called sfermions fL7 R, e.g. stops tr and {1, or staus 7g
and 77. Note that the subscripts R and L do not denote the chirality of the scalars, but
rather refer to the chirality of the corresponding SM Weyl fermions. In contrast to the
gauge bosons and fermions, the Higgs sector has to be enlarged already in the MSSM.
This is for two reasons: Firstly, a second Higgs doublet is necessary for a gauge-invariant
Yukawa term for the up-type quarks and secondly, it is crucial to cancel anomalies from
the Higgsinos. Consequentially, the MSSM includes two Higgs doublets (with opposite
hypercharges) having four degrees of freedom each, where three of them are eaten by the
gauge bosons and represent their longitudinal degrees of freedom. This in turn means
that there are five physical degrees of freedom left over. Two of them are charged (H7),
one is a pseudoscalar (A), and two of them are scalars (h, H), where the lighter one
can be identified with the 126 GeV resonance detected at the LHC. The superpartners
of the scalar Higgses are called Higgsinos.

The supersymmetric origin of the theory ensures that the quantum corrections to
the Higgs boson mass vanish (if SUSY is exactly realized). To see this, we consider the
contribution of the top quark with mass m; and Yukawa coupling y;, whose contribution
to the Higgs mass reads

t

h h 32 A
_,__Q,__ = Amiliop = 877:2 [—Az + 6m? log <mt> — 2mf] .

On the other hand, the contribution of its scalar superpartners, the stops, is found to
be

Thorough discussions of the theory of supersymmetry can be found e.g. in [51, 52].
20This paper played an important role at that time, since it could rule out a class of ideas in which
the spin and flavor group were unified in SU(6) [54].
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The condition that the coupling constants are related, A\? = —A;, is required by SUSY.
Thus, after adding up the two contributions, all quadratical divergences vanish and only
the logarithmical divergencies remain. If SUSY is exactly realized, then also the particle
masses are the same, Mtg = m? and there are no divergencies in the limit v — 0. In
fact, since SUSY is a symmetry of the quantum theory, all masses are not renormalized
at any order in perturbation theory [57]. Another nice feature of the MSSM is that
the running of the gauge couplings will lead to a gauge-coupling unification at scale
Agut = 106 GeV. This can be a strong hint of a grand unified theory (GUT), where
the three gauge interactions at low energies emerge from a single gauge group at Agur.
Furthermore, the MSSM provides a viable candidate for dark matter. Since SUSY does
not forbid terms giving rise to baryon- and lepton-number violating tree-level processes,
such as proton decay, one has to introduce the so-called R-parity [58]. Essentially, this
symmetry forbids Feynman vertices which include only one superpartner. As a nice
outcome of this rather ad-hoc imposed discrete symmetry is that the lightest supersym-
metric particle (LSP) is stable and thus represents a perfect DM candidate.?! Despite
these appealing features, the MSSM has several issues:

SUSY has to be broken in nature, since otherwise the sparticles, which have the same
masses as their SM partners, would have already been detected experimentally. It turns
out that it is not possible to incorporate SUSY breaking with only the MSSM content
due to the supertrace theorem [62]. More generally, this theorem rules out the possi-
bility of constructing simple models in which supersymmetry breaking is communicated
to ordinary supermultiplets by tree-level renormalizable couplings. For this reason one
needs a hidden sector, in which SUSY gets broken by the vev (F) of the SUSY breaking
field F at a scale A, and some kind of messenger sector, which communicates the SUSY
breaking to the MSSM. In the spirit of effective field theory, one includes all gauge
and Lorentz invariant SUSY breaking terms, which are essentially bilinear and trilin-
ear terms, built out of the sparticle fields, with dimensionful couplings. These (mass)
couplings are usually given by

meysy ~ <i> ) (1.29)
and should be in the TeV range in order to avoid another gauge hierarchy problem.
While the MSSM without the SUSY breaking terms has as many parameters as the SM,
the soft SUSY-breaking terms introduce 105 masses, phases, and mixing angles in the
MSSM Lagrangian that cannot be rotated away by redefining the phases and flavor basis
for the quark and lepton supermultiplets and consequentially have no counterpart in the
ordinary SM. Thus, in principle, supersymmetry breaking (as opposed to supersymmetry
itself) appears to introduce a tremendous arbitrariness in the Lagrangian. Assuming the
new parameters to be generic O(1) numbers to circumvent fine-tuning, these terms lead
to too large contributions to FCNCs and one has to assume the SUSY breaking terms
to be flavor diagonal. However, there is no reason, except for the phenomenological one,

2IThere are, however, less restrictive solutions, e.g. imposing lepton-baryon number conservation as a
global symmetry [59] or minimal flavor violation [60, 61].
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FIGURE 1.3: Typical decay chain in supersymmetric theories shown in [81]. The
squarks (sleptons) are denoted by ¢ ([) while 1\71,2 denote the neutralinos, i.e. the mass
eigenstates of mixing of the neutral gauginos and Higgsinos. The neutralino Ny is the
stable LSP and gives rise to missing energy in the detectors.

why this strong constraint should be imposed. Especially in models where the SUSY
breaking is mediated by gravity, so-called gravity-mediated SUSY breaking or mSUGRA
models [63-68], the requirement of flavor diagonality has only a phenomenological, but
no theoretical foundation. Gauge-mediated SUSY-breaking models, on the other hand,
could explain this, since the SUSY-breaking is mediated by the flavor-diagonal gauge
interactions [69-75], see [76] for a nice review. It should be mentioned that despite
the above disadvantages of the SUSY-breaking terms, they imply another interesting
feature: If the SUSY breaking scale is large enough, RG running can turn the Higgs mass
parameter negative, triggering EWSB. This is known as radiative symmetry breaking
[77].

Another problem is the so-called p problem of supersymmetric theories. The only
term in the MSSM superpotential that has a positive mass dimension is the p-term.
The determination of the minimum of the Higgs potential and demanding for a non-
zero vev that triggers EWSB imply constraints on the p-parameter to be in the order
of the SUSY-breaking scale. However, there is no reason the p-parameter should be
assumed to be in that range right from the beginning. If there is no further explanation,
it should rather be at the order of the UV cutoff of the MSSM, just like the SM Higgs
mass parameter. This would cause another hierarchy problem and SUSY would not have
brought noticeable improvement. However, since the mass parameters in SUSY theories
do not renormalize, the situation is much better than in the SM. The mass parameter
would be technically natural according to the discussion below (1.21). Nevertheless, it
is an open question of what sets the scale for the u parameter of the MSSM.

Finally, the first run of LHC has not detected any light SUSY partners yet, although
the light Higgs mass would require that. Typical SUSY searches look for jets (and
leptons) plus missing energy, where the missing energy stems from the LSP, which stands
at the end of a chain of subsequent decays of supersymmetric particles. Figure 1.3 shows
an example for such a decay chain. Assuming the SUSY partners to be approximately
degenerate, the current measurements push the lower bound on squark and slepton
masses to the several hundred GeV (depending on the specific scenario) [78, 79], i.e. right
below the TeV scale, where NP should appear in order not to reintroduce a hierarchy
problem. Therefore, today’s point of view about SUSY is such that Higgsinos, stops,
and the gluino should not be too far above the weak scale, while the rest of the SUSY
spectrum, including the squarks of the first two generations, can be heavier and beyond
the current LHC reach, see e.g. [80]. It will be interesting to observe whether (natural)
SUSY will survive the second run of LHC.
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1.3.2 Composite Higgs Models

In this section, we want to understand how the Higgs can emerge as a (composite) Pseudo
Nambu-Goldstone boson of a strongly-coupled sector. For this purpose, it is crucial to
understand the concept of technicolor theories, which will therefore be introduced first.
In the context of composite models, it is also possible that the SM fermions are partially
composite. This will be touched on in this subsection as well.

Technicolor Theories

Technicolor (TC) theories make use of the fact that, at the scale Aqcp, where the QCD
confinement sets in, the quark condensate (¢q) = (qr.Gr) + (qrGr) gains a non-zero vev
which in turn breaks the electroweak symmetry, even if no SM Higgs scalar was realized
in nature. The electroweak symmetry is broken in the right pattern, since the quark
condensate has the same charges as the SM Higgs doublet. The starting point is the
Lagrangian (1.5), which shows that the kinetic terms for the fermions are invariant under
a global SU(2)y, x SU(2)r x U(1)p transformation.?? This chiral (and baryon-number)
symmetry is broken down to SU(2)y x U(1)p by the quark condensate, giving rise to
three massless Goldstone bosons, according to the Nambu-Goldstone theorem. These
Goldstone bosons can be identified with the well-known pions. Only the SU(2);, xU(1)y
subgroup of the full global symmetry is gauged giving rise to the electroweak symmetry.
As the QCD vacuum breaks the electroweak symmetry, the pions are eaten to give
masses to the electroweak gauge bosons [22]. To see this, one can derive the effects
of the conserved weak currents on the gauge-boson propagators. One finds that for a
pion decay constant fr, SU(2)r coupling constant g, and the Weinberg angle 6,,, the
electroweak gauge bosons would gain masses of [82]

my = % ~28MeV,  my = 2(?0];“% ~ 32 MeV, (1.30)
which are, however, far below the experimentally measured values. Nevertheless, it led
Weinberg [83] and Susskind [84] to propose the first TC models. Being upscaled versions
of QCD, they were based on two flavors of so-called techniquarks, transforming in the
fundamental representation of the TC gauge group Grc = SU(Ntc). The left-handed
(right-handed) components have to transform as a doublet (singlet) under the SU(2),
gauge group in order to form a techniquark condensate that breaks the electroweak
symmetry. The S-function of the new gauge group Grc behaves just like its QCD
analog, with the only difference that the coupling becomes strong at the scale

A —,/ifECA 4 fTC (1.31)
o= NTC fTI' Qeb T ‘

where fT€ is the equivalent of the pion constant, and is required to have a value f1¢ ~ v
in order to give the experimentally measured gauge-boson masses. The advantage of TC
theories, or in general of theories where EWSB is achieved by a strong sector, is that
the hierarchy between the electroweak and the Planck scale is explained by dimensional
transmutation: The scale (1.31) is generated dynamically as the scale at which the TC
coupling gets strong.

22We will concentrate on the simplified case of one generation (i.e. two flavors) here. Moreover, we
will not consider the axial U(1) that is broken by quantum effects, even in the chiral limit.
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FI1GURE 1.4: Visualization of the generation of mass terms in ETC theories. Both TC
and SM quarks couple to the ETC gauge boson Ggrc which is integrated out at the
scale Agrc. The TC quarks then condense at the scale Arc and give rise to the mass
term for the SM quarks.
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However, QCD-like TC models lead to predictions that are in conflict with experimen-
tal data, e.g. too large corrections to the electroweak S parameter. Naive dimensional
analysis (NDA) [85] suggests that contribution from the technifermions gives rise to
S ~ NpcNp/m, where Np denotes the number of technidoublets. This means, even
for minimal TC theories (with Npc, Np small), the contribution is S ~ 1 which is far
above the experimental measured value (1.17). Another shortcoming of TC theories
is that the EWSB is only communicated to the boson, but not to the fermion sector.
For the generation of the latter’s masses, it is necessary to enlarge the gauge group to
Grrc O Gre. Both the SM and TC fermions must transform under the same represen-
tation so that the ETC gauge bosons Ggrc can couple to both of them [86, 87]. These
models are referred to as extended technicolor (ETC) theories. After integrating out
the heavy degrees of freedom at some scale Agrc > Arc, the coupling between the SM
quarks (¢) and techniquarks (Q) is given by

QQ) (qq
L = g A2) ) (1.32)
ETC
where ggrc is the Grrc gauge coupling. Once the TC fermions condense at a lower scale

A1, a mass term is generated for the SM fermions

2 B A 2
igTC @QQ gy  — my~ Arc ( TC ) . (1.33)
ETC

This is depicted in Figure 1.4. In principle, the hierarchies between the three generations
can be generated by a cascade of breakings of the extended symmetry at different scales
A1 > Ay > As. Note that Agrc is set by the requirement that Apc has to be of the
order of the EW scale and if one uses the quark masses as an input (and assuming
geTc ~ O(1)), Agpc should not be too large, since otherwise the heavy quark mass
could not be generated. However, the same exchange of ETC gauge fields leading to
the four-fermion interaction (1.32) also generates operators (gq)%/A% ¢ giving rise to
various FCNC processes. As explained in Section 1.2, the bounds from KK mixing
and rare meson decays, for example, require at least Agpc > 10* TeV. Thus, there is
a tension between avoiding too fast FCNCs and generating large enough quark masses,
especially the mass of the top quark.

This problem can be solved by theories which do not behave like QCD, i.e. where
asymptotic freedom does not arise until a scale much greater than Apc [88-93]. The idea
is that the g-function of the ETC gauge group becomes approximately conformal above
Arc. As already used in (1.23) the corresponding radiative corrections would give rise
to a power-law enhancement factor (Agpc/ATrc)?, where 7y is the anomalous dimension.
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Yang-Mills theories with this behavior are called walking, as the couplings runs slowly
for a large range of scales. Due to these radiative corrections, the corresponding walking
technicolor theories allow for fermion masses

A 2=
mg ~ Arc | 22 : (1.34)
AgTc

which ameliorates the FCNC problem, since now the scale Agrc can be increased. How-
ever, the anomalous dimension is bounded from above by 7 < 1,23 so that one still
requires some amount of fine-tuning to explain the top quark mass. However a more
severe problem with (extended) TC theories is that they are higgsless theories, i.e. their
spectrum does not contain a sharp scalar resonance such as the one discovered at the
LHC. In walking TC theories, there is a candidate that could be narrow and even lighter
than those from TC, but they are still heavier than the boson found at the LHC [94].24
It is therefore reasonable to look for other versions of composite models which include
a light scalar particle in the spectrum.

Composite Higgs

After this short introduction to models with a composite sector, we now turn to the
models combining the idea of a light scalar particle and composite models. In the
eighties, Georgi and Kaplan pointed out that the Higgs boson can be naturally lighter
than other composite resonances if it emerges as a Pseudo Nambu-Goldstone boson
of an enlarged global symmetry of the strong sector [98, 99]. We can understand the
idea with the help of the minimal composite Higgs model [100, 101]. In this model,
the SM fermions and gauge bosons are assumed external fields to a strong sector with
composites resonances and are considered as elementary. The composite sector has a
global symmetry SO(5) x U(1) x, which is dynamically broken down to SO(4) x U(1)x
at an energy scale f. The subgroup SO(4) ~ SU(2)g x SU(2)1, includes the electroweak
gauge group of the SM so that the hypercharge is given by Qy = T}% 4+ Qx. The four
Goldstone bosons that emerge from the breaking SO(5) — SO(4) can be identified with
the four degrees of freedom of the Higgs doublet transforming as a fundamental of SO(4)
or, equivalently, as a complex doublet of SU(2)r. Since the Goldstone modes transform
under gauge transformations as ¢;(z) — ¢i(z)+a(x), where « is the gauge parameter, a
Higgs potential cannot be not generated at tree-level. Loops of SM fermions and gauge
bosons, on the other hand, generate a Higgs potential which breaks the electroweak
gauge group SU(2), x U(1)y C SO(4).%° In this context, the electroweak scale v is
dynamically generated and can be smaller than the scale f, which distinguishes them
from TC theories, where no such separation of scales exists, and which sets the scale of
the heavy resonances of the strong sector.

An important imprint of PNGB models and the generated Higgs potential is that the
Higgs couplings are modified compared to the SM. In the above scenario, one finds [22]

gvvh = GivnV1— &, Gvvhh = Ghas (1 — 26), (1.35)

2*This bound can be derived by an analysis of the Schwinger-Dyson equation, see e.g. [43].

24In walking TC theories, there is a PNGB connected to the breaking of the conformal symmetry, the
so-called dilaton [95], which has the same quantum numbers as the SM Higgs boson, but has significantly
different self-coupling [96, 97].

25In order to arrive at a non-zero Higgs vev, one needs a massive fermion in the loop. In this sense,
the heavy top quark was a blessing for composite Higgs models. See [100] for a detailed discussion.
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where ¢ = v?/f?. Note that for f — oo we recover the SM Higgs couplings, since
the effects of the heavy resonances decouple. More interesting is the case of £ being
large enough to give considerable deviations from the SM predictions. It must, however,
be small enough such that the model can pass the electroweak precision tests. After
including tree-level as well as loop-level corrections to the S and T parameters, one
finds ¢ = v2/f? < 0.1 [22], which is a natural separation of scales. There are stronger
constraints from CP-violating and FCNC processes if the EWSB is communicated to
fermions via the same mechanism as in ETC. Assuming Ayy 2 f > v, one would have
to pay the price of fine-tuning the parameter £ to be very small. This in turn would
reintroduce the fine-tuning problem again. This will be addressed in the next paragraph.

Although the gap between v and f can be explained, the former still suffers from ra-
diative corrections. This is the motivation for the so-called collective symmetry breaking,
which is realized in a class of models called little Higgs [102]. In these models the global
symmetry is larger than necessary to accommodate the four Goldstone bosons that can
be identified with the scalar degrees of freedom of the Higgs. Since the electroweak
gauge group is enlarged as well, there are additional gauge bosons which become heavy
by eating the additional Goldstone bosons. If now either the SM gauge bosons or the
additional bosons couple to the Higgs there is a leftover global symmetry, which ensures
that the Higgs remains massless. If both couple to the Higgs, the latter acquires a mass,
which is only logarithmically divergent, see [103] for further details.

Partial Compositeness

We will now come back to the issue of the too large contributions to CP-violating and
FCNC processes. Milder experimental constraints than in ETC-type models can be
achieved by some different mechanism that can transmit EWSB to the SM fermions.
Instead of the coupling (1.32), one assumes a linear coupling between a composite oper-
ator and the SM fermions (again transmitted by ETC gauge bosons that are integrated
out at scale Agrc), e.g. B
7QQQ

2
AETC

a , (1.36)

where the composite state QQ@Q must have the same quantum numbers under the SM
gauge group as the quark to which it couples. Assuming a walking behavior of the
technibaryon condensate (QQQ) ~ B leads to the Lagrangian

L35 ALgLBr+ ALgrBj —mpBB — mp-B°B°, (1.37)

where the mass mixing parameters are given by

A 3—vL A 3—vr
Ap = ar, AgTc (AETTCC> , Ar =agrArTC (AETTCC> . (1.38)

Upon diagonalization of the mass terms, by the rotation

qr \ _ [cosepr —sin gy, o1, B ﬂ
<BL> B (SiﬂﬁﬂL cos @y, ) <XL> ’ tan oy, = p—— (1.39)
and similarly for the right-handed fermions, the massless Weyl fermions 17, g can be

identified with the massless SM fermions before EWSB and Dirac fermions of mass

mi = m2B + A%. Note that the SM quarks are now admixtures of elementary and
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composite fermions, where the elementary (composite) component is proportional to
cospa (sinpy),
YA =cospaqa+sinps Ba, A=LR. (1.40)

This is the reason why these models are referred to as models with partial compositeness.
After EWSB, the massless fermions 17, g get their masses through mixing with the TC
condensate ® via the Yukawa terms

(0]
B | 5, BLA®B + hec. (1.41)

whose size is controlled by the mixing angles (and thus by the anomalous dimensions of
the composite technibaryon),

0
qr Br B qL Y, =sinpr A singg. (1.42)

sinpr sinpr

Each Yukawa coupling can thus be generated by the fundamental O(1) parameter A and
the choice of the anomalous dimensions 77, g of the composite operators B, B¢ are such
that the angles and consequently the (effective) Yukawa coupling is small enough. Thus,
in contrast to ordinary WTC models, one can assume Agtc ~ Mp; without having a
problem of generating the large top-quark mass.

Interestingly, the concept of partial compositeness also leads to a suppression of
FCNCs, which could be induced by the couplings

L > g (Bivup"B; + B{vupBf) (1.43)

where p# are bosonic technicolor resonances. Rewriting this with the help of (1.39) leads
to

L3 (9)ij V7PV + (9r) iV YVur" Uk (1.44)
where
sin2 Ouy, sin2 Pup
gr=y sin? @, ., 9r=Y sin? @,
sin? ¢y, sin? ¢y,
(1.45)

As these couplings are non-universal, they give rise to FCNCs when going into a basis,
in which the Yukawa matrices are diagonal. However, the degree of flavor violation is
given by the mixing angles, which are small for the light fermions, so that FCNCs are
always suppressed in models with partial compositeness. We will examine this further
in Section 2.2.3, since Randall-Sundrum models with bulk fermions also display this
characteristic.

1.3.3 Froggatt-Nielsen Models

With the goal to explain the hierarchies in the fermion sector, Froggatt and Nielsen [104]
proposed a model without Yukawa terms. The idea is such that the left- and right-handed
components of the SM quark fields have different charges under an abelian symmetry
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group U(1)p, the flavor symmetry group. The Yukawa terms are then generated by

<A¢Fl) QL ®qr, (1.46)

where the scalar field ® is called a flavon and is assumed to be charged under the flavor
group. In contrast, the Higgs field ® is assumed to be neutral. Note that the term (1.46)
can be generated like a Majorana mass term by integrating out a heavy fermion at scale
Ag;. Once the flavon takes on a vev

(¢)
— ~ A, 1.47
Ar (1.47)
the Yukawa terms get the structure
Yij = gij \%i—b; 7 (1.48)

where a; > 0 and b; < 0 are the flavor charges of the left- and right-handed quarks,
respectively, and g¢;; are O(1) factors.? With the proper choice of the charges a; and
b;, one obtains the correct pattern of the Yukawa matrices which leads to the correct
mass spectrum via (2.106) and from that the hierarchical structure of CKM matrix, see
[105] for more details. The rotation matrices U, and W, will be explicitly shown in
Section 2.2.3.

Note that the Froggatt-Nielsen mechanism serves for a whole class of models, with
a different source for the small parameter \. For example, the models with partial
composite fermions, which have been introduced in the previous section, lead to the
Yukawas (1.42), where the smallness is due to the small anomalous dimensions in (1.38).
Another example is given by models with warped extra dimensions, see Section 1.4.4.
In this case, we find for the light quarks

}/;] = gl_] ECi—C]‘ s (149)

where ¢; j are O(1) bulk mass parameters localizing the 5D quark profiles along the extra
dimensions, g;; are the fundamental Yukawa couplings, and € ~ Ar/Ayv is roughly the
ratio of the TeV and the Planck scale.

A problem of Froggatt-Nielsen models based of abelian symmetries is that the rel-
atively low flavor scale Am cannot avoid large contributions to FCNCs, which spoils
the good agreement with experimental data. A way out is given by non-abelian fla-
vor symmetries, i.e. symmetries based on (a discrete subgroup of) the flavor symme-
try U(3)g x U(3)y x U(3)4, but they are also problematic with a low flavor scale, see
e.g. [105]. A way out is to impose a flavor structure of the NP sector, that respects
the flavor symmetry of the SM (i.e. it is flavor blind), without further motivation. This
is called minimal flavor violation (MFV) and was first mentioned in [106]. In practice,
that means that any new flavor structure can be constructed only by insertions of SM
Yukawa matrices, so that after rotating the corresponding fields into the mass eigenbasis
no flavor-changing couplings are generated. The concept of MF'V is very popular and it
used in many NP models which do address the flavor problem inherently (e.g. SUSY).

26Note that in (1.48) and the following equivalent formulas, no summation over double indices is
implied.
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1.4 Models with Extra Dimensions

An interesting alternative to models explaining the gauge hierarchy problem by sym-
metries is given by models with extra dimensions. As these models form the main part
of this thesis, the following discussion will be somewhat more detailed than that of the
previous sections. Starting with a short description of the first appearance of extra
dimensions in theoretical physics, we will continue with the general set-up of extra-
dimensional theories and focus on some issues these theories cannot get rid of. Finally,
three specific models are presented where in the subsequent chapter particular attention
will be paid to the models with warped extra dimensions. This section is based on
several recommendable reviews of extra dimensions [107-111].

1.4.1 First Appearance: Nordstrom, Kaluza, Klein

The very first idea of extra dimensions came up in 1914, when Nordstrom observed that
extending the Maxwell theory to five dimensions, written in terms of a 5-vector Ay,
contained the 4-vector A,, which could be identified with the electromagnetic vector
potential, plus a 4D scalar obeying the field equations for his own proposed scalar theory
of gravity [112]. However, two years later Einstein formulated his GR, which turned out
to be the correct description of gravity and Nordstrom’s idea became obsolete. With the
aim to combine Einstein’s GR and Maxwell’s theory of electromagnetism, Kaluza and
Klein introduced a model that extended Einstein’s GR to 4+1 dimensions [113, 114]. The
additional fifth dimension was assumed to be tiny and compact, which could explain why
it had not been discovered. This so-called Kaluza-Klein (KK) theory achieved to unify
electromagnetism and gravity, the only two forces known at that time. Although the
KK theory turned out not to be the correct description of nature, it is worth presenting
the original model, since we will encounter some important features of models with extra
dimensions.
The starting point is the 5D Einstein-Hilbert action in flat space,

S5 = /df’x{—;ME‘?’@RdG]}, (1.50)

where M5 is the five-dimensional Planck scale, R5 denotes the Ricci scalar, and G is the
determinant of the 5D metric parametrized as

grv o AM
GMN _ (9 ! ) 1.51
AnT o (1.51)

Here and in the following the Latin (Greek) indices M, N =0,1,2,3,5 (u,v =0, 1,2,3)
correspond to the 5D (4D) space-time coordinates. The field g"” is a symmetric tensor
and represents the 4D metric. The field A* denotes the part of the 5D metric, where one
index points into the fifth dimension, while the remaining one points into four dimen-
sions. For an observer who is ignorant to the extra dimension this fields is a 4-vector,
i.e. it transforms under Lorentz transformations accordingly. Analogous considerations
can be done for the field gss which is a scalar from the 4D point of view. Since its vev
measures the size of the extra dimension, this field is called radion. Using the above
metric it is straightforward to evaluate the 5D action (1.50), but it is more convenient
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to parametrize the metric as

L anavy 2 an
N (so Lo - pArAn) —pia ) | (152)
— 3 AH — 3

which will become more obvious below. An important difference in models with one or
more extra dimensions is the fact that fields are not only dependent on the coordinate
of the Minkowski space-time (x = z*), but also on the position in the extra dimension,
labeled by x5 for the time being.?” In other words, the 4D field A, (z) for instance is
replaced by

Ay(x) = Ap(z, z5) ZA z) x2(xs5), (1.53)

where we have already used that, from the 4D point of view, the compactness of the extra
dimension gives rise to an infinite tower of massive KK modes AELn), whose localization
in the extra dimension depends on the wave-functions or profiles XA The masses of
the KK modes increase with larger n. This is in analogy to the infinitely many energy
states of a quantum-mechanical particle in a finite volume, where the energy levels of
the particle are inverse proportional to the size of the box. What happens here is that
the momentum in the compactified extra dimension is quantized, where the discretized
momenta correspond to the masses of the KK modes. Under the assumption that the
length of the extra dimension is of the Planck length lp) = Mp_ll, the masses scale like
my, ~ n/lp; and clearly decouple from the theory, whereas the massless zero modes ALO)
remain. Inserting the zero modes of the metric (1.52) into (1.50) and dropping the

superscripts we arrive at the Einstein-Hilbert action

1 (Oup)(0"p)

1.54

89—~y enr)s} [ atoyg [R4[g] 30 F PP
It is now easy to identify the ingredients of the resulting action. The field F,, =
ouA, — 0, A, is the well-known electromagnetic field strength tensor of a U (1) gauge
ﬁeld After deﬁmng ]\4Pl = 2nR M 3 the action for the 4D metric g"¥ describes GR,
i.e. the action of the graviton. What is left is the scalar field ¢ which can be redefined
via ¢ = exp [V6r(z)/Mpi] in order to arrive at a canonically normalized kinetic term.
Its coupling to the kinetic term of the gauge bosons indicates that the radion has the
same coupling as a dilaton field. Once its acquires a vev (r), we can identify

(r) 1
VO o 2 (1.55)

where e on the right-hand side denotes the electric charge. Thus, this theory describes
the unification of 4D general relativity and 4D electromagnetism, starting from 5D grav-
ity. Although seeming to be very promising, this theory turned out not to be the correct
description of nature. This is not least because of the discovery of the remaining funda-
mental forces and the establishment of the SM. Nevertheless, this example highlighted
that extra-dimensional models are suitable candidates for a UV completion of the SM,
since they have the potential to unify the fundamental forces.?® However, the models
that are focused on in the following will not have goal of unification, but their major
objective is the explanation of the hierarchy problems of the SM and to have the SM as

2"We will concentrate on only one additional extra dimension in the following.
28In fact, non-abelian fields can arise from space-times of higher dimensionality, when appropriately
compactified [111].
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a low-energy limit. Before we focus on them, it is worthwhile pointing out some generic
features of extra-dimensional models.

1.4.2 Generic Features of Extra-Dimensional Models

As explained at the beginning of this chapter, the SM has to be regarded as an EFT
and is also valid up to a certain energy scale Ayy, where it has to be replaced by a more
fundamental theory, e.g. by a theory based on extra dimensions. On the other hand also
the latter theories have to be considered as EFT’s due to an intrinsic cutoff. This can
be understood with the help of a dimensional analysis of a generic theory in D (flat)
dimensions

1 _ ,
Sy = /ddx {—“FMNFMN + WPV + | Dy ®)? —|—yd<I>\IJ\I’+...}, (1.56)
94

where Dy; = 0y — iApy implies that the mass dimension of the gauge field is [Ay] =1
so that [Fyny] = 2 and [g2] = 4 — d. So, for d > 4 the coupling constant has a negative
mass dimension and provides an intrinsic scale for the theory. An analogous discussion
holds for the Yukawa coupling y4 having a mass dimension of [y4] = (4 —d)/2. This has
an important consequence: Using NDA one can estimate the 1-loop correction to the
Yukawa coupling [111]

by = L 2 s d>4 (1.57)

Vi=qgd—a" ‘

where a hard-momentum cutoff A has been used as a regulator? and I; is the d-
dimensional loop factor

1 Q 1 L f d=4
L =T T , (1.58)
lg — 2(2m)d ~ (4m)d/20(d/2) S5 for d=5

with the d-dimensional solid angle €2;. The power-law dependence on the UV cutoff
indicates that certain observables are, strictly speaking, incalculable. One could argue
that one could absorb the divergences in physical quantities as always done in the SM.
The difference is that in extra-dimensional models (like in all non-renormalizable the-
ories) the effects of the higher-dimensional operators after renormalization scale like
(E/Auyv)™, where E is the typical energy of a process and Ayy is the UV cutoff scale
of the theory. As already mentioned above, the importance of these operators is negli-
gible for processes at low energies and only a finite number of operators is relevant. For
energies around the cutoff, however, details of the UV completion become important,
which manifests itself in two aspects. The first one is that higher-dimensional operators
can contribute equally at tree level, while the second one states that loop-level effects
contribute equally and become as big as the corresponding tree-level contributions of a
given process, see [111] for further discussion.

The important lesson of this discussion is that one should be aware of the fact that
higher-dimensional theories have an intrinsic cutoff Ayy and that observables can be
very sensitive to the physics at and above Ayy. If this is the case they are incalculable
within the extra-dimensional model and it is necessary to include the corresponding

291f one uses a Pauli-Villar regulator, the result would differ by an O(1) factor. For example, for d =5
one finds a Pauli-Villar cutoff Apy which is related to the hard-momentum cutoff by 2A = wApy [111].
Thus, there is some uncertainty where the new physics is to be expected.
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FIGURE 1.5: Visualization of an orbifold [115].

higher-dimensional operators, whose coefficients have to be determined by experiment.
Also keep in mind that in order to obtain a reliable result only the KK modes below the
cutoff are allowed to contribute, in particular in loop-induced processes. This will be-
come important in Section 4.1, where we will explicitly study a process that is (naively)
sensitive to the UV physics.

The previous discussion also highlights a possible application to particle physics con-
cerning the hierarchy problem. If the extra dimensions would predict particles at the
TeV scale, this would be a good reason why a cutoff could exist near that scale. If one
discovered an extra-dimensional structure at the TeV scale experimentally, one would
be forced to accept the existence of a cutoff not far above. In this case, the large hi-
erarchy problem of the SM would become less urgent to be solved: The priority would
rather be to understand the little hierarchy between the electroweak scale and the cutoff
associated with the extra-dimensional physics. Hence, generic extra-dimensional models
can be considered as motivated by the hierarchy problem, provided the compactification
scale is near the TeV scale. Note that the situation is similar to the SUSY solution to
the hierarchy problem, with the superpartners having masses of around a TeV.

Set-Up for Theories with One Compact Extra Dimension

We will specialize on the set-up of models based on one compact extra dimension, which
will be useful for the understanding of the subsequent sections. Intuitively, the extra
dimension would be chosen to be a conventional circle. However, it is more convenient
to consider a so-called S1/Zs orbifold, illustrated in Figure 1.5. This is a circle of radius
r, where the points (parametrized by ¢ € [—m, 7]) that are related by the Zs symmetry

(l"u’ ¢) AN (‘r“a _d)) (159)

are identified. The magnitude of the radius r can vary and will be specified later. The
5D action is required to be invariant under these Zs transformations Z. The fields
themselves need not to be identified at ¢ and —¢, but can differ by the eigenvalues of
Z,

due to Z2 = id. The functions belonging to the eigenvalue +1 (—1) are called even
(odd) functions under the Z; parity. Note that the Zs-odd functions must vanish on the
orbifold fized points ¢ = 0,£x. This important feature of orbifolds is crucial to obtain
a low-energy spectrum of the fermions that is compatible with the SM, see below. The
fixed points are often used to provide support for 3-branes, i.e. submanifolds with three
spatial and one time dimension, on which 4D fields can be defined. The region between
the boundaries is called bulk. To summarize, an S'/Z5 orbifold is effectively an interval
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parametrized by ¢ € [0, 7], possibly bounded by branes, which together with the Zs
eigenvalues of the fields contain the whole information. For the bulk 5D metric we
choose an ansatz that respects 4D Lorentz symmetry,

ds? = Gy dzM daN = e20(%) N dat dx” — r2d¢? (1.61)

where throughout this thesis the Minkowski metric will be used in the convention 7, =
diag(1,—1,—1,—1). The function o(¢) gives information about how the geometry of
the space varies in the fifth dimension. One can always define ¢ in such a way that
o(0) = 0, which we will assume from now on. The specific models introduced below will
be distinguished according to the specific form of the function o(¢). If o(¢) = const, we
say the space is flat, otherwise the space is called warped.

The general proceeding in 5D theories is the following: Starting from a 5D action like
(1.56), where the fifth dimension x5 = r¢ € [—rm, r7| is now compactified, one derives
the equations of motion (EOMs), which are differential equations the bulk fields need
to obey, and the associated boundary conditions (BCs) by making use of the variational
principle, i.e. requiring that 55 = 0. The variation of the action can then be written in
the generic form

685 = /d%é@ (D<I>)+/d4x5<l> (B2)],. » (1.62)

where ® stands for any bulk field and D and B are differential operators. The idea now
is to require both terms to vanish separately. The first term then leads to the equations
of motion D® = 0. The second one determines the boundary conditions §®|p . = 0 or
B®|o,» = 0, which the solutions to the EOMs have to satisfy. Note that the boundary
terms originating from the orthogonal directions x are zero, since the fields ® are assumed
to vanish for z# — 4o00. Provided with the EOMs and BCs for the 5D fields we then
make use of the KK decompositions of the form

Z M ( , (1.63)

eCoo ()
O(x, d)

where the factor 1/4/r has been pulled out to arrive at the proper mass dimension for
the KK modes ®™. The factor ec®?(¢) (with a properly chosen constant cg) cancels
terms stemming from the 5D metric and thus ensures that the profiles x*(¢) can be
interpreted as the localization of the KK modes along the extra dimension with respect
to a flat metric. The profiles themselves obey the orthonormalization condition

/0 46 e 32 (6) X2(6) = G (1.64)

where dg again depends on the specific field. Inserting the KK decomposition into the
EOMs and BCs for the 5D fields can give rise to the corresponding conditions on the
profiles, which will be derived for general o(¢). Details about the derivations and explicit
calculations can be found e.g. in the reviews [110, 111]. In the following sections, we
will only work with the results, but we need to comment on some important features of
extra dimensions:

e The orbifold construction (or, in general, the boundary conditions) can be used to
remove unwanted degrees of freedom from the low-energy limit which is required
for the SM to be compatible with the current measurements. Since the differential
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operator D is (essentially) a derivative on the field,>? assigning fields with Z-odd
parity obeying Dirichlet (D) BCs

@y, =0 (1.65)
leads to a solution to the EOMs with &) = const = 0 (once the KK decomposition

has been inserted). This means that there is no massless zero mode in the theory.
In contrast, fields obeying Neumann (N) BCs

0p®|,_ . =0 (1.66)

provide a zero mode () = ¢, where the constant ¢ is determined by the normal-
ization condition (1.64). Note that fields with at least one Dirichlet BCs lack a
zero mode, as well.

In general, couplings do not only depend on the coupling constant, but moreover
on the so-called overlap integrals

s
_ ®
| ds et O @@ ). (1.67)
0

which give information about the strength of the interaction of the involved par-
ticles. Again, the constant b depends on the three involved particle species, see
e.g. (1.76). Overlap integrals always appear in interactions of three or more KK-
decomposed 5D fields and are important quantities for the following chapters.

The treatment of fermions in extra dimensions requires further comments. For
their description we first need a generalization of the gamma matrices. Since the
Lorentz generators in five dimensions can be written as

M = % [ya,ﬂ . a,be{0,1,2,3,5) (1.68)

as long as the 5D gamma matrices fulfill the Clifford algebra

{y*,4"} = 2, (1.69)

we need to find the fifth gamma matrix obeying (1.69). A possible choice turns
out to be

,_Ya = {7“1 _Z’Y5} ) ue {07 17 27 3} (170)

where the matrices v* are the Dirac matrices and v5 = ¢yp717273. Recall that
in four dimensions we can decompose the Dirac spinor in left- and right-handed
Weyl spinors and furnish each of them with different quantum numbers like in
the SM. In theories with an odd number of dimensions, however, the Dirac spinor
representation is not reducible and an analogous decomposition is not possible.
This can be understood by the fact that the matrix ~5 that is used for the cre-
ation of left- and right-handed spinors via the projectors Pr,r = (1 F 75)/2, is
essentially the product of all 4D gamma matrices. Trying to build a correspond-
ing matrix for chiralities in five dimensions we see that the product ivyy1727v375
is the identity matrix and thus cannot be used to construct projection operators.
Consequently, fermions in five or in any other odd number of extra dimensions

39We will encounter various examples for this in the subsequent chapter.



1.4. Models with Extra Dimensions 27

are Dirac fermions. In order to arrive at the low-energy spectrum that contains
the chiral SM fermions, we therefore need the orbifold construction (including the
BCs) introduced above. Furthermore, in order to write down a Lorentz invariant
action in a warped background, we define a tangent space in terms of the vielbein
and the spin connection. The kinetic term for fermions can then be written as

- [ a0 (- T+ b0}

_ 8
" (1.71)
— msgn(¢) QQ} :
where EM denotes the 5D vielbein,
GMN — EMEN pab (1.72)

which becomes EM = diag(e”, e, e’, e, 1/r) in our background. The spin con-
nection wp.ps turns out to give no contribution to the action, see e.g. [111]. Note
that the sign in front of the mass term is due to Zy parity assignments.

We now turn back to the importance of the orbifold construction. It can be
shown that the variation of the 5D action (1.71) with respect to ¥ gives rise to

two possibilities for the boundary conditions®!
1
(N) = gl =0 = 8|, = (20" —my) V|, .
1 (1.73)
(D) = \IIL|O,’R'_O — ;8¢\I/R\Om = (20”—}—77%1;) \I/R}O,n'

This explicitly shows that compactification on an orbifold necessarily allows for
BCs that distinguish the two chiralities, which will enable us to embed the SM
structure. Both the Zj-even and Zs-odd functions can satisfy (N, N), (N, D),
(D,N), or (D,D) BCs. This fact can be used to construct the low-energy spec-
trum of the SM. As an example, consider the SU(2)y, doublet fields Q(x, ¢), which
contain both chiralities Qr(x,¢) and Qr(z,®). As the SM only contains left-
handed doublets, it is appropriate to assign the left-handed components with a
positive Zy parity and (N, N) BCs. According to (1.73), the right-handed compo-
nents must then obey (D, D) BCs and thus cannot possess a zero mode. While at
the zero-mode level the additional degrees of freedom have been removed, at the
massive KK levels the number of degrees of freedom is doubled. Thus, instead of
one, each fermion has two KK modes per KK level.

e A similar statement can be made for the gauge bosons. Amongst others, they are
the two interesting possibilities

(N) = 0¢A#
(D) = A,

=0, Asl, =0. (1.74)
=0, dp [e*7A5] |, _=0. (1.75)

0,7

0,7 |O,7r

We observe that, similar to the fermion case, the boundary conditions for A, and
As are correlated and we can again have arbitrary assignments for the BCs.

For (N, N) BCs, x{\(¢) = 1 is always a solution for mg = 0. In this case, ones
finds x5(¢) = 0 so that no longitudinal polarization for the zero mode is provided
and it remains massless. The fact that the zero mode is flat is closely related

31The “Neumann” BCs on the right-hand side are actually of mixed type, unless ¢’ and my are zero.
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to gauge invariance, and the necessary universality of the gauge interactions. If
it was not flat, the non-trivial localizations of fermions or scalars would allow us
to adjust their gauge couplings in an arbitrary way. As it happens, the overlap
integrals arising from the gauge vertices have the form

/0 " (6) () X (). (1.76)

For a flat gauge-boson profile, this always reduce to the fermion orthonormality
condition (1.64) (with dg = 0), so that the corresponding 4D gauge interactions
are indeed universal. In contrast, the gauge invariance is broken at the massive
KK level. For these modes, the fifth component acts as a Goldstone boson which is
eaten to give the KK modes their masses. Thus, the physical massive KK spectrum
consists only of massive spin-1 fields (with three physical polarizations each), and
there are no massive physical scalars. Such massive gauge fields can and do have
non-trivial profiles, so that their interactions with fermions or scalars can depend
on the details of those fields.

For the (D, D) BCs, there is no massless spin-1 gauge boson, but there is a
scalar with profile x§(¢) ~ €27 (@), In the so-called gauge-Higgs unification models
[116, 117], this spin-0 particle can be identified with the Higgs boson. Notice again
that the profile of such a 4D scalar zero mode is fixed and no adjustable parameters
to control its localization.

We are now furnished with everything that is needed to write down explicit extra-
dimensional models. In the following, we will concentrate on the cases of flat and warped
extra dimensions. Assuming symmetries that are compatible with the SM symmetries,
we will specify the field content and look into the possible couplings of the KK particles
to the zero modes, representing the SM fields, and to each other. The models will also
be checked for consistency with current data, e.g. electroweak precision constraints or
direct collider bounds.

1.4.3 Flat Extra Dimensions

The simplest extra-dimensional theories are given by models with flat extra dimensions,
for which o(¢) = 0 and the EOMs and BCs become very simple. In the following, we
will first study a model that contains more than one extra dimension, the so-called ADD
model. For this model, the previous discussion about theories with one additional extra
dimension does not hold. The latter will become useful for Universal Extra Dimensions
models, which can also have more than one dimension, but we will focus on the special
case of one dimension here.

Arkani-Hamed, Dimopoulos, Dvali (ADD)

In 1998, Arkani-Hamed, Dimopoulos, and Dvali (ADD) invented a model with the goal
to give an explanation to the hierarchy problem [118]. The idea was that gravitational
forces had never been tested below 0.1 mm. One possibility for deviations from the 1/r
behavior of Newton’s potential could be due to additional compact spatial dimensions if
gravity is allowed to propagate in the extra dimensions and feels the extra volume. These
considerations support the following set-up: The space-time includes n additional extra
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dimensions, all of them of size ~ R for simplicity, compactified on an n-dimensional
manifold with volume ~ R"™. While gravity is allowed to propagate in the bulk, all
SM fields are assumed to reside on a 3-brane. Consequentially, only the graviton is
accompanied by an finite tower of KK particles, which can be looked for in collider
experiments. One may ask how this set-up can solve the hierarchy problem. As we deal
with a theory of gravity in d = 4 4+ n dimensions, Gauss’ law leads to the gravitational
potential for distances r < R

1 1

V(T)N—Wmv

(r< R), (1.77)

where M, the fundamental Planck scale in d dimensions. For distances much larger
than the size of the extra dimensions, r > R, the structure of the additional dimensions
cannot be resolved and one observes the usual 1/r behavior

1 1

MR Ty T

(r>R). (1.78)

An observer in four dimensions, who is ignorant to the existence of extra dimensions,
would identify Newton’s potential in four dimensions, so the effective 4D Planck scale
can be written in terms of the fundamental quantities as

M3 = M2 R, (1.79)

Hence, the reason for the huge effective 4D Planck mass and consequently the weak-
ness of the gravitational interaction is due to the propagation of gravity into the extra
dimensions and is attributed to the number of extra dimensions. The fundamental d-
dimensional Planck scale, which sets the cutoff for the theory due to the relevance of
gravity, is assumed to be

My ~ Mgw (180)

or slightly larger, say in the TeV energy range. Therefore, quantum corrections to the
Higgs mass have a cutoff at that scale and the hierarchy problem would vanish. The
question now arises as to how many extra dimensions are required to obey (1.80). Let
us focus on three cases (assuming M, = 1TeV):

e d = 5: In this case the radius of the extra dimension has to be R ~ 10'3 m, which
would result in modifications of gravity at the scale of the solar system. Clearly,
such a scenario can be ruled out.

e d =6: For two extra dimensions the radius has to be R ~ 107*m, which can
be accessed by gravitational experiments. Nowadays, gravitational precision mea-
surements can probe these scales and one finds R < 44 pym [119]. This scenario
seems to be ruled out, either. However, one can relax the above value for the
fundamental energy scale and assume e.g. My = 7TeV, which would result in a
radius that is below the current experimental bound. Although this relative high
cutoff scale would introduce another hierarchy, the situation would still be much
better than in the SM. There are, however, strong bounds from astrophysics that
exclude this scenario as well.

e d > 7. For three and more dimensions, the size of the extra dimensions cannot
be examined by gravitational tests, but rather by e.g. collider or astrophysical
experiments.
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Before we present the current bounds from these experiments, we dwell on some short-
comings of theories with large extra dimensions. The first one is the question of why
the extra dimensions are so much larger than their natural size M L

(1.81)

R [Mpl} n
(Mq)~! Mg| =
which seems to be just a reintroduction of the hierarchy problem. Nevertheless, the
situation is slightly better, because there is no problem of the radiative instability of
the large separation between two fundamental scales any more, similar to the p problem
in supersymmetric theories. Note that taking the limit n — oo could circumvent this
problem, since in this set-up the fundamental Planck scale just needs to be infinitesimally
larger than Mgw to arrive at the large effective Planck scale (1.79).

Another issue of a relatively low energy cutoff is that higher-dimensional operators
giving rise to FCNCs are not sufficiently suppressed. In other words, the flavor problem
is not addressed in these models. Like in SUSY, one can to introduce additional gauge
symmetries (e.g. baryon- or lepton-number conservation). Another possibility is to allow
the fermion fields to propagate in the bulk and to adjust their localization appropriately.
This is the so-called fat brane or split fermion scenario, in which the couplings between
the different fermion fields may be suppressed due to a small overlap of the profiles
induced on the brane [120]. The same mechanism can explain the flavor problem in RS
models, as we will see in the subsequent section.

Let us finally consider the current experimental bounds on large extra dimensions.
The mass of the k™" KK mode of the graviton is my ~ k/R, where the mass differences
are given by the inverse radius

2
1 My\»
Am ~ o ~ My <d> ~ 10277 eV, (1.82)

For n = 4 (n = 6) the mass spacing is ~ 0.01 MeV (~ 0.01 GeV), which gives rise
to the interesting feature of an almost continuum spectrum of graviton states given
that the number of extra dimensions is not too large. Hence, one can expect to find
signals of plenty of KK modes at colliders. Since gravity couples to all particles, the KK
gravitons can decay into all SM fields with universal strength ~ Mgll and, consequently,
any single graviton is negligible. Only summing up the complete tower leads to an
observable effect. Due to the weakness of the coupling between SM particles and KK
gravitons, the KK lifetime is large and the would-be stable KK gravitons can escape the
detectors if produced at an accelerator. The final state is thus characterized by missing
energy. As in generic dark matter searches, a characteristic signal at the LHC is then a
mono-jet plus missing energy32

q a™

pp—>j+E.

The current LHC measurements require [122]

Mg > 4.37TeV (1.83)

32More details on collider signatures of large extra dimensions can be found in [121].
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which disfavors a natural solution for the hierarchy problem. The most stringent bounds,
however, come from astrophysics, in particular supernova collapses. In these collapses,
the gravitational energy is carried away by neutrinos. Clearly, the KK gravitons can
also carry away energy leading to a faster cooling. As the measured flux of neutrinos is
in agreement with the theoretical predictions, bounds on the fundamental Planck scale
can be derived [123]

Mg >50TeV,  M;>4TeV,  Mg>1TeV. (1.84)

We see that these results exclude the possibility of the ADD model to address the
hierarchy model for the scenario n = 2 (without much fine-tuning). On the other hand,
scenarios with a larger number of dimensions are still possible.

Universal Extra Dimensions (UED)

One quickly realized that the most straightforward way to build a theory in more than
four dimensions is to put all SM fields into a flat space-time with N additional dimen-
sions. These classes of models are called Universal Extra Dimension (UED) models
[124] and have some remarkable features. Although these models can have several extra
dimensions, we focus on the minimal version of UED models with one additional spatial
dimension. In this case, since the radius is r ~ (1 TeV)~! in order to be compatible with
the electroweak precision data [125], the fundamental cutoff has to be Mz ~ 10'® GeV.
As a consequence, the hierarchy problem is not addressed in UED models with one ad-
ditional spatial dimension.
Due to the fact that o(¢) = 0, it turns out that the EOMs reduce to

1
505+ (my =m35)| xa(9) =0, (1.85)

where the 5D mass ms can only be non-zero for scalar bosons and fermions, whereas
gauge invariance requires ms = 0 for gauge bosons. Applying Neumann BCs for the
fields whose zero modes represent the SM fields, while all remaining ones, such as the
right-handed fermion SU(2);, doublets and the fifth component of the 5D gauge fields,
obey Dirichlet BCs, we find the solutions

Xn(®) = \@cos(rhnr o), (1.86)

with the mass eigenvalues m,, = \/n?/r? — m% . The solutions obeying Dirichlet BCs are
sines. Sines and cosines are very special in the sense that they lead to certain selection
rules. In fact, it can be shown that this selection rule can be generalized to

niEtngt---Eny=0 (1.87)

for an interaction of N particles. These selection rules have the important consequence
that at tree-level KK states can only be pair produced as indicated by the left diagram
in Figure 1.6. However, at one-loop the selection rule allows the production of a single
KK particle with e.g. n = 2, shown in the right diagram in Figure 1.6. The fact that
single KK modes cannot be produced at tree level can be traced back to the invariance
of the 5D theory under the transformations [111]

®, = (—1)"®, (1.88)
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allowed allowed not allowed

O O :

FIGURE 1.6: (Not) Allowed processes in UED models shown on the left (right). Note
that at tree-level KK states can only be pair produced, whereas the production of one
KK particle is possible at one-loop order.

where ® stands for any bulk field. This symmetry, called KK parity, is a space-time
symmetry and follows from the invariance under a reflection about the middle of the
interval m:

O(x,0) = (£)P(x, 7 — ), (1.89)

where the sign depends on the specific type of field.?? It is an exact symmetry and
the resulting selection rule is responsible for the loop-suppression of single KK-mode
production (for an even KK number). Note that the KK parity also ensures that the
lightest KK particle cannot decay into SM particles and is therefore stable. Even though
the KK masses of all particle species are degenerate at tree-level, the physical spectrum
is non-degenerate once radiative corrections to the masses are taken into account. The
lightest KK particle (LKP) turns out to be the KK photon, while the KK gluon is
the heaviest, similar to the spectrum in the MSSM [126]. As pointed out in [127], a
600 GeV KK photon could explain the relic abundance of dark matter in the universe
and is therefore an ideal DM candidate.?* For these masses, the electroweak precision
measurements [125, 130] and the FCNCs bounds [131, 132] are satisfied as well. One
may ask what the current bounds from collider searches are. Due to the split particle
spectrum, the KK modes can undergo a cascade of decays, similar to SUSY, where the
sparticles are replaced by the KK modes of the respective SM particles, see [133] for
a detailed overview of the possible decay chains. Note that the similarity between the
MSSM and mUED is not accidental, since SUSY can be thought of as a theory with
additional (non-commutating) dimensions. One could discriminate the two models if
one detected the second photon KK mode (2 via the decay into two hard leptons or
via a study of the charge asymmetry in the lepton-jet invariant mass distributions from
a particular cascade, see [134] for further details. The current limit from direct searches
is [135]

1> 1.41TeV, (1.90)
which stems from the search after three soft leptons, jets, and missing energy. We wrap

up this discussion of universal extra dimensions with the current limit from indirect
Higgs searches, see Section 5.1, which gives 7—! > 500 GeV [136].

33Moreover, there is a 75 matrix in the case of a fermion field, see [111].
341t is reported in [127] that the Wilkinson Microwave Anisotropy Probe (WMAP) observations [128,
129] impose an upper bound on the KK photon mass of 1.6 TeV.
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1.4.4 Warped Extra Dimensions

We now turn to the case of warped extra dimensions which offer an elegant way to
address the hierarchies of the SM by means of a non-trivial geometry in a slice of the
five-dimensional AdSs5 space. As before, the extra dimension is assumed to be an S*/Z,
orbifold, with the parametrization ¢ € [—m, w]. Two branes are localized on the orbifold
fixed-points ¢ = 0, referred to as the Planck or UV brane and |¢| = m, referred to as the
TeV or IR brane. The meaning of this names will become clear later on. The size r and
curvature k of the extra dimension are assumed to be of Planck size, k ~ 1/r ~ Mp. In
the above parametrization, the function o(¢) is o(¢) = kr|¢|, so that the metric reads

ds® = Gy dz™ dzN = e_%rl‘z"nw, dat da’ — r2dg?, (1.91)

which is not invariant under the transformations (1.89). Consequentially, there is no
LKP and this in turn means that there are no viable DM candidates in theories with
one warped extra dimension (if no further discrete symmetry is imposed).

The metric (1.91) can be derived with the help of Einstein’s equations [115]. In the
original RS set-up, only gravity is allowed to propagate in the bulk and the general
action in a slice of AdSs can be written as

S = Spuik + Svv + Sir , (1.92)

with
Sl = /d%/ﬂdqu@{ —A—2M3r},
Suv = /d41‘ \/%{ﬁw - VUV} , (1.93)
SR = /d4$\/%{ﬁm - VIR} ;

where A is the 5D cosmological constant and M is the fundamental scale of the theory.
The Lagrangians Lyv r define the 4D theories on the AdS boundaries, e.g. Li1r = Lgm
and Lyy = 0 if the SM is confined on the IR brane. The vacuum energies Vyy r on
the branes, so-called brane tensions, are needed to allow for a non-trivial metric, as we
will see below. The induced 4D metrics are given by the 5D metric evaluated at the
boundaries

g{?{/(x) = G'Lw(l'v QS = 0) ) gﬁ:l{/(x) = GMV(:E, ¢ = 77) . (194)

In order to solve the Einstein’s equations that follow from the above set-up, one inserts
the metric (1.91) and finds [115]

[ —A 3

Note that there is no reason for this coincidence except for the stabilization for the
set-up and the requirement for a flat brane metric. The situation is similar to the
cosmological constant problem in the SM. The compactification radius is not set by this
relation but once it takes on its value, the set-up remains stable. The radius itself is the
55-component of the metric tensor and can be fixed via a Goldberger-Wise mechanism
[137], in which interaction with a bulk scalar induce a potential for this field, see [138]
for details. The above set-up can now be used to solve the hierarchy problem.
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Solution to the Hierarchy Problems

Warped extra dimensions turned out to be an excellent possibility to solve the hierarchy
problems of the SM. Having the complete SM including the Higgs confined on the IR
brane, one could not only explain, why the Higgs mass receives small contributions, but
also why it is so small compared to the Planck scale. To understand this, let us have a
look at the Higgs Lagrangian that is fixed on the IR brane

i \/é
Stigee = [d'or [ oL, Luign =00l -m) V7 {67 (D) D - V(@)

—T

(1.96)
where the 5D Higgs potential can be parametrized as
A 2\?
V(@) =3 (<1>T<I> - ”25) . (1.97)

The subscripts indicate that the parameters are the fundamental input parameters of
the 5D theory. While A5 is dimensionless and is thus assumed to be of O(1), the 5D
vev vy is assumed to be of the order of the Planck scale Mp; like all dimensionful
parameters in the theory. Inserting the 5D metric (1.61) and redefining the Higgs field
via ®(x) — e*"™®(x) in order to arrive at a canonically normalized kinetic term, we find
that the action can be written as

As

o 02
SHiggs = /d% V=R {gﬁ{(DH@)TDZ,(I) -5 <<I>T<1> — e 2krm 25> , (1.98)

where gR is the induced metric on the IR brane, defined in (1.94). Something remarkable
has been happened here: The warp factor e *"™ has been moved in front of the 5D vev
vs and reduces the effective vev in the 4D theory to

v=e FTys. (1.99)

This so-called warping of the vev holds for any dimensionful parameter in the theory
(note that the dimensionless parameter A\s; remains unaffected) and is depicted in Fig-
ure 1.7. In particular the 5D Higgs mass is reduced to m; = e‘k”mhﬁ. Starting
with Higgs mass of around my 5 S k S Mp, one would arrive at a natural value for

~

myp, ~ O(Mgw) with a modest tuning
L =krm~3T, (1.100)

where the parameter L is referred to as the volume of the RS space. The fact that the 5D
Higgs mass is somewhat below the curvature and the Planck scale is due to the fact that
these two scales define the masses of the KK excitations and the UV cutoff of the theory
as will be explained below. We now see the effect of the non-trivial geometry (1.91)
we have started with. Although all dimensionful parameters of the 5D theory are of
O(Mpy), the warp factor gives rise to a mass of the IR-localized Higgs of the O(Mgw).
The warping also ensures that the quantum corrections to the Higgs mass are under
control: As has been explained in detail in Section 1.4.2 RS models are effective field
theories defined with an intrinsic cutoff that is chosen to be Ayy ~ Mp;. At this energy
scale, the theories have to be replaced by a more fundamental theory that provides a
description of quantum gravity. Like all energies scale, this cutoff now depends on the
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FIGURE 1.7: Illustration of the Randall-Sundrum set-up. While all other fields are
allowed to propagate in the bulk, the Higgs is assumed to be localized on the IR brane.
The effect of the warp factor on dimensionful parameters is indicated by the gray lines.

position in the extra dimension [139-143]
AUV<¢) ~ €_J(¢)MP1 . (1101)

In loop calculations this position-dependent scale sets the cutoff for the 4D (euclidean)
loop momentum pZE = —p? on which the cutoff should be imposed [144]. Thus, confining
the SM on the IR brane just gives contributions to the Higgs mass that are quadratically
dependent on the warped Planck scale at ¢ = &

Aoy = e ¥ Mp| = eMp) = O(several TeV) . (1.102)

Consequentially, there are no huge radiative corrections to the Higgs mass. As we
will see below, it turned out to be convenient to allow all SM fields but the Higgs to
propagate in the bulk. One may wonder how the fact of having bulk fields in the theory
affects the previous discussion. In this case, the position-dependent cutoff is associated
with every vertex of a Feynman diagram. This can be thought of 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 ¢; of
the vertices are integrated over the entire bulk (0 < ¢; < ), and therefore the cutoff
values vary between the TeV scale and the fundamental Planck scale.3>. In one-loop
diagrams containing the Higgs boson, such as the Higgs self-energy diagram discussed
in Section 1.3.1, the situation simplifies considerably, since in that case [144]

o)
_».12.-- pi < min {Auy(61), Auy(#9)} = Aoy - (1.103)

Hence, the above conclusion also holds true in the case of bulk fermions and gauge
bosons. Note that the Higgs mass dependence on Arey, which is at least one order
above Mgw, leads to the already mentioned little hierarchy problem which turns out
to be more severe than in other possible extensions of the SM model. With the help of
NDA one can estimate the one-loop correction to the Higgs mass [145]

A%v(”) A%V(W)

om3 ~ ,
1672 MI2<K

(1.104)

35This effect makes gauge-coupling unification possible in warped extra-dimension models [139-143].
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which shows that the mass is sensitive to the cutoff to the fourth power. Thus, some
fine-tuning is necessary in minimal RS models. The situation is, however, still better
than in the SM, since at least the large hierarchy problem is solved.

As already mentioned above, in their original paper [115] Randall and Sundrum proposed
to confine all SM field on the IR brane. One quickly realized that this leads to serious
problems, since the fundamental cutoff scale is not large enough to suppress higher-
dimensional operators (induced, for example, via an exchange of KK gravitons) that
could lead to dangerous FCNCs or proton decay. In order to solve this, one puts all
fields except for this Higgs into the bulk. Performing the steps explained in the previous
section, one then finds that due to the warping the solutions for the profiles of the KK
modes are Bessel instead of trigonometric functions and that the zero-mode profiles are
given by (see e.g. [110])

Scalars: x%’(qb) ~ o(1EVAFE)kr|g| ,
Fermions: XOL’R(<Z>) ~ elaer,r)krldl , (1.105)
Gauge Bosons: X64(¢) ~1,
where ¢; = M;5/k denote the normalized bulk masses for the scalars and fermions,

respectively. While the profiles of the KK excitations are peaked towards the IR brane
and cannot be changed, the bulk mass parameters c; can be used to localize the zero mode
anywhere in the bulk. Note that for the zero mode of the gauge bosons such a freedom
is not possible, since gauge-invariance forbids a 5D bulk mass term. In the case of the
fermions, which is important for the rest of this discussion here, the (left-handed) zero
mode can either be localized near the UV (¢, < —1/2) or the IR brane (c;, > —1/2).%6
This has two appealing effects: The first one is the explanation of the SM fermion masses
and mixings. It is obvious that the mass of a particle is directly related to the coupling
to the Higgs field or, equivalently, the overlap with the IR brane. This fact together
with the observation that the fermion zero modes can be localized anywhere in the bulk
can explain why the light quarks and leptons have small, whereas the top quark has
large masses. Adjusting the localization parameters in such a way that the light (heavy)
particles are localized towards the UV (IR) brane naturally explains the huge differences
in the SM fermion masses. The structure of the mixing angles can be explained in a
similar way. Although one is still forced to adjust certain input parameters, it is a great
achievement of the RS model to allow for O(1) input parameters which, together with
the non-trivial geometry, lead to the hierarchical structure of the SM. The situation is
visualized in Figure 1.8. The second benefit of having 5D fermion and gauge boson fields
is the suppression of the above-mentioned higher-dimensional operators. Note that the
suppression by the (position-dependent) cutoff depends on where the zero modes of the
fermions and gauge bosons are localized. The more the involved particles are localized
near the UV brane the stronger is the higher-dimensional operator suppressed. This
means that the operators involving the light quarks are suppressed by the their small
masses. This is the so-called RS-GIM mechanism. Both the generation of the hierarchies
in the fermion sector of the SM and the RS-GIM mechanism will be explained in more
detail and more quantitatively in Section 2.2.3.

36The right-handed spinor is UV (IR)-localized for cr > 1/2 (cr < 1/2).
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IR brane

Higgs

0 s

FI1GURE 1.8: Visualization of the mechanism that generates the hierarchical structure
in the quark sector of the SM. Light quarks are UV-localized and hence have a small
overlap with the Higgs field localized on the IR brane. In contrast, the three-generation
quarks have larger masses due to their larger overlap with the IR-localized Higgs dou-
blet.

Connection to Strongly-Coupled Theories

We want to close this section with the remark of which scenario (symmetry or strongly-
coupled) theories with warped extra dimensions belong to. As a matter of fact, the
AdS/CFT correspondence conjectured by Maldacena in 1997 [42] states that (weakly-
coupled) RS models are dual to strongly-coupled conformal field theories (CFTs) in four
dimensions. Thorough discussions of the correspondence and possible applications can
be found in [22, 110, 146]. Here we shall be briefly explain the dual theory of an RS
model with bulk fermions and gauge bosons and an IR-localized Higgs sector. The idea
is that each position in the anti-de Sitter space AdSs corresponds to an energy scale
in the dual 4D theory. For every 5D bulk field ® living in AdSs there is an associated
operator O in the dual theory

®(x,z5) <= CFT operator O, (1.106)

where the boundary value of the bulk field

q)(l', $5) AdS boundary - d)O(x) (1107)
acts as a non-dynamical source field for the CFT operator O if the full AdSs space
(=00 < x5 < 00) is considered. Once one defines a theory in a slice of AdSs (0 <
x5 < 7r), the source field can become dynamical and is part of the 4D Lagrangian. As
opposed to the operator O, which represents composite states in the 4D dual theory,
it is regarded as elementary up to energies of Ayy, which is the scale where in the 4D
theory the conformal symmetry is explicitly broken. In the 5D theory gravity this scale
corresponds to the energy where gravity gets strong at the UV brane.?” In this picture,
the holographic interpretation of a UV-localized field is that it is purely elementary,
while a field which is completely localized on the IR brane, such as the Higgs boson, is
purely composite. The hierarchy problem is then solved in the same way as explained
in Section 1.3.2. Bulk fields, on the other hand, are partially elementary, partially
composite. The degree of compositeness is determined by the mixing term ¢oO, which
in turn is dependent on the scaling dimension of the operator. To be more precise, let
us consider the holographic interpretation of a 5D bulk fermion. As shown in [147], the

3TThis is actually the reason for the name of the UV and IR branes, respectively.
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dual Lagrangian for (left-handed) fermions at scale M ~ Ayy = O(Mpy) is given by

1

L=Lg+wM 772 (@0R +hc) + Lopr, (1.108)

where c¢ is the bulk mass parameter localizing the zero mode in the extra dimension,
see (1.105), w is a dimensionless constant, and M = O(Mp)) is the fundamental energy
scale of the theory. The scaling dimension of operator Op is dimOrp =4 —3/2 -1+
lc—1/2| =3/2+|c—1/2|. At the compositeness scale A, where the conformal theory
is spontaneously broken, the operator Or(x) represents a composite bound state in a
strongly-coupled theory. Using the notation of Section 1.3.2, the Lagrangian Aig can be
written as

AR le—12] -
L=Lea+wM (M> (V20R 4+ h.c.) 4+ Lepr - (1.109)

Comparing this with (1.38), we can identify |¢ — 1/2| = 3 — v so that the anomalous
dimension of the CFT sector is directly related to the localization parameter in the 5D
bulk theory. Thus, the degree of compositeness of fermions is given by the localization
parameter c. For ¢ < —1/2, the mixing is irrelevant and there is almost no mixing
between the elementary and the composite state. The massless KK mode is then pre-
dominantly given by the elementary source field [148]. For —1/2 < ¢ < 1/2, the mixing
becomes relevant, which results in a partially composite fermion. For ¢ > 1/2, it turns
out that the Lagrangian (1.108) does not hold any more [147]. We do not go into detail
here, but note that in this case a second elementary field emerges, which couples to the
source field via a (Planck) mass term so that both decouple from the theory. The CFT
spectrum, on the other hand, contains an ultralight composite state that can be identi-
fied with the zero mode. Thus, for ¢ > 1/2, the zero mode is almost fully composite.

We finally comment on the holographic description of a bulk gauge field. The dual
Lagrangian for the gauge bosons reads (see e.g. [110])

L= —%ng(x)FW’“(:c) + wAL(@) 0" (z) + Lopr . (1.110)
Since the source fields AZ(SE) represent gauge fields, they couple to conserved currents
O (x) of the CFT. From this we can deduce that a bulk gauge group implies a global
symmetry of the dual theory, where only a subgroup is gauged, namely that whose gauge
fields obey Neumann boundary conditions on the UV brane. Note, however, that the
global symmetry is still present in the CFT sector.?®

In summary, an RS model with bulk fermions and gauge bosons and a Higgs sector
localized on the IR brane is dual to a strongly-coupled 4D theory, where the Higgs boson
is fully composite and the duals of the bulk fields (which obey Neumann BCs on the
UV brane) are partially elementary and composite. The degree of compositeness of the
fermions depends on the bulk mass parameters. The dual of the bulk symmetry is a
global symmetry in the strong sector, where only the part of the full gauge group is
gauged whose gauge fields obey Neumann UV BCs. The dual theory will become a
useful tool to explain certain results in the subsequent chapter.

38The idea of imposing a global symmetry in the CFT sector by choosing the proper bulk symmetry
was the motivation for the SU(2)r x SU(2) g bulk gauge group in the RS model with custodial protection,
see Section 2.3.



Chapter 2

Models with Warped Extra

Dimensions

In this chapter, the two versions of the Randall-Sundrum model the main part of this
thesis is based on will be presented. The general RS set-up has already been explained
in Section 1.4.4. We have seen that while the Higgs has to be confined on the IR brane
in order to cure the fine-tuning problem in the Higgs sector, the matter and gauge fields
are desired to propagate in the bulk in order to give an explanation for the fermion
hierarchies. The two versions of the RS model differ in the respective gauge group
imposed in the bulk. The first one is the so-called minimal RS model, whose underlying
gauge group is the well-known SM gauge group Gsmy = SU(3). x SU(2)r x U(1)y.
As we will see, this set-up leads to generically too large contributions to some of the
electroweak precision observables. A viable way to reduce these large contributions is
to enlarge the bulk gauge group to Geust = SU(3). X SU(2)r, x SU(2)gr x U(1)x x PpR.
This so-called custodial RS model is able to provide KK particles that could be in reach
of direct detection at the LHC and is phenomenologically more viable.

In the following, we will first take into consideration the possibility of having a bulk
instead of a brane Higgs in Section 2.1. We will then turn to the minimal version of
the RS model in Section 2.2, where we will concentrate on the gauge-boson and fermion
sector and the derivation of the corresponding KK profiles and masses. Moreover, it
will be shown explicitly how the parameters of the SM quark sector can be generated
by O(1) input parameters and how the RS-GIM mechanism works. Finally, we will
check the model for compatibility with electroweak precision tests. Section 2.3 is then
dedicated to the custodial model. The proceeding is analogous to the minimal model,
where it will be focused on the differences and the compatibility with the electroweak
precision measurements.

This chapter is based on [145, 149], but also includes contents of my publications
[150, 151] as well as [105, 152].

2.1 Brane-Localized and Bulk-Higgs Scenarios

As in the original version of the Randall-Sundrum model, the extra dimension of the
minimal as well as the custodial model is taken to be an S'/Zs orbifold, labeled by the
coordinate ¢ € [—m, 7| and bounded by the UV (¢ = 0) and the IR brane (¢ = ). The

39
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RS metric is given by (1.91),

2 1
ds® = e=20(9) N dat'dz” — r?d¢? = 5—2 <77/w dztdz” — i dt2> . (2.1)
KK

Here, we have introduced the new coordinate
t=ee’®) e=e (2.2)

where o(¢) = kr|¢| and Mgk = ke sets the mass scale for the low-lying KK excitations
of the SM particles, as we will see in Section 2.2.1.) This notation avoids disturbing
exponential factors so that calculations and expressions become more clearly structured
and more compact, respectively.

The primary focus of this thesis is put on models where the scalar sector is localized
on (or very near) the IR brane at t = 1. Not only do these models give a solution to the
hierarchy problem but they also define important benchmark scenarios that should be
investigated first. Furthermore, we will see in Chapter 4 that only in these cases closed,
analytic expressions, e.g. for the production and decay amplitudes of the Higgs boson,
can be derived. Nevertheless, several results in the main part of this thesis will also be
valid for more involved (but perhaps more natural) models in which the Higgs boson is
a 5D field propagating in the extended bulk of the extra dimension. According to the
discussion below equation (1.101), the hierarchy problem would still be solved in these
models if the Higgs field was localized sufficiently near the IR brane. A comprehensive
study of the generic set-up of these models and their potential to address the hierarchy
problems of the SM is beyond the scope of this work and can be found in [100, 117, 153~
156]. It will, however, be useful to derive certain quantities in these bulk-Higgs models,
like the W-boson zero-mode profile or the associated 5D propagator. Therefore, the
following two sections do not only contain the presentations of the minimal and the
custodial RS model with a brane-localized Higgs sector that follow the discussions of
[145, 149], respectively, but there will also be two subsections dedicated to what changes
in models with a bulk Higgs. Thereby, it will only be focused on quantities that will be
crucial for the main part of this thesis.

In this context, it is useful to make a few comments concerning the definition of a
brane-localized Higgs sector, which is general enough to allow for a non-zero width of
the Higgs profile, as long as it cannot be resolved by the modes of the theory and hence
does not affect any observables. Recall that RS models are effective field theories with
an inherent, position-dependent UV cutoff (1.101). As argued in the discussion below
(1.103), the scale Areyv also provides the effective UV cutoff in loop graphs involving
Higgs bosons. The condition that the fermionic modes in the effective theory cannot
resolve the width of the Higgs boson can be stated as

n < ul¥yl (brane-localized Higgs), (2.3)

ATeV
where |Y,| sets the scale for the dimensionless 5D Yukawa couplings of the model, see
below. Only when this condition 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-Higgs scenario.
Relation (2.3) should be considered as a condition on the regulator n at fixed, physical

!The dimensionless variable ¢ € [e, 1] is related to the conformal coordinate z frequently used in the
literature by the simple rescaling z = t/Mkk = R't.
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UV cutoff Arey. For a brane-localized Higgs field one should take the limit n — 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.

A Higgs profile with a width 7 > v|Y;|/A1ev must be regarded as a bulk field. The
features of the Higgs profile can then be resolved by the fermionic high-momentum states
in the effective theory, and indeed we will find in Section 4.1 that high-mass KK fermions
make sizable contributions. In the general case, amplitudes in a bulk-Higgs scenario of
the RS model depend in a complicated way on the shapes of the Higgs and the involved
fermion or gauge-boson profiles along the extra dimension. However, we will find that
for a narrow Higgs profile, defined by the relation

ik} LK ol¥al (narrow bulk Higgs), (2.4)

Arev Mxx
sometimes a model-independent expression can be derived. This scenario will be referred
to as the narrow bulk-Higgs scenario in the following. An important outcome of this
work is that it is not always possible to obtain the results in the brane-localized scenario
by just taking the limit of the results in the narrow bulk Higgs scenario. Thus, these two
variants should be really considered as two different versions of the RS model, where we
will not discuss the question which kind of RS model is theoretically most appealing. The
overwhelming majority of the RS literature has been based on models in which the scalar
sector is localized on the IR brane due to the above-mentioned advantages. These models
should therefore be included as a benchmark in any phenomenological study. Yet, having
the Higgs as the only brane-localized field is somewhat peculiar, and after realizing that
successful models of electroweak symmetry breaking can be constructed with a scalar
sector in the bulk one may consider this to be a more appealing scenario. The fact
that important one-loop amplitudes such as gg — h and b — sy (see Chapter 4) are
convergent by naive power counting in bulk-Higgs models adds to their attractiveness.
However, a bulk-Higgs model featuring a very narrow Higgs profile (n < 1) requires
some fine-tuning. The most natural assumption would be that n = O(1).

The discussion above has been made to clarify the nomenclature of the different RS
scenarios differing in the localization of the scalar sector. In this thesis, we will predom-
inately work with models with a Higgs sector which will be fixed on the IR brane via
a (regularized) o-function. When deriving certain quantities, we will also comment on
the corresponding results in the bulk-Higgs model. The narrow bulk-Higgs scenario will
become important only from Chapter 4 on, although the equality on the right-handed
side of (2.4) will already be used in this and the subsequent chapter.

2.2 The Minimal Randall-Sundrum Model

The minimal version of the RS model is just the SM (except for the Higgs) put into the
bulk. The complete action of this theory can be split into two parts,

Sminimal = Sgauge + Smatter ) (25)

where the gauge sector includes the kinetic terms of the gauge fields, the gauge-fixing
as well as the ghost and Higgs Lagrangian. The matter sector consists of the kinetic
terms for the fermion fields and the Yukawa interactions. In this section, we will make
use of the discussion in Section 1.4.2: Starting from the 5D action, we will derive the
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EOMs for the 5D fields, which after inserting the KK decompositions will give us the
differential equations for the profiles. Then, with the help of the BCs, the solutions for
the profiles and the physical masses of all KK modes will be determined. A special focus
will be put on the zero-mode profiles and mass eigenvalues, for which simple, analytical
formulas can be derived. It will then be explained in detail how the hierarchies of the SM
can be generated and how the RS-GIM mechanism can prevent flavor-changing neutral
currents from getting large corrections. Finally, the minimal RS model is checked for
compatibility with electroweak precision measurements.

2.2.1 The Gauge Sector

We begin with the gauge sector of the minimal RS model based on the SM gauge group
Gsm (1.1), where all gauge fields are allowed to propagate in the bulk. We will see that
many of the formulas derived in the following can be immediately recognized as the 5D
generalizations of the corresponding SM counterparts.

The 5D Action

As already mentioned above, the 5D action of the gauge sector is a sum of four contri-
butions,

Seauge = /d4$/ do /|G| (Lg,w,B + Luiggs + Lar + Lrp) , (2.6)

where /|G| = re*?(® is the square root of the determinant of the metric (2.1). The
kinetic Lagrangian Lg w p is given by

1 1. : 1
Lowp = GEMGEN <—4Q?<nggf41v - ZWIZ(LWJZWN - 4BKLBMN> : (2.7)

where the indices at the corresponding fields strength tensors, which are defined anal-
ogously to the SM case (1.8) with u,v — M, N, run over the generators of the color
group SU(3). (a =1,...,8) and of SU(2)y (i = 1,2,3). The requirement to arrive at
the SM as a low-energy theory demands the vector components of the 5D gauge fields to
be Zs-even functions with Neumann BCs on both branes. According to the discussion
in Subsection 1.4.2 the scalar components must be odd and vanish at both branes. As
in the SM, the electroweak symmetry is broken by the coupling to the Higgs sector that
is confined on the IR brane. The corresponding Lagrangian (1.98) can be written using
the more convenient parametrization

Lhiggs = W [(Dmb)* (D) + p2d1 — A (<I>T<I>)2] , (2.8)
where the rescaling of the fields and the dimensionful parameters according to (1.99) has
already been performed. We will use the following parametrization of the Higgs doublet

_ 1 —iv2pt ()
2= 75 (s ntor - o) (29)

where ot = ¢! F ¢? and ¢ are the unphysical scalar degrees of freedom, that are eaten
by the W and Z boson to give them their masses, and h denotes the physical Higgs
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field. Throughout this thesis, v denotes the vev in the RS model, which differs from the
SM value vgy =~ 246 GeV by a small amount [157]. The exact relation between v and
vgm will be shown at the beginning of Section 5.1. In order to diagonalize the 5D mass
terms coming from (2.8) after EWSB, the electroweak gauge fields can be redefined in
the conventional way,

1 ) vgs
Wi = — (Wi, ¥ iW} My = ==
M= G ( M T M) ) w 5
1 /g2 + g2
IM =~ (95W1%4 — 95Bu) Mz = %7 (2.10)
95+ 95
1
Ay = ——5 (95Wir + 95Bur) My =0,
V95 + 95
where g5 and gi are the dimensionful ([g5] = [¢}] = —1/2) 5D gauge couplings of the
SU(2)r, and U(1)y subgroups, respectively. In this basis the covariant derivative reads
Dap = 0a — i (YW + T-Wyp) — =2 (T3 — sin0,) Zas —ies Q Ay, (2.11)

V2

where T%3 and Q are the group generators. The Weinberg angle 6,, and the 5D elec-
tromagnetic gauge coupling e; are defined by

cos 0y,

g5 g5
Ve + g5 Ve +g5°

and are again just generalizations of the SM expressions to five dimensions. Note,
however, the different mass dimensions of the gauge fields and coupling constants. At
this point, some comments are in order. In contrast to the common practice in the
literature, e.g. in [145], we do not define a dimensional coupling via g = g5/v/27r, and
analogously for ¢/, which is then identified with the SM gauge coupling gsy. The reason
is that the coupling to the light fermions, which determines the strength of the weak
coupling constants always comes with non-flat profile of the massive gauge bosons derived
in (2.31). The only exceptions are the electromagnetic and the strong gauge coupling
whose corresponding gauge-boson zero modes have a flat profile, so that [158, 159]

cos b, = sinf,, = e5 = g5 sin b, , (2.12)

€5 9s,5
e = and = 2 2.13
\27r Js 2rr ( )

can be identified with the 4D gauge couplings of the SM.
The kinetic term in the Higgs Lagrangian (2.8) includes the square of the covariant
derivative acting the Higgs doublet,

D& — 1 (—i\/?(f)ugfr + MWWJ)
. V2 \ Ouh + i(au%@g +MzZ,)

and thus mixes the gauge fields Wj[ and Z, with the scalar degrees of freedom T and

3. The mixing terms can be removed by appropriate gauge-fixing terms which are

) + terms bi-linear in fields, (2.14)
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chosen to be
2
25 § { KtatA5:|>
3 1 ?
25 a“Z B (5t—1kMzg0 +2MKKt8t—Z5
€
2

- (auw,j

X <6“WH_ —£ [5(15 — D)EMwy~ + 2Mkk t&‘% W5}> ,

Lop=— o2 <8“A -

, (2.15)
[5 t — 1 ]CngO + 2MKK t@tz W5 :|>

where we have used the t-notation and redefined the scalar component of the gauge fields
€

and analogously for I/V5i and Zs, in order to adjust the mass dimensions. More generally,
there could be a different parameter for each term, but we can set all to the same value
without loss of generality. The square of the J-function appearing in (2.15) causes no
problems, because these terms cancel out after inserting the KK decomposition of the
fields, as we will see later. The Faddeev-Popov Lagrangian Lrp will not be needed for the
discussion in this chapter. We will touch on its structure after the KK decomposition,
since we need the corresponding Feynman rules in Section 4.2.

As we want to derive the masses and profiles of the physical KK excitations, we will
concentrate on the bilinear terms in the following. It is, however, straightforward to
incorporate couplings involving three or four gauge bosons. The kinetic terms of the
gauge bosons and the Higgs as well as the gauge-fixing terms lead to the bilinear part
of the action

€

1 , 1
[ s

1
- Z 7 — Z,)% +

("W ("W,)) + (0 W5 0" W + Mg oW, oW —+)

l\)\i—‘

l\')\r—t

(
1o 1
S Wi :

k 1
+50(t = 1) (20,@6% — MN?h? + OOt + 5(%(,03({“)“@3 (2.17)
M2
+TZZ#Z“ + M%WjW‘“)

1 \? 1\?
<MKK to— A5> — g ((5(75 — 1) kMztp3 + 2Mkk t@tg Z5>

»Jk\t/‘f‘r MW‘r‘r

1
<6(t S 1) kMot + My 0,2 W > (5(75 — 1) kMo~ + Mgk t@ttW5> } .
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The Kaluza-Klein Decomposition

In order to solve the EOMs that follow from the action (2.17), we now decompose the
5D fields into 4D mass eigenstates and choose the following decomposition

1 M, n
—szfé(tmg")(x), As(,t) = =25 3 a0t 00! (0 9 (@)

M, n
Z(o, ) = fzxn Y AL ACL A O

= XA OWE @) W) = Sl ol () a).

(2.18)

where we have used that the profiles x> (t) (B = A, Z, W*) can be chosen to be x> (t) =

aB 9,xB(t) with some coefficients a? that have to be determined [111]. The fields B(n)
are the KK modes of the gauge boson B with masses mZ, while the scalar partlcles
@Sln) (a = W*, Z) are the KK modes of the mixture of the fifth component of the gauge
field a5 and the Goldstone bosons arising from the Higgs sector ¢*3.2 It is therefore

reasonable to expand the latter Goldstone bosons in the same basis of mass eigenstates
an o (2 an o (). (2.19)

Following the discussion below (1.62), we can derive the EOM for the profiles, which in
t-notation read

L I jB B
P} Xn
2rr My

—t0; atxn()—ﬂfixn()—5(t—1) ), (2.20)

and find that the profiles obey the orthonormality condition

dt g

f P Xn ( )Xm( ) = Opm - (2'21)

The difference in the case at hand is the appearance of the d-function in (2.8) and (2.15).
Note that it is only relevant for the massive gauge bosons W+ and Z. In order to be in
accordance with the boundary conditions of these fields, which guarantee the vanishing
of the boundary terms when integrating by parts, we move the §-function infinitesimally
into the bulk and use the 17 superscript indicating 6(t —17) = lim,,,0 6(t —1+n). The
o-function therefore represents a “fake brane” which modifies the BC at ¢ = 1~ obtained
by integrating the EOM (2.20) over a small interval around the IR brane (in ¢-notation)
or from an infinitesimally displaced point in the bulk to the brane (in ¢-notation)

L%, ,
dal (=0, anlP(17) = - L), (2.22)
KK

Here, we have expressed the 5D masses Myy 7z in terms of the mass parameters

2 12
- + v
95 and my = 9% T9% Y

v
V2rr 2 2rr 27

2The scalars @(") are just the KK modes of the fifth component As.

(2.23)

my
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which are the leading contributions to the gauge-boson masses in an expansion in pow-
ers of v2/MZy, see (2.30). The photon and the gluon profiles obey Neumann boundary
conditions at both branes resulting in a massless zero mode. After inserting the KK
decomposition (2.18) into (2.17) and applying the EOM and the orthonormality condi-
tion, we arrive at the following effective 4D theory, where the fifth dimension has been
integrated out,

1 2 (mA)2

§ 4 v(n n n n n

gaugeQ - /d { 4 /“, F'u ( ) 275 (aNAEL )) + 2 AL )A,U,( )

2 ZN\2

Lo ) L (gupm) (M2)° ) pun)

4ZWZ 25(8 Z, ) + 5 zZ"z
+(n) 17 —pv(n) 1 w7+ griy—() (mﬁ)Q +(n) p17—#(n)
—5 WW W —58 Wu o'W, + 5 Wu W

1 n) au (n m£2 n) (n 1 n n m7Z12 n) (n
2 aupPorgy - S w0 1 g gl TRE o

n —(n n) —(n 1
+ Oupn 0™ — E(mlV )2 o™ oyt )} +/d4x <2 B,h 0"h — Av2h2>
+Z/d4xﬁ(§3- (2.24)

In order to obtain the above structure, we have made the crucial condition that the
coefficients in (2.19) must be given by (a = W, Z)

' ]
Al =——, b= % Varxe(1). (2.25)
n

)
a
my

Choosing different coefficients would not lead to the diagonal action (2.24). The latter

describes the action of an infinite tower of physical gauge-boson KK modes BL") (B =
W=, 2, A) with masses mf and of the corresponding unphysical Goldstone bosons with
masses v/EmZ. The zero modes can be identified with the SM gauge bosons. In this
approach all mixing effects are implicitly included and the physical zero modes already
involves contributions from the KK excitations. This mixing gives rise to different
couplings of the gauge-boson zero modes to fermions which we will see below.

Note that in the action (2.24) the Lagrangian for each KK mode has the same form as
the SM action. As a consequence, the Faddeev-Popov ghost Lagrangians E(FTQ resemble
the SM one, with the only generalization that a ghost field is required for every KK mode.
Correspondingly, the gauge-boson couplings to their ghosts can be easily deduced from
the corresponding SM Feynman rule.

Bulk Profiles and Masses

We now want to obtain the solutions for the bulk profiles x%. Solving the EOMs (2.20)
subject to the BCs (2.22), one finds (a = W, Z)

=N, \/>tc (2.26)
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where only the UV BC has been used to determine the unspecified coefficient in the
general solution, so that

en (t) = Yo(zge) Ji(znt) — Jo(zge) Yi(apht),

e, (t) = —— [tet(t)] = Yo(ale) Jo(xht) — Jo(afhe) Yo(znt) . (2.27)

The dimensional parameters 2% = m®/Mkk are the ratios of the gauge-boson masses
normalized to the KK scale. The normalization content N, is fixed by the orthonormality
relation (2.21), and reads

N2 =] + [ ) = —ai g (1) = e @] (2:29)
The IR BC
a,—(1— mezl +
xpe, (17) = —MI%K ey (1), a=W,Z, (2.29)

can be used for the determination of the mass eigenvalues x%. The masses of the KK
modes (n > 1) have to be calculated numerically. Since they are determined by the zeroes
of Bessel functions they have an approximately equidistant spacing of Am, ~ nrmMkk.
The masses of the zero modes, on the other hand, can be derived analytically. Expanding
(2.29) in powers of v? /M2y, we find® (a = W, Z)

=2 4
=t (e <o G )
m; =m; |1 — L—-14+—~)+0(—1]|- (2.30)
[ 2ME 2L My

This equation relates the gauge-boson masses to the SM relation m, = g,vsn/2. Direct
measurements will determine the mass on the left-hand side of (2.30) and one can
therefore absorb the universal RS corrections into m,. This corresponds to a rescaling
of the Higgs vev as discussed in [145]. However, we will use a different determination
of the vev shift in Section 5.1. Nevertheless, it is noteworthy that equation (2.30) has
to be used in all calculations involving the masses my z in order to obtain results that
depend on the physical masses myy,z.
Finally, we can derive analytical expressions for the zero-mode profiles (a = Z, W)

\/ﬂxg(t):1f7mg 2 Lfljtlnt —1+i +0 o (2.31)
2MZ, 2 2 2L M)’

which receive corrections of O(v?/MZy) to the flat profile which is the consequence of
the mixing with the KK modes. Inserting this result into (2.19) and (2.25) shows that
the fields p* coincide with gofv(o) to leading order and that mixing effects arise at order
v? /Mgy or higher. The masses and profiles for the photon and the gluon can be easily
adopted from (2.30) and (2.31) with m, = 0, which follows from Neumann boundary
conditions at the IR brane, see (2.22). Thus, the zero modes are massless (ma g = 0)

and have a flat profile

AG 1
Y ==, 2.32
XO m ( )

which, according to the discussion in Section 1.4.2; is crucial for maintaining gauge
invariance at zero-mode level.

3Terms of O(¢) will be neglected in the following.
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Modifications for a Bulk Higgs

Up to now, we have treated the Higgs as a brane-localized field. As has been pointed
out at the beginning of this chapter, it is also possible and somewhat more natural to
allow the Higgs doublet to propagate into the bulk.*

Using the orbifold coordinate ¢, the general action for the Higgs sector, that is given
by (2.8) in the case of a brane-localized Higgs sector, now becomes

Sp= [ dtar [ doe 1 [ Dy Dy@—p? [0~ Voy (@) 8]~ V(@) 8(1¢] 7).

(2.33)
where p provides a bulk mass for the scalar field, which can be tachyonic (see below).
The potentials localized on the UV and IR branes determine the boundary conditions
of the scalar fields and induce electroweak symmetry breaking. They are chosen to be

Vov(®) = Myy |2, Vir(®) = — Mg |®2 + A\ir |®|*, (2.34)

with mass dimensions [Myvy] = [Migr] = 1 and [\;r] = —2. The dimensionful parameters
in the 5D action naturally scale with appropriate powers of Mpi, and it will be useful to
introduce dimensionless O(1) parameters by the rescalings

Muyvy Mir \ = ARk

muyv = ok MR = oK = " (2.35)
Switching to t-notation, we express the scalar doublet ®(z, ¢) in the form
t —ipT (x,t)
bz, t) = —— . 2.36
()= 7 <f [0(t) + (. t) + iga(e, )] ) (230

where in contrast to (2.9) the Higgs vev profile v(t), the physical Higgs scalar h(z,t),
and the Goldstone bosons ¢t (z,t), ¢3(x,t) are now functions depending on the extra
dimension. Being 5D fields, these four scalar degrees of freedom can also be decomposed
into KK modes. As a matter of fact, these KK modes mix with the KK modes of the fifth
components of the gauge fields. After rotating into the mass basis, there are physical KK
excitations of the neutral Higgs boson h,(x) [161]. Moreover, there are three towers of
additional scalars ¢Z(z), ¢ (x), which do not possess zero modes. The charged scalars
will be important for the discussion in Section 4.2. For the following analysis it is not
necessary to consider the Goldstone fields ¢ (z,t), p3(x,t) any further (unitary gauge).
Integrating by parts, the Lagrangian corresponding to the action Sy, = [ d*z Ly (z) in
(2.33) can be rewritten in the form

1
Ly = 2;/ % {; Ouh(x,t) 0" h(x,t)
n M§<K [U(t) —l—?h(;v,t) (1262 + 10, — B2) Utt) n h(?t) (1202 + 10, — 52) h@;’t)} }
T 2 v X x =
- Tk {[ ®) +t22h( ) oy ()] + h(t; D g, [th(m,t)]]t ) (2.37)

N megv [v(€) + h(z,€)]” = mig [v(1) + h(z,1)]* + Mi;(K [v(1) + Az, 1)}4} ’

* This discussion follows the expositions given in [156, 160] and is part of our publication [150].
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where f = /4 + p2?/k%. Requiring that the terms linear or quadratic in h(z,t) cancel
out on the UV and IR branes yields the BCs®

O [t v()], e = muv u(e) O to())y = mmo(1) — (1), (238)
KK
O [th(z,t)],_ .+ = muv h(z,€e), O fth(z,t)],_- =mrh(z,1) — 65\ v?(1) h(z,1).
KK

The differential equation for v(t) can be obtained by varying the action with respect to
v(t), and we find

2
(07 + to, — B°) ”(:) =0, with gZ=4+ % : (2.39)

which ensures that the tadpole terms in the Lagrangian (2.37) cancel out. We then
obtain

Lp(x) = Zj/ 7 [2 Ouh(z,t) O*h(x,t) + KK @ (1;)

-gg,x[-— v4(1)%—4@(1)h3(m,1)-+-h4(x,1)}. (2.40)

(t°0F + to, — B°)

The general solution to the differential equation (2.39) subject to the boundary condi-
tions (2.38) is

2 —
o(t) = Ny (119 =y 177, wmvw%m;ﬁ_ﬁgv (241)
and 5 ( 8) ( 3)
M mm—2—08) =1, (mm —2+
2 KK IR v IR
N; = ) 1 Tv)g . (2.42)

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 » — oo) vanishes at the boundary
only if the 5D scalar field obeys the Breitenlohner-Friedman bound p? > —4k? [162],
one usually assumes that S must be a real positive number, even though not necessarily
larger than 2. Unless 8 is very close to zero, it follows that the coefficient r, o €2? in
(2.41) 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 the analysis in this thesis. It follows that

mr — 2 — f3

o(t) = o) t'P, with v(1) = Mgk o

(2.43)
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<pB<mmr-—2. (2.44)

Note that the parameter v(1) is a function of the 5D input parameters of the theory. It is
more convenient to relate it to the physical value vgy of the Higgs vev in the SM. After

5As above, these conditions can also be derived by integrating the field equations over infinitesimal
intervals about the branes.
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electroweak symmetry breaking, the mass terms for the W and Z bosons are generated
by the 5D Lagrangian

2 1 2 2 /2
Sy = /d%;/ ?" (*) [gg Wi (w, ) W (x, t) + %Zu(:g,t) ZMz, 1) .

4
(2.45)
Making use of the KK decompositions (2.18), we can identify
or (tdt
d="2 [ Lm0l vam?, (2.46)

€

where the parameter v4 coincides with the parameter v used elsewhere in this thesis. At
lowest order in an expansion in powers of v? /MI%K, it coincides with the SM parameter
vsm as defined, e.g. via the value of the Fermi constant, see Section 5. For the determi-
nation of the O(v?/MZy) corrections to the relation vsy = v4, one needs to solve the
differential equations for the profiles of the gauge-boson zero modes in the presence of
the Higgs vev, which will be done in the following. The EOM reads

2 12
@2795M

1
(=10~ O + 2 T2V (1) = 23\ (1) =25 : (2.47)
t 4r MIQ(K

and the profiles need to obey Neumann BCs at both branes. Unfortunately, a closed,
analytical solution to this equation cannot be derived, but it is possible to find a per-
turbative solution using the ansatz

X () =Y (@) falt),  x5=) (0")"cn. (2.48)
n=0 n=1

The sum in the ansatz for 22 starts with n = 1, since in the case of no electroweak
symmetry breaking the profile is flat x}V (t) = fo(t) = 1/v/27 with eigenvalue 22 = 0.
Inserting (2.48) into (2.47) and collecting the different orders of %2 we obtain differential
equations for the functions f,(t)

1
—t0, n O fo(t) =0,

—t0, %at fit) = —t* T2 fo(t) + e1 folt) (2.49)

—t0; %51: fo(t) = =228 f1(t) + c1 f1(2) + cafo(t)

etc. Using the BCs and the normalization condition (2.21), we obtain

1
fo(t) = Work (2.50)
1 1 1 (1+B)B+p) 2048 1 —21Int
fl(t)*ﬁzL(Hﬁ) “2L2 " 2L(2+ B)2 +7 <_1+ 515 2L )] ’
and
1
DTS+ p)
! 1 3+ 5) ) (2.51)
T [(2 T B)(3+28) ALO+B)2+A)? 4Ll +5)2] '
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We can now relate v2(1) to the four-dimensional vev v? via (2.46) and obtain for the
Higgs vev profile at next-to-leading order

v(t) = vy %(1 + Bt [1 - 0%dy] (2.52)

with
dq

1 [2(1+ﬁ)L 3+28 1 2+4p]

T 42+8)| 3+28 243 2L1+3]° (2:53)

Moreover, the W-mass m%,[, = x%Mf(K is found to be

il [2M1+m2 _u+m®+ﬁx+1‘+o(z#>}
2Miy [2+8)(3+28)  (2+p)2 2L ME )

(2.54)
where myy = v4g5/(2v/27r). Provided with the above results, it is straightforward to
derive the W-boson profile in the background of a bulk-Higgs profile

Wy L miy, [LP (14 8)(B3+8) 1, 1
X0 (t)—m{1+2M‘:2</K|:2+IB+ 2oty an ! <L—2+lnt>}},
(2.55)

which is the exact result at O(v?/M2). Note that for 5 = O(1) the constant terms
in (2.54) and (2.55) are reduced with respect to the results (2.30) and (2.31) in the
brane-localized scenario, which can be recovered by pushing the Higgs towards the IR
brane, i.e. in the limit § — oo.

We proceed to study the eigenvalue problem for the physical Higgs boson and its KK
excitations. Being a 5D field, the 5D Higgs field can be decomposed via

m@:m@@_

h(z,t) = Z hn(z) Xg(t) ) (2.56)
n=0

where the zero mode h(x) = ho(z) corresponds to the SM Higgs boson and the profiles
obey the usual orthonormality condition (2.21). In order to obtain canonical mass terms
from the Lagrangian (2.40), we must impose the EOM

(207 + t0, + t*22 — B?) X";t) =0, (2.57)

where as usual x,, = m,,/Mgk denote the masses of the KK Higgs bosons in units of
Mxxk. The general solution to this equation is a linear combination of Bessel functions,

X2 (t) = Ny t [J/g(xnt) — rnYB(xnt)} , (2.58)

where the BC on the UV brane in (2.38) once again implies that r, o €22 is extremely
small and can be set to zero for all practical purposes in this thesis. We then obtain

Xn(t) = \F tJp(nt) . (2.59)
T \/Jg(xn) — Jg1(zn) Jp_1(zn)
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For the determination of the physical masses of the KK Higgs bosons, we need the
boundary condition on the IR brane

g1 (2n)

Jg(xn) = 2(mIR -2 B) =2/. (2.60)

From this equation it follows that even the zero mode (the SM Higgs boson) has a mass
that is naturally of O(Mkgk), which empirically cannot be less than a few TeV. This is
the little hierarchy problem, which is not addressed in RS scenarios. In order to obtain
a realistic Higgs mass mj;, < Mkxk, one has to assume that

d=mpr-2-08<K1. (2.61)

Once this is done, it is straightforward to obtain a formula for the zero-mode mass in a
power series in . We find

2 mi B B ) 252
:cO_MI%K_zl(l—i—B)é[l 2+5+(2+5)2(3+5)+'”] (2.62)

Assuming Mgk = 2TeV, for example, implies that (14 3) 6 ~ 1073, which corresponds
to a fine-tuning of 1 in 1000. For the zero-mode profile, it is now easy to obtain an
expansion in powers of x%. The leading terms are given by

xg(t)zy/f;(1+ﬁ)t1+5[1”Z%(lfﬂH16)+...]. (2.63)

Note that the next-to-leading term is a small correction of O(m2 /Mgy ) and is even
more suppressed by the localization parameter 8 > 0. In the limit § — oo, the profiles
of the vev and the Higgs-boson zero mode coincide.

2.2.2 The Matter Sector

We now turn to the matter sector of the action (2.5), where the focus is put on the quark
sector. The generalization to the lepton sector is straightforward, but is somewhat more
involved: While the RS set-up can address the tiny neutrino masses, without a see-saw
mechanism, by means of wave function overlaps [163-165], the localization along the
extra dimension does not readily yield the correct mixing angles [166]. Thus, the lepton
sector requires some model building. We will come back to the implementation of the
lepton sector in Section 4.2, where the loop-induced Higgs decay h — 7 is analyzed.

The 5D Action

Like the SM, the minimal RS model contains quark fields that are charged under the
SU(3). gauge group and are doublets and singlets under SU(2)r. The difference to the
SM, as pointed out in Section 1.4.2, is that the 5D bulk fermions are now Dirac particles
and we need to impose certain BCs to project out the ”wrong-chirality” components of
the zero modes. The SU(2); doublets are denoted as @ = (U, D), whose left-handed
component (Ur, Dr) is a Zs-even function on the orbifold and fulfills (NN) BCs, while
the right-handed component is a Zs-odd function and obeys, according to (1.73), the
opposite, i.e. (DD), BCs. This choice accounts for massless left-handed fermions that
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can be identified with the SU(2)r, doublet of the SM. Analogously, the SU(2)y, singlet
will be denoted by ¢ = u, d, where in this case the Zs-even right-handed component has
to obey (NN) BC in order to arrive at a spectrum that is compatible with the SM. All
fields are three-vectors in generation space and we can write down Yukawa interactions
that couple to quark fields to the Higgs and give the zero modes their SM masses.

Like in the SM, the action of the matter sector in the minimal RS model consist of
two parts,

Smatter = S}fg;m + SYukawa = /d433/ d¢ \/é (‘lefll;lm + EYukawa) 5 (264)

where kinetic action® Slifflm follows from (1.71) with ¥ = @, ¢ and after evaluating the
5D gamma matrices (1.70) and the vielbein (1.72) reads

St = Z/d‘*m/ de
Q. o

{6_3” (QidQ+qidq) — e "7 sgn(¢) (Q M Q +qM,q) (2.65)
—20
- L " [QL0s(e > QRr) — QrOs(e™ QL) + qr Os(e > qr) — qr Op(e *7qr)] }

The quantities M , are 3 x 3 matrices in generation space and the signum in front of
the mass terms are due to parity assignments. One can always choose a basis where
these matrices are real and diagonal [145], which we will assume from now on. In this
basis, the Yukawa interactions read

SYukawa = /d4.%'/ d¢\/a£Yukawa (266)

__ / i / 4656~ 7)€ [0 Qur ¥ Y u + e Qurn ) Y DS 0,

+ QoY P+ QroY PS5 dy + h.c.]

d4 i d —30 1)5(’(;5‘ — 7T) 2 Y5D,C 2 Y5D,S h
S — xr pe TZ[QL q qr + Qr q qr. + .C.],
- Q.
where ¢ = io? and YZD are the fundamental 5D Yukawa matrices. Due to their mass
dimension [Y}P] = —1, it is convenient to define [163, 167]
_k sp

Contrary to the SM, the dimensionless matrices Y, are assumed to have anarchical
structure, meaning they are non-hierarchical matrices with complex elements bounded
from above by wy.. In order not to clash with the Yukawa perturbativity bound, the
typical choice is y, = 3. In the phenomenological analysis in Chapter 5, we will however
also choose different O(1) values. The perturbativity bound is discussed in Appendix B.

In (2.66) it has been distinguished between the two Yukawa matrices YgD’C and YZD’S
for the Zs-even and Z»-odd fields, respectively, where the superscripts refer to the profiles

SWe only focus on the free kinetic action here. The interactions with the gauge fields can be included
by the replacement Oy — D, where Dy is the covariant derivative (2.11).
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in the KK decomposition of the fermion fields, see below. While this differentiation is
possible for a brane-localized Higgs sector, it is forbidden by 5D Lorentz invariance for a
bulk Higgs. Thus, the choice Y5D ¢ Y5D 9 could be motivated by considering a brane-
localized Higgs as a limit of a bulk nggs We will encounter an example in Section 4.1,
however, where it is not always possible to obtain the results in a brane-Higgs scenario
as a limit of a bulk Higgs. Therefore, it would be somewhat more natural to impose two
different Yukawa matrices for RS models with a brane-localized Higgs sector. On the
other hand, we will see that the leading contributions only depend on YgD’C, while the
matrices YZD % have minor effects. In the following, it will therefore be assumed that
YSD ¢ = Y5D o Y5D We will come back to the possibility of two different Yukawa
matrices When necessary. For the generation of hierarchies that will be focused on in
the next subsection, the distinction between the two matrices is irrelevant, since they
are both structureless and have O(1) elements.

The Kaluza-Klein Decomposition and the Equations of Motion

In the next step, we decompose the 5D quark fields @ = (U, D) and ¢ = u,d. Compared
to the gauge-boson case, the decomposition is a little bit more involved due to the flavor
degrees of freedom and to the mixing in the Yukawa sector. In fact, the latter leads
to diagrams, where a zero mode of the SU(2)r doublet couples to a KK mode of the
SU(2)r, singlets. This shows that the resulting left- and right-handed mass eigenstates
qg’% should be part of the KK decomposition of both the 5D doublet and singlet. So,
in anticipation of what is happening, we choose the following KK decomposition for the
up-type quarks

- B 1 t2 CQ (n) U t 1 t2 SQ U (n)
( 7”622 CL ur, (x)a R(x 7’622 a’ Up ( )a
1 t2 u( 1 t2 5(1) at ol
ur(z,t) = ZS auL(), ug(x,t) = ZC aug%)(),
(2.68)

and likewise for the down-type quark sector. The superscript n labels the different
mass eigenstates in the effective 4D theory such that 1,23 refer to the SM quarks,
while n = 4,...,9 label the six quark modes of the first level (due to the doubling of
the degrees of freedom at each KK level), and so on. The Zs-even and Zs-odd quark
profiles C¢%(t) and S¥"(t) are 3 x 3 matrices in generation space and correspond to
the solutions with (NN) and (D D) BCs, respectively. The 3-component a-vectors alo
describe the flavor mixings of the 5D interaction states into 4D mass eigenstates which
are generated by the Yukawa interaction on the IR brane. Therefore, while SU(2)y,
gauge symmetry implies that the SU(2); doublet quark fields have the same profile
functions CY = CP = C% and SY = 8P = 89, the vectors a” do not coincide,
since the two components are treated different in the Yukawa interactions. Moreover,
the profile functions can be chosen to be diagonal and real, whereas the a-vectors are
complex in general. In the limit v — 0, corresponding to a situation where the Yukawa
interactions are switched off, the a-vectors become unit vectors and no flavor mixing
occurs.

Although not relevant for the rest of this section, it will be convenient to introduce a
compact notation, where the left-and right-handed components of the up- and down-type
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states are collected into six-component vectors

[27r €2 (Uy(z,t) [27r €2 (D y(x,t)
t) = D t)=4/——= ’ 2.69
Z/{A<$7 ) LE tz ( (:E,t) ) A(x7 ) Le 12 dA(.T,t) ) ( )
with A = L,R. They are collectively referred to as Qr r. The main advantage of

this notation is that the factors appearing in integrals are absorbed. The newly-defined
vectors Qy, g have mass dimension 3 /2 and can be written as a KK decomposition

=S V@)  A=LR, (2.70)

where the functions anz% denote the wave functions of the left- and right-handed com-

ponents of the n'" KK mass eigenstates. From the KK decompositions (2.68) we deduce
that the profiles are given by

o= E(G0d). wo=/EED o

Note that the upper (lower) three components denote the contributions from the 5D
doublet (singlet) with corresponding chirality. Using this notation will lead to very
compact expressions for overlap integrals, see subsequent subsection, and for the 5D
fermion propagator derived in Chapter 3.

We now proceed with the derivation of the EOMs for the profiles functions. Inserting
the decomposition (2.68) into the 5D action (2.64) and matching onto the canonical 4D
fermion action yields

Sip= Y0 3 [da [ @) idg™ — m, g 2) o) (0)]. (2.72)

q=u,d n

While the kinetic term gives rise the orthonormalization relation

1
JREEH Q%(t) (2.73)
271'

=20 [ e (o ©50) C99(1) a9 + g S19(0) SEAD) at®} = by

the mass term leads to the EOMs [145, 149, 163]

L uot—1) vo(t—1)

(=0~ cq) 8R(0)af = ~nt CR(W) o + * 22 ¥, C(t)al
c q =z q q vit—1) TOR(t) a®Q

(100 + ¢0) S4(t) 0t =~ t Ch (1) + T Yichwa?, .
(t@t - cQ)cQ( )aQ = —2,t S2(t) aQ + ”}(;;Kg Y, S%(t)al
10+ e Ol al — —x £ S VOt = 1) 3t 6Q(p) 4@
( t0, + q>c ()}, = —wat SiO al + o2 Y| SO et
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UV brane Higes IR brane
odd fermion ® T
1/n
o
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FIGURE 2.1: Visualization of the regularized Higgs profile. The region ¢ € [e,1 — 7] is
called the bulk part, whereas the interval ¢ € [1 — n, 1] is referred to as the sliver part.
The gray curve schematically shows the behavior of the Z5-odd fermion profiles in both
regions, which are supposed to match at t =1 — 7.

with the normalized KK masses z,, and the bulk mass parameters cg, = =M ,/k.”
In [145], the terms involving the J-functions on the right-hand side of the last two lines
in (2.74) have been omitted, since the Z-odd profiles vanish at the IR brane. As we
will see below, neglecting these terms is not correct. Off the IR brane, i.e. t # 1, the
Yukawa terms do not contribute and the EOMs reduce to the differential equations
for the free fermions with the corresponding solutions. One way to find a solution to
(2.74) is therefore to take the homogenous solutions in the bulk and consider the Yukawa
couplings as perturbations [159, 163, 167-171]. In this way, we obtains the solutions order
by order in v? /MI%K However, we will derive the solution with an exact dependence
on the Yukawa matrices which enter through the BCs [145, 149, 167, 172, 173]. Both
approaches are equivalent [174], although the latter is more straightforward and will be
adopted here.

At this point, we have to come back to the Higgs profile described by a §-function in
the case of a brane-localized Higgs field. In contrast to the boson case, we cannot just
move the J-function infinitesimally into the bulk in order to obtain the correponding BCs
at 17. The derived boundary conditions would be in conflict with the EOMs (2.74). For
the fermion case, it is therefore important to regularize the d-function properly. In [149],
the authors used an arbitrary regularized profile §”7(¢t — 1) with infinitesimal support
[1 —n,1] and they showed that in the limit n — 0 the results do not depend on the
specific choice of the regularization. Thus, it is justified to use the simple rectangular
regularization

677(t—1):7170(t—1+n), with n<1, (2.75)

which effectively divides the extra dimension into a bulk (t < 1 —n) and a small sliver
part (t > 1 —mn), as illustrated in Figure 2.1. In these regions of the fifth dimension, the
EOMs (2.74) possess independent bulk and sliver solutions.

Continuity requires these two solutions to be equal at t = 1 — i and after sending
n — 0, this gives a (modified) boundary condition for the bulk profiles at 17. If 7 is
small enough, i.e. n < v|Y|/Mgkxk (this is the reason for the inequality on the right-hand
side of (2.4)), the Yukawa term in (2.74) dominates the remaining mass terms so that

"The choice of the sign is such that it is now possible to interpret both left- and right-handed fermions
as e.g. UV-localized for ¢, r < —1/2, and correspondingly for cr,r > —1/2. Recall that in (1.105) we
have had to distinguish between the two chiralities due to the definition of the bulk mass parameter
without the sign.
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in the sliver only the following terms in the EOM are relevant®

v v

0,84t af = —=——Y,Cl(t)al, 0Si(t)al =—=——YICI(t)a?,
' V2Mxk ! ' V2Mggn ¢
v v
_0,C0 (0 al = ——— VISt a?,  8,CUt) ] = ———— Y, Si(t)al.
! V2Mgkn ! ' V2Mggn 1
(2.76)

The two equations on the left- and right-hand side can be decoupled at the price of
obtaining the second-order differential equations

- ()]st ()

where we have introduced the abbreviations

v - v
X,=—\/Y, Y], X,=—\/YlY,, 2.78
T V2Mgk i T V2Mkk a1 (2.78)

for the positive, hermitian 3 x 3 matrices that are give entirely by the dimensionless 5D
Yukawa matrices. The general solutions to these differential equations are hyperbolic
functions. With the help of the boundary conditions S%4(1 —n) ‘bulk = §%4(1—1n) ’Shver
and §94(1) = 0, which follows from the Dirichlet BC for the S-profiles, one obtains the
solutions

(t) =0, (2.77)

X X
521 = sinh <77q(1 - t)) 520y st sinh <77q(} - t)> s
" sinh (X ) " ’ " sinki (Xq) " ’ (2.79)
cosh (iq(l - t)> ) cosh <)§q(1 - t)> )
O = — oty O30, O = — et ota).

Here, we have used that the solutions for the C-profiles follow from (2.76). Inserting
above solutions into the first line of (2.76) and integrating over the small sliver ¢ €
[1 —n, 1], one finally ends up with a relation between the bulk solutions at the boundary
between bulk and sliver (t =17)

S%(17)a% = myq Ci(17)al, 250)
~89(17)al = \@#Y; C917)a9. '
KK

Note that these are conditions for the profiles at ¢ = 17, not t = 1, where the S-profiles

vanish. The quantities
Y tanth Yy

q q

Xy
are modified Yukawa matrices that differ from the original Yukawas Y, by corrections
of the order O(v?/MZy). Tt is straightforward to derive the eigenvalue equation and

expressions for the a-vectors from (2.80). Since the diagonal matrices C%4 and 8%
are non-singular (otherwise the corresponding SM quark would have no kinetic term),

(2.81)

8This discussion follows [149].
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they can be inverted and it follows

_ v ~ _ -1 T _
S3(1 )ag:—quC%(l ) [S4(17)] Y, C%(17)a?,
S (2.82)
SI(17)al = ———— V1 CP(17) [S§(17)] ' ¥, C4(17) af, .

These relations form a system of 2V, linear equations for the components of the vectors
ag . The mass eigenvalues can be determined by the zeroes of the determinant

v? -1 e _ -1 ot _
det (1 "o, [S¢17)] Y,Cci(1m) [-84(17)] Y, Cl(1 )) =0, (2.83)
and, with their help, one obtains the eigenvectors a@? from (2.82).

Before we proceed with the determination of the bulk profiles, it will be convenient

for the later analysis to rewrite the EOMs (2.74) and the (modified) BCs (2.80) in the
compact notation introduced at the beginning of this subsection. Using (2.71), one finds

0,0 (1) = —29 QW (1) + M, (t) QM (1)

(n) (n) (n) (2.84)
—0i QR (t) = —x7 Q7 (1) + My(t) Qp"(¢)
where
B 1 cQ 0 v B 0 Yq
M,(t) = ; <0 —cq> + 7\/§MKK677(15 1) (Y; 0 ) (2.85)

is the generalized 6 x 6 mass matrix with the regularized J-function. The boundary
conditions can be written as

0 1) oWi)=0, (1 0)oW(t)=0, for t € {e1}. (2.86)

One can also drop the Yukawa-dependent term in (2.85) and use the modified BCs at
t=1" (2.80)

~ -I— ~
< vYy 1> QM(17) =0 (1 _ WY > o™iy =0 (2.87)
V2Mxk L ’ V2Mgy )~ ® ’

instead. Note that the entries of the vectors on the left-hand side of the obey BCs are
3 x 3 matrices in generation space.

Bulk Profiles

We now derive solutions for the profile functions in the bulk. Dropping the flavor indices
of ¢, 4, one finds the profile functions [163, 168]

Cq(zQ’q) (t) = Nulcq.q) E f:{ (t,cq.q) »
m (2.88)

Let
57(1Q7q) (t) = :l:Nn(CQ7q) 7 fn (t7 CQvQ) 9
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where the functions f are combinations of Bessel functions

fE(t,e) = J,%,C(ﬂfnﬁ) J$1+c( t) + J%+c(xne) Ji%,c(l“nt) . (2.89)

Note that, since we have expressed the solution solely by first-order Bessel functions J,,
equation (2.89) is only valid for non-integer ¢ & 1/2, while for integer values a limiting
procedure is necessary. The orthonormality relation (2.73) implies the normalization

condition
t(1,e) f,,(17,¢
/ dtt[fE (L, o) N;()if” (1, )x{:l (179 (2.90)

which can be used to derive the normalization constant
_ _ 2c _
Nn 2(0) = [f:(l,C)F + [fn (17 C)]Q - ;f'r—zi_(l’ C)fn (1a C) - 62[f7—:_(€7 C)]2 . (291)

As in the boson case, we can derive approximate formulas for the profiles of the SM
particles, whose masses mj are much smaller than the KK scale Mkyk. Expanding the

given profiles (2.88) in the limit z, < 1, we obtain

CSLQ7Q)(¢) ~ \/E ( )tCQ,q ,

Le
S0 (¢) ~ +sgn(g) — tn F(cqq) 1+ 2cq
7q

t1+CQ’q _ 61+2CQ’qt_CQ’q (292)

)

which is referred to as the zero-mode approzimation (ZMA). Accordingly, the function

F(c) = sgnfcos(ne)]y/ % , (2.93)

which determines the overlap of the C-profiles with the IR brane, is called zero-mode
profile. Note that the S-profiles are proportional to the inverse of the zero-mode profile
when approaching the IR brane from the left, i.e. at 17. We finish the discussion of the
quark profiles with an investigation of the zero-mode profile for different ranges of the
bulk mass parameters

—V/—1 —2ce 12 —-3/2 ~1/2
F(C)z{ c ’ [2<e<-1/2, (2.94)

Vv1+2c, —-1/2<e<1/2.

The crucial point of (2.93) is that small O(1) differences in the bulk mass parameters
cQ,,q; could explain large differences in couplings to the Higgs and gauge bosons. This
will be the main subject of Subsection 2.2.3.

Modifications in the Yukawa Sector for a Bulk Higgs

Before this will be turned to, we consider what changes in the Yukawa sector in the
presence of a bulk-Higgs field. Instead of (2.66), we have in a model with a bulk-Higgs
field

Lok (g Z /dt )Q (2, 1) = 1 ( 0 Yg%u1k>Q (1) +h.c
uk L\Z 5D ’ R\Z, Loy
by P— vr\Y, bJ[llk 0

(2.95)
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where we have used the compact notation for the fermion fields (2.69). The KK decom-
position of the 5D Higgs field h(z,t) can be found in (2.56), where only the zero-mode
ho(x) will be relevant for the following discussion. Note that the 5D Yukawa matrices
Y;Dbulk now have mass dimension —1/2 which leads to a potentially large upper per-
turbativity bound gy, see Appendix B. The question we want to address here is how to
match the two expression onto each other so that in the limit 8 — co we can obtain the
brane-Higgs case from a bulk Higgs. For this, we must rewrite the functions v(¢) from
(2.52) and xo(t) from (2.63) in terms of functions with unit area, which can be mapped
onto the normalized distributions d;(t — 1) and 6, (¢t — 1). We obtain

\/1-1- 51/5 )

= U4

22 18,
V:2+6 [ G+BM2+MM+ﬂ)+“}5h(t v
with
SYB(t—1) =2+ p) TP,
L 2.97
&w@—1%=@+BﬁHﬂP_4ﬂjB)G2 ii§>+ }' .

Here, 1/ plays the role of the regulator n that was used in the brane-localized Higgs
case. Using the quark bilinear terms as a reference, the corresponding matching relations
between the two Yukawa matrices read

k

q 2 q

548 )f§QMk. (2.98)

The quantities on the left-hand side of the equation are the dimensionless Yukawa ma-
trices introduced in (2.67), whose elements are assumed to be random numbers bounded
in magnitude by y,. If one used the hqq couplings instead, the above relation would
receive corrections of O(x3).

We are now in a position to study the limit 8 > 1 (n — 0), in which the profile
functions in (2.97) become strongly localized near the IR brane. The Yukawa matrices
of the bulk-Higgs model must be identified with Y, <> \/k/3 Yq bulk ~ (k/\/1t) Yq bulk-
It would be inappropriate to conclude that the Yukawa matrices Y, vanish in the limit
B8 — oo from this relation. Rather, one should consider the dimensionless Yukawa cou-
plings as fixed quantities which are related to the observed masses and mixing angles of
the SM quarks by means of relations derived in [145]. It then follows that the dimen-
sionful Yukawa matrices Yggulk must scale with \//k ~ \/i/k (see also the discussion
n [175]). Finally, since ¢ is pushed near 1, one can conclude from (2.97) that

5/t —1)
5e/P (e — 1)

m2
:1+O<h), (2.99)
B Mg

and the two profiles become identical.

The discussion shall be finished with the statement that taking the limit of very large

§ is not particularly natural, since 8 = /4 + p?/k? is naturally of O(1). For large S,
we have the double hierarchy

1 MIR 10 12
- <k N — — ~ ke~ 2.100
S <k<pm =, or — 5 ( )
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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 p and Mg are significantly
larger than Mp;. The first possibility, however, appears more plausible.

2.2.3 Fermion Hierarchies and the RS-GIM Mechanism

As already outlined in Section 1.4.4, RS models with gauge and fermion fields allowed
to propagate in the bulk have the intriguing feature to give an explanation for the
hierarchies in the flavor sector of the SM as well as for the smallness of FCNCs. We
will dwell on that in this subsection, where the explanations will be more quantitively.
In particular, we will derive the formulas that will become crucial for the generation of
parameter sets used in the numerical analysis later on.

Generating Hierarchies in the Fermion Sector

We first start with the question of how many parameters the minimal RS models possess.
It turns out that due to the possibility to incorporate gauge invariant bulk mass terms
for fermions, getting along with the hermitian matrices Mg, 4, we have to deal with
27 new parameters in the flavor sector [176]. To be more precise, there are 27 moduli
and ten phases, which have to be compared with the nine moduli (six quark masses and
three angles of the CKM matrix) and one CP-violating phase in the SM. Fortunately,
these parameters are not completely arbitrary, which would question the predictivity of
the RS model, but they have to obey certain relations in order to generate the proper
SM masses and Wolfenstein parameters. These relations will now be derived.

The starting point of the generation of the quark zero-mode masses and quark mixings
is the similarity between the RS setup of generating hierarchies by different fermion
localizations in a slice of AdS5 and the Froggatt-Nielsen mechanism, explained in Section
1.3.3. To this end, we evaluate the ZMA profiles (2.92) at 1~, where they couple to the
Higgs sector,

Le Le =z
(Q,9) bkl (Q.9) (o~ 44/ = n__. 2.101
C{@D (1) — \/7 (cgqa),  SIPV(7) = £/~ Fleol) (2.101)

With their help, the BCs can be written to LO in v?/MZy in the form

al = (vehra?, (2.102)

n

2 2

where the effective Yukawa matrices YSH and the rescaled vectors af% % are defined via

Yf]ff = Flcg) Y, Fley) and a9 =+2a917. (2.103)

Moreover, we get the important equalities

n

02 R 02 R
<mi 1- Eygff (Ygff)T) a% =0, <m2 1- E(Ygﬂ“)T Ygff> al =0, (2.104)
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so that the mass eigenvalues can be obtained from the simple equation
det ( m21 — erﬁ(Yeff)T =0 (2.105)
et | m,, 5 Y4 p =0. .

The hermitian matrices Yflff(Y‘;ff)T and (YZH)TY‘;ff (¢ = u,d) can be diagonalized by
the two unitary matrices U, and W, whose columns are formed by the eigenvectors
2

a9 (n=1,2,3). We can see from (2.104) that the corresponding eigenvalues are m;,

which also appear in the diagonalized matrix of the singular-value decomposition
ff
YT =U AW, (2.106)

where
Ay = \f my = \f diag(my, me, me) , Ag = \/f mq= -~ diag(mgq, ms, mp) ,
(2.107)
are diagonal, positive real matrices. The entries m,, denote the zeroth-order values of the
masses of the SM quarks. In Section 4, we will calculate the next-to-leading corrections
to these masses. Taking the determinant yields

3
v
Mammems = 57 det(Yu)l [T [F(eqi)Fleu)l,
i=1,2,3
5 (2.108)
v
magmgsmp = —= |det(Yd)‘ H |F(CQi)F(Cdi)| .
2v2 i=1,2,3
Assuming a hierarchy of the zero-mode profiles
[F(ca)| < [F(eay)| < [F(eas)l (2.109)

which is natural in the RS framework due to the small differences in the parameters
€Q..q;» One can now apply the findings of Section 1.3.3 and identify

a; —b?
(YSD)U e (QQ)ijv F(CQ47¢) <A, F(Cq47j) <A b ) (2'110)

where ¢ = wu,d. Thus, the hierarchies of fermion masses and mixings in a warped
background result from the Froggatt-Nielsen mechanism without further assumptions.
It follows that the SM quark masses can be expressed by

v |det(Y )| v |det(Yg)|

u = \ﬁ |(M)11] ’F(CQl)F(CmN’ mq = E |(My)11] |F(CQ1)F(Cd1)”
v |(My)11] _ v (Maul o . ‘
c— \ﬁm ’F(CQ2)F(CU2)|’ ms = \/§ |(Yd)33| |F( Q2)F( d2)” (2 111)
my = % |(Ya)ss| [F(cqs)F(cus) s my = % |(Ya)ss| [F'(cqq) F(cas)!

where (M,);; denotes the minor of Y, i.e. the determinant of the square matrix formed
by removing the i*" row and the j*" column from Y ,. The diagonalization matrices U,
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and W, see (2.106), are given to leading order in hierarchies

1 (Yo)i3
F(cq,) i< (Mg)1r (Yg)s3
(U ) — (u ) F(CQj) 7 0 - _(Mq);l 1 (Yq)23
o YY) Fleg,) i i ! (Mg)1y (Yo)sz |’
Fleg) 77 M)y (Vs
(Mq)1y (Yq)3s
(2.112)
and
1 (Mg)1y  (Yo)h
F(cq,) i < j (Mg)11  (Yo)3s
i, ) Fleg) ——77 (Mg)12 (Yg)3o
(W)ij = (wg)ije ; Pleg) | w, = _(Mq)ll 1 Vo)
Fleg)' '~ 7 (Mg)1z (Yg)s2
(Mg)11 (Yq)ss
(2.113)

The diagonal elements (U, );; have chosen to be real which is always possible due to the
invariance of the singular-value decomposition (2.106) under field redefinitions. This
leads to complex-valued elements (W);;, whose phase factors e are

, ‘ arg(det(Y)) — arg((My)11)
e'% = sgn [F(CQJ')F(C%)] e, 6 = | arg((Mg)) — arg((Yq)ss) - (2114)
arg((Yy)33)

The CKM matrix in the RS model is given by the SM expression V cxy = UL U, and
can therefore be directly calculated with the help of (2.112). The Wolfenstein parameters
given in (1.27) can then be easily derived at leading order and we obtain

(Ya)os  (Yu)2s

v Fleg)l |(Ma)ar (M) |, [Fley)l” (Ya)ss  (Yu)ss
[Fleq)l | (M) (Muu |’ [F(eq))*[F(cqy)] [<Md>21_<Mu>21r |

(Ma)1n  (My)11

o (Ya)ss (Mu)s1 — (Ya)2s (Mu)21 + (Ya)1s (Mu)un
P (Va)ss (M) [(des B (Yu)23:| [(Md)m B (Mu)21:| '
VEI | V)ss— (Ya)ss) L (M (Mu)ua

Note that the CKM matrix does not depend on the diagonalization matrix W, and
therefore on the right-handed zero-mode profiles F'(c,,), as we see explicitly in above
relations. It is also explicitly visible that at leading order the Wolfenstein parameters
p and 7 do not involve any zero-mode profiles [104]. The RS setup thus predicts that
these parameters are of O(1), while the precise values remain unexplained. The latter
relations will be used as the only constraint on the anarchic 3 x 3 Yukawa matrices when
generating parameter sets for the RS model. Details of the generation of parameters
sets can be found in e.g. Appendix A of [105].” The hierarchies of the remaining eight
parameters (six quark masses, two Wolfenstein parameters A and A), are determined by

(2.115)

9The input parameters, i.e. the values for SM quark masses and Wolfenstein parameters are also
given there.
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the nine zero-mode profiles F'(cq, 4,)- When deriving the parameter sets, we will reverse
this and use the eight SM parameters as an input to fix eight of the nine zero-mode
profiles. The remaining zero-mode profile is a free parameter and will be randomly
chosen just as the Yukawa matrices. While in [145] the free parameter was chosen
to be F(cg,), we will use F'(cy,), since this is the only zero-mode profile that has no
exponential dependence on the bulk mass parameter ¢, according to (2.93). Thus, a flat
distribution of F'(c,,) means a flat distribution for ¢,,. The remaining eight zero-mode
profiles are then dependent on the Yukawas, the SM input parameters, and the free
zero-mode profile F'(u3). Eventually, one finds for the profile functions of the SU(2)r,
doublets [105]

_ V2 (Ya)as  (Va)as||(Ma)zr (M) [\~ MA4A
Plegy)l = L2 (|l {2020 G| (it Gl ) AL
_V2my (Yo)as  (Yu)as|\ ™+ A24
[Feq)l = — <I(Yu)33\ ¥ (Yu)33) Fe] (2.116)
V2mg 1 1

Pl = T Wl TPl

while the profiles of the up-type and down-type singlets read

|F(c )|:@’( wasl|(Mu)n] | (Ya)as — (Yu)os || (Ma)2r  (Mu)21 | |[F(cus)

“ my detY, (Ya)ss  (Yu)ss||(Ma)un  (My)ii| NA 7 (2.117)
Flcw,)| = My |(Ya)ss|? | (Ya)as — (Ya)as | [F(cus)| '

. my [(Mu)u||(Ya)ss  (Yu)sz| X247

and

‘F(C )| mq ‘( )33||(Md)11| ( ) . (YU)23 (Md)Ql B (Mu)Ql ‘F(CU3)‘

@ my detYqy (Ya)ss  (Yu)ss|| (Ma)1n  (Mu)u| NA

_ oms |(Ya)ssl|(Ya)ss| | (Ya)os  (Ya)os | [F'(cus)

|F(cay)| = me (Ml | (a)ss ~ (Va)ss| AZA (2.118)
Flew)| = T2 Fe,,).

respectively. The hierarchies can now be deduced directly from above expressions. It is
not difficult to find

F F F
Flag)l |\ [Flegl o Flea)l s 2.119)
[F(cq.)l [F(cqs)l |F(cqs)l
for the left-handed profiles and
[Feu)]  mu 1 [F(cu,)|  me 1
|F(CU3)| my )\3 ’ |F(Cu3)| mg >\2 ’ (2120)
[Fca)l  ma 1 [Fca,)|  ms 1 [Fcas)|  mw
[Feus)l  me A3 [Feus)l  me X270 [Flews)]  mu’

for the right-handed ones. These expressions make the hierarchical structure of the
rotation matrices (2.112) and (2.113) clearly visible.
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At this step, it is worth highlighting what has been achieved. With the help of
the O(1) input parameters of the RS model, it is possible to explain the hierarchies in
the fermion sector, as shown in (2.111) and (2.115). The anarchic approach to flavor
moreover narrows down many of the new parameters entering the RS setup, making the
model more predictive, see (2.116) —(2.118). The relations (2.119) and (2.120) explicitly
show how the relative localizations of the different quarks. Note that they are given in
terms of observable quantities.

Notice that, due to the fact the above relations only fix ratios of profile functions,
there is some freedom in rescaling the profile functions and Yukawa matrices without
changing the SM masses and mixing parameters. From (2.111) and (2.115) it is obvious
that reparametrizing the profile functions of the doublet and the singlet quarks fields
and keeping the Yukawas unchanged

Fl(eg) = nF(cq,). F@n%;F@w, (2.121)

or rescaling both the profiles and the Yukawas (but still keeping them of O(1))

Fle) = nF(cq),  Fleg) = -Fleg),  ¥q— ¥, (2122)
n Mg

does not change the physical input parameters. Of course, the transformations (2.121)
and (2.122) can be combined in arbitrary ways. For UV localized quarks, which have
bulk mass parameters ¢; < 1/2 and exponentially suppressed profile functions as shown
in (2.94), these reparameterizations are equivalent to the shifts co, 4, — c..q; FL 1 Inn
and cQ,q — €Qiq + L7 'In 7(q), Tespectively. This kind of freedom is referred to as
reparametrization invariance and is a convenient tool to investigate what specific re-
gions in parameter space predict for observables without generating a whole new set of
parameters. Note, however, that the Yukawas cannot be too small due to the large top
mass and too large due to the perturbativity bound.

Boson Couplings to Fermions and the RS-GIM Mechanism

According to the discussion above, the small masses of the light SM quarks can be
explained by the small overlap between the quark profiles and the Higgs fields that
is confined on or very close to the IR brane. In Subsection 1.4.4, we have argued
qualitatively that the same mechanism is responsible for the smallness of FCNCs and is
referred to as the RS-GIM mechanism [176-178], in reference to the GIM mechanism,
which explains why loop-level FCNCs in the SM are further suppressed [49]. In this
subsection, I want to give a somewhat more quantitative explanation for the occurrence
of this mechanism. We will briefly discuss the structure of Wilson coefficients belonging
to the four-fermion operators that lead to tree-level FCNCs. A detailed discussion
of the effective Hamiltonians and their corresponding phenomenology can be found in
the literature [176, 177, 179-183]. Only some important results which can explain the
suppression of the FCNCs will be presented here.

Crucial ingredients for the following discussion are the boson couplings to fermions.
The corresponding Feynman rules can be easily deduced from the 5D Lagrangian. As
shown in [184], the interactions have a similar shape as in the SM, but the gauge-boson
couplings to the left-handed fermions, which are proportional to Vj,,,k, in general differ
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from the couplings to the right-handed fermions, denoted by Vymi.' One finds that
these overlap integrals read

B 1
VAG _ /i / a1 o) @ (1), Vi = var [ dexikS() o () o (e).

nmk —
(2.123)
for the photon and the gluon,
- ! ()t %)
Vi = Var [ dedl oD 0 Patt o),
T ! ()t %)
7w = Var / at X (1) DY (1) Py UP (1),
(2.124)
VALV / de X (Ut P pP ),
7w~ Vom / at X (Uit P DB (),
for the W boson,
nmk: -V / thm ( )T( ) [gLPJr +9RP ] Q(Lk)(t),
(2.125)
V2 =V / dt X2 (H) QT (1) g8 Py + 4P 9P (1),
for the Z boson, and
1 1
g = [arsn—1) ol OT Ya ) gy,
(2.126)

gmn—f/dtaﬂ D oo g ) 9o,

q

for the Higgs boson. Here, we have used the compact vector notation (2.71) for the
fermion profiles and, Py = diag(1,0) and P_ = diag(0,1) are 6 x 6 matrices in the
six-dimensional vector space that project out the SU(2); doublet and singlet fields,
respectively. As the photon and gluon couple to both doublets and singlets equally,
there is no such matrix between the profiles. The W boson only couples to doublets
which gives rise to the appearance of P,. The Z boson couples differently, where we
abbreviated g7 = T4J — Q4sinf,, and g% = —Qqysin6,. Concerning the Higgs coupling
to fermions we have used the regularized d-function in order to account for the fact that
the Zs-odd couplings vanish at the IR brane.

In the following, we consider processes that are induced by an exchange of KK
photons. Relation (2.123) makes clear that the quark coupling to a massive KK gauge
boson is non-diagonal. Only for the photon and gluon zero modes, whose profiles are flat,
the overlap integral reduces to d,5. Thus, FCNCs as shown in Figure 2.2 are possible
even at tree-level. These FCNCs, however, suffer from an additional suppression by a
factor that is comparable with a loop suppression, as we will see below. The diagram
in question can be calculated using the standard techniques, where one however has to

10The Feynman rules are collected in Appendix C.
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AWM
d 5

FIGURE 2.2: Tree-level diagram leading to an FCNC. Due to the non-flat profile of the
KK photons, there can be flavor changes at both vertices.

include the entire tower of KK particles and encounters the expression (for p? < MI%K)

x© LA Ayt
Xn(t)Xn(t) 1 2 2 1 2 1 ! 1
- L — 2 (= —Int) =2 (> —Int' ) + = | +...
mZ—p?  AxMZ, | < 2 " o M) Tap T

n=1

(2.127)

which is equivalent to the 5D propagator function whose derivation will be focused on

in Chapter 3. For p? = 0, which is a good approximation for FCNCs at low energies, it

is also possible to derive the term in the square bracket via a recursive procedure [145].

Multiplying the result for the infinite sum with the quark profiles and integrating over
the extra dimension then yields integrals of the form (A, B = L, R)

1 1 . .

1 1 1
2 2 2 /
- 7_1 - 7_1 — .
X [Lt< t (2 nt> t (2 nt>+2 }

The orthonormalization condition (2.73) shows that the constant term in (2.128) can-
not contribute to a flavor change. Moreover, the terms only depending on ¢ and ¢,
respectively, can only lead to a flavor change at one vertex, since (2.73) ensures that
the coupling at the corresponding second vertex is flavor-diagonal. These processes are
called AF = 1 transitions. Two flavor changes, i.e. AF = 2 transitions shown in Fig-
ure 2.2, can only be mediated by the term proportional to 2 = min[t?,#?] in (2.128).

The overlap integral (2.128) demonstrates how the RS-GIM mechanism works. Since
there are only non-negative powers of ¢ and t’ appearing in the propagator function, it
is peaked towards to IR brane, which represents the IR localization of the KK bosons.
According to (2.92), the profile functions for the fermions depend on the position in
the extra dimension via ¢°@ "¢ This factor only becomes large for the top quarks.
For all other fermions, especially for the UV-localized light fermions, at least one of the
parameters is cg, ¢, S —1/2, so that the overlap between the fermion profiles and the
KK gauge bosons becomes small. This is visualized in Figure 2.3. Indeed, one can show
that the AF = 1 processes are described by quantities like!! [145]

(2.128)

! i j / ! 1 i j
Ao = [ a2 @0 0Pu0), (M= [ are (5 -me) k) oo,
(2.129)

1 Other quantities contributing to AF = 1 transitions will be encountered later.
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FIGURE 2.3: Visualization of the RS-GIM mechanism according to [105]. The dashed
lines represent a t? term from the 5D gauge-boson propagator. The solid lines show the
profile of a UV and an IR localized fermion zero mode (two IR localized zero modes)
in the left (right) panel. The blue shaded area can be interpreted as an indicator of
the size of the FCNC coupling resulting from the overlap integral including the three
functions.

which scale like (at leading order in hierarchies) [145]

(AY) )i ~ Fleq,q) Flcq,q,)- (2.130)

We see that the flavor-changing terms are proportional to the zero-mode profile func-
tions of the external fermions which makes the RS-GIM mechanism explicit. Since the
masses are proportional to the zero-mode functions as well, one finds an approximate
suppression by [105]
2
My 16m2 = m?

(2.131)

The suppression is thus of the same size as the loop-level suppression of the SM if
Mxkk =~ 4mmy,. Remarkably, this is what one hopes to expect from a model, whose goal
is to solve the hierarchy problem. Note, however, that for the third-generation quarks
the FCNCs are less suppressed and thus significant effects can arise in B physics and top
decays. Indeed, as we will see in the next subsection, the RS contributions to the Zbb
vertex are too large, which can be cured by, for example, an enlarged bulk symmetry.
It shall be stressed that the RS-GIM mechanism is very successful in suppressing
FCNCs in the flavor sector and almost all observables can be brought into agreement
with a KK scale of a few TeV, which in turn leads to KK modes that are in reach
of the LHC. Nevertheless, there are two exceptions, namely the observable ex in the
kaon sector [145, 149, 180, 181, 185] and the neutron electric dipole moment [176, 177],
which for generic choices of parameters push the mass of the lightest KK gluon into the
O(10—20TeV) range.'? In order to reduce this strong bound stemming from ey, one has
to use either horizontal symmetries [186, 187], flavor alignment [188], an extended strong
sector [189], or one could take the Higgs a little bit off the IR brane [190]. The problem of
too large electric dipole moments has been addressed using the idea of spontaneous CP
violation in the context of warped extra dimensions [191]. In the following, we will not
further focus on these issues. It will be assumed that the techniques and results derived
in the main part of this thesis can be extended to these models in a straightforward way.

12Moreover, it should be mentioned that the RS-GIM mechanism is not sufficient to suppress proton
decay. Nevertheless, the effective suppression scale is several orders higher than the TeV scale so that
this issue is not as pressing as the flavor problems above. One way to suppress proton decay even more
is to impose discrete symmetries [167, 169].
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2.2.4 Compatibility with Electroweak Precision Tests

In this last subsection, we will check the minimal RS model for compatibility with
the electroweak precision measurements. We will see that it generically gives too large
contributions to some of the precision observables. This results in a lower bound for
the mass of the lightest KK gluon which cannot be tested by direct measurements at
the LHC. Lowering this bound is the main motivation for the RS model with custodial
protection which will be focused on in Section 2.3.

Oblique Parameters

We start with the leading order corrections to the .S and T" parameter in the minimal RS
model. One-loop corrections have been estimated in [192-194] and are part of current
work. The tree-level RS contributions originate from the mixing of the electroweak
gauge bosons with their KK excitations and one finds [145, 195, 196]

2702 1 T2 1
S="-(1-=], T=———+|(L——), U=0. 2.132
M2, ( L> 22 M2, ( 2L> (2.152)

The result is illustrated in the left plot of Figure 2.4, which shows the regions of 68%
(yellow), 95% (gray) and 99% (blue) probability in the S — T plane.!® The black cross
denotes the best fit value (1.18), while the star represents the SM prediction. The orange
(red) band rising in the direction of large 7" parameter shows (2.132) for a KK scale of
3 —10(1 — 3) TeV. Furthermore, the dependence on the volume of the extra dimension
L € [5,33.5] is plotted with increasing L in the direction of the arrow.

We can observe that in the minimal RS model the S parameter does not receive large
corrections,'* whereas the T' parameter suffers from a large correction, giving rise to a
lower bound Mgk > 4.8 TeV at 95% CL. This KK scale corresponds to a mass of the
lightest KK gluon and photon resonance of

Myo) >12.0TeV  (95%CL). (2.133)

The large corrections to the T' parameter can be explained with the help of the dual
theory of the RS model: Recall that the gauge symmetry in the bulk, which is the SM
gauge symmetry in the present case, coincides with a global symmetry of the strongly-
coupled sector. Unlike general T'C theories, which only receive small corrections 17" ~
1/(4m), the dual theory of the minimal RS model does not contain a global SU(2)r, x
SU(2)g symmetry which protects the p parameter p = m2,/(m%c2) = 1+ oT and
therefore the 7" parameter. The global SU(2)r, x SU(2)r symmetry is the reason for the
enlarged bulk gauge group of the custodial RS model which is able to mitigate the large
corrections to the T parameter. However, there are two alternative options to obtain
a consistent description of the experimental data, while allowing for masses of the first
KK gauge-boson modes of the order of 5 TeV . The first possibility is to allow the Higgs
to propagate in the bulk. This can be understood if one recalls that the corrections
to the gauge-boson masses and profiles (2.54) and (2.55) are mitigated in bulk-Higgs
models. The corrections to the S and T' parameters (2.132) are determined by the latter
quantities, which implies that they are reduced as well. The second possibility is to

13This plot has been taken from [105], whose analysis used more recent data than e.g. [145].
'4This can be regarded as an appealing side-effect of bulk fermions [197], see also [105] for further
explanations.
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FIGURE 2.4: Left plot: Regions of 68%, 95% and 99% probability in the S — T plane
in the case of the minimal RS model. Shaded red (orange) are the accessible regions
for Mgk € [1 — 3] TeV (Mkk € [3 — 10] TeV), growing vertically towards large values
of T. The black arrow points in the direction of growing volume L € [5,33.5]. Right
plot: Regions of 68%, 95% and 99% probability in the ¢} — g% plane. The cross and
the star denote the best fit value and the experimental value, respectively. The red
colored regions indicate the predicted values for a large set of parameter points. Both
plots were obtained from the analysis performed in [105].

make the volume L of the extra dimension smaller. This effect is also shown in Figure
2.4, where the value for L is varied between L = 5 and L = 36 along the black arrows.
Note that for these models the hierarchy problem is only solved up to an intermediate
scale Ayy = e TeV < Mp;. The UV completion must already set in at this scale.
Inspired by little Higgs models, these models are called little RS (LRS) models. They
however suffer from large corrections to the observable €x, which are even worse than
in the minimal RS model [198]. Note that in [145] two more alternatives - a heavy
Higgs boson [29, 199-203] and large brane-localized kinetic terms [195, 204, 205] - have
been considered. However, since also the second option had to rely on a relatively large
Higgs mass, both of them are excluded (at least disfavored in the second case) after the
discovery of the 126 GeV Higgs boson at the LHC.

Corrections to Z — bb

Another process that should be investigated further is the Z decay into to b quarks. As
mentioned earlier, the only electroweak precision observables that have deviations larger
than 20 are associated with this process. In the context of warped extra dimensions,
Z — bb is particularly interesting since the left-handed bottom quark is part of the
SU(2)r, doublet Qr, = (Ur, D) and hence shares the same bulk mass parameter cq,
with the left-handed top quark. Due to the large top mass, the doublet field ()7, has a
large overlap with the Higgs, which in turn results in a large mixing of the left-handed
bottom quark with its KK excitations. Consequentially, we can expect significant effects
in observables associated with Z — bb.

The Z-boson coupling to quarks can be derived using the 5D Lagrangian (2.64). It
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can be written in the form [145]

2
gs m 1 _ N
Lip > [1 +-—2Z (1 -7 )] z) E [(9%)ij ari" av; + (9%)ij Qri V™ ar,j]

V271 ¢y AME "
(2.134)
where i, j = 1,2, 3 denote the flavor indices. The matrices (g7 );; = Vlgj and (g1 )U = Vlgj

can be obtained by evaluating the corresponding integrals (2.125) (with xZ given in
(2.31)). Their exact shape can be found in [145]. For this discussion, it is sufficient to
consider the couplings to the bottom quark, which in the ZMA approximation read

1 2 m%  F?(c,) 5+ 2¢
b _ (. d w Z br, br
91 = (91)33 ( > [ 2ME 3+ 2, ( 23+ QCbL)):| ( )

N m? 1 < 1 1 + 2(cpp ) Z I(Yo)sl2 1 1
QMIZ(K 1-— QCbR Fz(ch) 3+ QCbR ‘ Yd 33‘2 1-— 20d FQ(CbR)

2 2 2
d sz my  F*(cpy) 54 2¢c,
= - 21— — [ - 2.136
9r = (g)ss = 3 [ 2MZ, 3 + 2chy, 2(3+ 21y (2.136)
N mi 1 < I FZ(CbL)> N (Yo)isl? 1 1
2M12{K 1—26bL F2(CbL) 3+26bL T ‘(Yd)33‘21_20Qi FQ(CbL)
Here, We have used the weak isospin and charge for down-type quarks, Tg = —5 and
Qg4 = 3, and introduced the notation ¢;,, = cg, and ¢, = cgq,. The terms in the

second lines in (2.135) and (2.136) are suppressed by m;/mz so that the leading terms
are those in the first lines. Note that the latter are determined by the zero-mode profiles
F(cp,) and F(cpp,)-

Provided with that we can compare the RS prediction with experimental data. The
latest analysis of the Zbb coupling has been done in [105], where three observables were
considered: the ratio of the width of the Z-boson decay into two bottom quarks and
the total hadronic width R, the bottom quark left-right asymmetry parameter A, and
the forward-backward asymmetry for bottom quarks AOF’II;. While the SM predicts the
values [206, 207]

RY =0.21474, Ap =0.935, A%B = 0.1031, (2.137)
the corresponding experimental results read [25]

0 _
RY = 0.21629 + 0.00066, 00 008 010
Ap = 0.923 % 0.020 p=[-008 100 006 |, (2138)
A% = 0.992 + 0.0016, —0.100.061.00

where p is the correlation matrix. Comparing the experimental values (2.138) with the
SM prediction (2.137) immediately reproduces the deviations shown in the right plot
of Figure 2.4. It shows that in order to improve the consistency with the experiment,
the new-physics corrections to the left-handed coupling should be preferably large and
positive, while the corrections to the right-handed couplings should be small or slightly
negative.

From the leading contributions in the first lines of (2.135) and (2.136) it is obvious
that the RS correction to g% is large and positive, while the correction to gjl{ small and
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negative, thus pointing into the opposite direction. The correction to g% is due to the
fact that the L-enhanced term is multiplied by F?(cp,,) instead of F?(cp, ), resulting in
an suppression of F2(cy,)/F?(cp, ) ~ O(few)%, since the left-handed doublet is more IR
localized than the singlet to account for the large top quark (2.111). These corrections
are not visible in Figure 2.4, where all parameter points lie entirely in the red band. Most
of them therefore fail to agree with the experiment at 30. 10% of the scatter points lie
within the experimental error ellipse, which translates into a pretty strong lower bound
on the KK scale. This bound can be lowered by the custodial RS model, see (2.190) and
the corresponding discussion. Another possibility to mitigate the large RS contribution
to g% is to reduce the value of the profile function F(cp, ) as visible in (2.135). Using
the reparametrization invariance (2.121), for n < 1, we can reshuffle between F(cp, )
and F(cp,). For n =1/2 (1/3), about 35 (45%) of the parameter points lie within the
experimental ellipse. This means that scenarios with strongly IR-localized right-handed
bottom quarks suffer from less dangerous corrections and thus tend to comply more with
the experimental data.

2.3 The Custodial Randall-Sundrum Model

This section focuses on the custodial RS model, whose motivation was to mitigate the
just explained large corrections to the T parameter and the Zbb coupling and thus
allows for the lightest KK particles to be in reach for the direct detection at the LHC
[101, 192, 193, 208]. This is achieved by an enlarged gauge group in the bulk of the
extra dimension. We will focus on the model with the bulk gauge-symmetry

SU(3)C X SU(2)L X SU(Z)R X U(l)X X PLRa (2.139)

where the two SU(2) groups are broken down to the vectorial SU(2)y on the IR brane.
This implements the custodial symmetry and is responsible for the protection of the
T parameter [209, 210]. The additional discrete Prr symmetry refers to the exchange
of the two SU(2) groups and is important to prevent the left-handed Zbb coupling
from receiving too large corrections [211] as we will see below. On the UV brane, the
symmetry breaking SU(2)r x U(1)x — U(1)y generates the SM gauge group, which is
achieved by an interplay between UV and IR boundary conditions.

In the following, first the set-up of the custodial RS model will be presented and it will
be explained how the above-mentioned symmetry breaking is achieved. We will proceed
in analogy to the minimal model presented in the previous section. Many technical
details of the model considered here can be found in [149, 185]. We will use the notation
and conventions of the former reference. It will only be dwelled on the features needed
for the main part of this thesis. Subsection 2.3.3 will then give an explanation of how
the electroweak precision observables are protected.

2.3.1 The Gauge Sector

We will pursue in the same way as in the minimal model. Starting with the 5D action
of the gauge sector, it will be explained how the Higgs sector breaks down the bulk
gauge symmetry to the custodial SU(2)y on the IR brane. The symmetry breaking on
the UV brane will only be touched, since the exact mechanism will not be relevant for
further discussion. We then perform the KK decomposition, where the KK modes are
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the bosonic mass eigenstates, i.e. the mixing among the various weak eigenstates as well
as the mixing between the fifth components and the scalar Goldstone boson of the Higgs
fields are implicitly taken into account. With the help of the EOMs and BCs for the
gauge-boson fields, the profiles and masses of the physical zero modes will be derived.
We will confirm that all formulas also include the results in the minimal model in certain
limits.

The 5D Action

Since the color sector of the bulk gauge group (2.139) is the same as in the minimal
model, we will only consider the electroweak subgroup and explore what changes here.
Instead of (2.6), we now deal with the following 5D electroweak gauge action

2 (tdt
Sgauge = /d4x L/ 7 (Lr,r,x + Ltiges + LaF + L¥p) , (2.140)

where the gauge-kinetic terms are given by

e L i 1o i 1
£L7R7X - T GKMGLN <—4 LKLLMN — ZRKLRMN - 4XKLXMN) . (2141)

The 4-components of the gauge fields LY, R}, Xas (i = 1,2,3) are chosen to be even

under the Zs parity, while the fifth components are chosen to be odd, in order to arrive at

a low-energy spectrum that is compatible with observation. The gauge-fixing Lagrangian

will be presented after inserting the KK decomposition. As it is not relevant for the

following discussion, the Faddeev-Popov ghost Lagrangian will not be shown explicitly.
The Higgs Lagrangian

Lé(t

—-1) /1
[,Higgs = ’I“) <2TI'|DM(I>|2 — V(‘D)) (2142)

27

is localized on the IR brane, where the Higgs doublet, responsible for breaking SU(2)r, x
SU(2)g to the diagonal SU(2)y on the IR brane, transforms as (2,2)p. In component
notation, it is given by

1 (vth@) - i@ —ivIet()
P(z) = \/é( i3 o (x) v+h(x)+w3(x)>, (2.143)
where ' are real scalar fields, ¢* = (¢! F i9?)/Vv2, and v denotes the Higgs vev
in the custodial RS model which differs from the value in the SM and minimal RS
model. SU(2), transformations act from the left on the bi-doublet, while the SU(2)r
transformations act from the right. In order to show how the symmetry breaking is
accomplished, we use the covariant derivative

Du® = 9,® — igr s LATE® + igrs ®RLTE. (2.144)

Here, g5 and gr s are the 5D gauge couplings associated with SU(2)r g, and T} 5 =
0®/2 are the corresponding generators. For the evaluation of the kinetic term for the
scalar bi-doublet, it is convenient to rotate the gauge bosons Lj, and Rj; into a new basis
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of fields AZ and V7, such that

Agy\ _ (eos0 —sind (L4 _ <L§4> (2.145)
% sin ¥ cosv | \ RY, R’y

(2.146)

where

cosV = sind =

gL,5 9R,5

2 2 2 2
\VIL5 T 9rs5 \/9L5 T IR
In Subsection 2.3.3, we will see that the Prr symmetry enforces that gr 5 = gr 5, and

hence cos?) = sin® = 1/v/2. For the time being, however, the value of ¥ will be kept as
a free parameter. The Higgs vev (®) = (v/4/2) 1 then generates a mass term

02(91% 51 9?%,5)

M3 = — (2.147)
for the fields AZ, while the fields V' remain massless. We can also read off the boson
coupling to the Higgs boson, once we replace v? by (v+h)2. Observe that only the fields
flz couple to the Higgs. This will become important for the derivation of the propagator
in the subsequent chapter. 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, which is
accomplished by introducing new fields

Z 1 — R3
M\ _ dR,5 g9x.,5 M ’ (2.148)
By [9% 5 + 9% 5 \9X5 9IRS Xm

and giving Dirichlet BCs Z;L and R,le on the UV brane. Thus, B, is the only field that
survives on the UV brane and can be identified with the U(1)y gauge field. The SM-like
neutral electroweak gauge bosons are defined in the standard way through

(ZM) B 1 <9L,5 —gY,5> (L%> gys = 9x,59R,5 (2.149)
= — v 5 0 ) .
A [g2 5+ g5 \I¥5 9L By Ths+ 9%

and the definition of the weak-mixing angle

9gy,5 9gL,5

V9is+ 95 V95t 975

agrees with the definition in the SM (with g1 5 — g, gv;5 — ¢'). Note that from the BCs
for the fields on the right-hand side of (2.149) it follows that A, and Z,, obey Neumann
boundary conditions, while the corresponding fifth component fulfills Dirichlets BCs on
the UV brane. The fields Lf/[ = L}\/[ F iL?w, Zy, Ay and Rf/[, Z}; define the so-called
UV basis with individual BCs on the UV brane, where the vector components of the
former three (latter two) obey Neumann (Dirichlet) BCs and thus do (do not) possess
a zero mode. Analogously, we can define the so-called IR basis, which is given by the
fields AZ,, A3,, and V7 with (modified'®) Neumann BCs for their vector components
on the IR boundary. Among the remaining two fields of the IR basis, V), and Xy, there
should be the 5D photon field Ajs in order to allow for a massless zero mode for the

sin 0, = cos By, = (2.150)

®Due to the mass term (2.147), the fields A,, must obey 8; A, (z,17) = —Lin%, /(cos3 Mzx)A,(z,1),
with mw introduced in (2.159), see [149] for details.



2.8. The Custodial Randall-Sundrum Model 75

photon. We therefore rotate the remaining two fields to the photon field Ay; and a state
ZI! via
M

<Z]{§> 1 9L59R5 ~9x51/915 + R s (Vj}) (2151)
p— 2 9 .
An 9Lrx5 \9x,54/ 9%75 + 91215 9,5 9R,5 Xum

Q%Rx,s) - \/9%75 912?,5 + g%,5 9%(,5 + 912%,5 9%(,5 - (2.152)

where

From now on, we use the notation Zu = A?VI, since this field it is the linear combination
of Zyr and Z), that is orthogonal to Zﬁ,

Z ¥y —sind Z 4
M) = (T2 TEREA (O _ gy (TN, (2.153)
Zy sin vy cosVy Zy Zy

where we have defined

2
9LRX 5

\/(91%,5 + 9k s)(9hs + 9% 5)

(2.154)
The relations (2.145) and (2.153) represent the important connection between the UV
basis fields (right) and the IR basis fields (left). The explicit shape of all BCs is not
important for the main part of this thesis and can be found in [149]. It should be stressed
that there appears only one mass parameter ME in the IR BCs as opposed to (2.22).
This feature will give rise to the protection of the electroweak 1" parameter. After having
defined these two bases with individual BC, the question arises in which basis we define
the 5D action. The latter still contains mixing terms between gauge fields and scalars,
that can be removed by an appropriate gauge-fixing Lagrangian whose concrete form
will be shown below (2.160). As the Higgs sector is localized on the IR brane, it is
appropriate to work in the IR basis for that purpose.

IR5
V(9 5+ 9%5)(ghs + 9%5)

sinty = , cos ¥y =

The Kaluza-Klein Decomposition

The next step is to perform the KK decomposition of the 5D gauge fields. Defining the

vectors
= ZM Zm s A]j\:J Lif
Iy = =R , = =R 2.155
ve (i) -me (B) = () -m(a) e
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we are able to write the KK decomposition in a form analogous to (2.18), such that

L A At 1 Mgk (n)
7an<t>AL><x>, As(ent) = - - Z:jo St k02 @),
. - Ry Mgk , (n)
Z,( R, Z = -2 z
T Z e = Z% mg O (0 ¢z(@),
- Ry & +(n) >4 _ Ry < Mkx , _w,y E0)
WiE(z,t 72 W (z), W3 (g;,t)_—W ; iV oY (t) pip™ (),
(2.156)

where it has already been used that the coefficient of the fifth component is given by
= —1/my,. The profiles X(t) are even functions on the orbifold and are defined via

XA< t) = xn 7 (t) and

a(+)
—a a ra n t 0 za
o0 = X0 A2 = (X O XZ()@> I, a—zW, (2157

where the superscripts (+) and (—) label the type of BC we impose on the profiles at
the UV brane, i.e., they indicate untwisted and twisted even functions on the orbifold.
Untwisted even functions correspond to ordinary profiles with Neumann boundary con-
ditions on the UV brane, allowing for light zero modes. Twisted even functions obey
Dirichlet boundary conditions on the UV brane and are thus not smooth at this orb-
ifold fixed point. The two-component vectors ff?m with a = Z, W, represent the mixings
between the different gauge fields and their KK excitations. These vectors are normal-
ized according to (A%)T A% = 1. Similar to the fermion decomposition in the minimal
model (2.73), the profiles Xi(i) (t) do not obey exact orthonormality conditions, but the
complete vectors (2.157) are orthonormal on each other,

f C?tx()Txm():énm, a=2ZW. (2.158)

The photon obeys the standard orthonormality condition (2.21). Analogously to (2.19),

we also expand the 4D Goldstone bosons in the basis of mass eigenstates cp(Z) and goi(n)

Z v TP Ry () oM (@) gy = 22

= Th _ n ~ ) b
P = Y o Py Ry, ) ) g = L

n

where P = diag(1,0) is a projector on the upper component, and from now on we use
the abbreviations ¢y, = cos?, and sy, = sinv,, with dyr = ¥. As in the minimal RS
model, the parameters myy,z are the leading contributions to the gauge-boson masses in
an expansion in powers of v2/MZ, see (2.169). Using the notation introduced above,
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the gauge-fixing Lagrangian takes the form (compare with (2.15))

2
Lap =— 21‘5 <6“AM —¢ [MKK tatA5:|>
1 (2 € 3 1 2
_E 5, Z'u_i 5(75—1)]4}MA(,0 ~|—2MKKt6t¥Z5
T (2.160)
— 2 <8“WJ — g [5(t— 1)kMAg5+ +2MKKt8th“]>

X (a“ V., —¢ {5(15 — kM 3~ + 2Mgk t&t% W"’D :

We can now insert the KK decompositions (2.156) and the expansions (2.159) into the
action to obtain the EOM [149, 158, 159]

1
—t0 5 %X (1) =22 XMt), a=2ZW, (2.161)
which generalizes (2.20) ignoring the d-function that will be included in the BCs. The

profiles X (t) are defined in such a way that the upper (lower) component obeys Neu-
mann (Dirichlet) boundary conditions on the UV brane,

PL0,+ P71, =0, (2.162)
with P_ = diag(0,1), while the upper (lower) components of the rotated profiles
Ry, X2 (t) obey mixed (Neumann) BCs on the IR brane,

. Ling o
Ry, 0Xn(t)|,_1- = == P+ Ry, X5 (1) (2.163)
cyMik

Note that for the photon the right-hand side of (2.163) is zero. The IR BCs are used to
determine the mass eigenvalues which are the zeroes of

Liv 2
det [atx;zu—) + WDy, xsu)] —0, (2.164)
CoMKK
where we have defined the matrix
Dy, = G ~aca (2.165)
Ya =\ —s4c, s2 ’ ’

Once the masses m¢ are known, the eigenvectors A% are determined by (2.163). The
equations (2.161)—(2.164) are the generalizations of (2.20), (2.22), and (2.29) in the
minimal model, which can be recovered for ¥ — 0 (the upper component of ¥?(t) can
be identified with the profile x%(¢) of the minimal model).

Bulk Profiles and Masses

We can now solve the EOM (2.161), where the untwisted (twisted) profiles Xq(f)(t)

(X%_)(t)) need to obey Neumann (Dirichlet) BCs at the UV brane. One then finds the
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solutions [149]

with
SO () = Yo(zne) Jy(znt) — Jo(zne) Yi(znt)
() = Yi(zne) Jy(znt) — J1(zne) Yi(znt) |
97 (1) = = Ltk (0)] = Yoleae) Jolaat) — Jo(ene) Yo(ant), (2167
cﬁ*@%:ﬁ%%[mﬁ”@ﬂ:Yu@@Jd%ﬂ—Jﬂ@@YM@@.

The superscripts a have been dropped for a better readability. The mass eigenvalues
are determined by the IR BCs as explained above. It is obvious that the profiles fulfill
the UV BCs, since cﬁf”(e) = cgf)_(e) = 0, which can be explicitly seen in (2.167). The
normalization constants N\ can be obtained by the orthonormality condition (2.158)
and read

NEE = )] [0 = (e (10) - e (e ()
_ e <[c§f>+(e)} g [c;i)—(eﬂ} 2> . (2.168)

With respect to the corresponding formula in the minimal model (2.28), they contain
additional terms due to the different UV BCs. Note that, depending on the type of the
UV BCs, some of the terms in (2.168) vanish identically.

We finish the discussion of the boson sector with the calculation of the zero-mode
masses and profiles. Expanding (2.164) in powers of v?/MZ, we arrive at

2 4
9 9 my, (L 1 v
— 1— = o
Mw = Mw [ 2MI2<K <cﬂ + 2L> + (Mfg)]

2 4
9 -9 my, (L 1 msy 1 v
— |1 W (g 1- @ ,
Mz =Mz [ OMZ <c19 * 2L> oz, < 2r) T\,

which includes additional terms compared to (2.30). Note that the leading corrections
to both masses are proportional to mi, /Mg, with my defined in (2.159). This is a
consequence of the enlarged bulk gauge symmetry and protects the T parameter. Finally,
one can derive the zero-mode profiles that are found to be [149]

(2.169)

2

1— o [2(L— L 4+Int) - 14+ & v
Var W (1) = 2MKK[ (LS mz 2) 5 +ar) +O< - >7

Lsg My 4 MKK

2co M2y
. (2.170)
1- (2 (L—3+1Int) — L+ 5] 4
/o o7 _ 2M2 2 2 2L v

27TXO (t)_ legzclgz mW 2 +O<M4 >

2@ M2 t KK

KK

We see that the twisted components are proportional to 2 and suppressed by the ratio
v? /MI%K, while the untwisted components are the same as in the minimal model at this
order, see (2.31).
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Generalization to a Bulk Higgs

The generalization of the gauge action to a bulk-Higgs sector is equivalent to the case
in the minimal model,

Sp = /d4xr/ dcpe—‘l"(‘f’){;ﬁ [DMchDMcb] —2Trote

(2.171)
= Vuv(®)o(|¢]) — Vir(®) 6(|0] — W)},
where the potentials on the UV and IR branes read
VU\/((I)) = MUV Tr (I)T(I) s VIR(CI)) = _MIR Tr (I)Tq) + )\IRTI‘ ((I)T(I))z . (2.172)
Inserting the Higgs bi-doublet
L (u(t) + h(a,t) —ip*(a,t) —iV2 " (2, 1) >
O(x,t) = — ) | , 2.173
=7 ("I ey idwn) 1)
and defining
Muyv Mg AR k
= = — = 2.174
muyy o MIR e A oy (2.174)

which differ from (2.35) by a factor of 2, we then find that £, (z) is given by (2.37) and
the following discussion and derivations still hold for the custodial model. In particular,
the vev profile at leading order is given by the leading-order term in (2.52), while the
Higgs profile can be found in (2.63).

2.3.2 The Matter Sector

Let us now clarify the fermion sector in the model under consideration. Since the bulk
gauge group is larger than in the minimal model, we will encounter bi-doublets, triplets,
and singlets under the two SU(2) gauge groups. This will result in a much richer quark
structure. We will, however, see that by using appropriate defined vectors the formulas
of the minimal model can also be used in the custodial RS model.

The 5D Action

Before writing down the 5D fermion action, we have to specify the fermion represen-
tations in the custodial model. They are chosen such that they can be embedded into
complete SO(5) multiplets used in the context of models with gauge-Higgs unification
[101, 193, 212]. As a consequence of the discrete Prr symmetry the left-handed bottom
quark has to be embedded in a SU(2)r, x SU(2) g bi-doublet with isospin quantum num-
bers T7 = —T3 = —1/2. This fixes the quantum numbers of the other fields uniquely. In
particular, the right-handed down-type quarks have to be embedded in an SU(2) g triplet
in order to obtain an U(1)x-invariant Yukawa coupling. One arrives at the following
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multiplet structure for the quark fields with even Zs parity:

Qu=1| "

5 (2.175)
3
Tr=Tir ® Tor = UR(i)% D (DS_)?% U}{)g Ag{_)s)

Q1. is a bi-doublet under SU(2)y, x SU(2)r, 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)gy and U(1)x charges, respectively, which are connected
through the relations Y = —Tf’% +Qx and Q = Tg +Y.

While the IR BCs are understood to be of Neumann type in all cases, the superscripts
on the fields specify the type of BCs that they obey on the UV boundary. Fields with
superscript (+) obey the usual mixed BCs allowing for a light zero mode, meaning that
the Dirichlet condition is imposed on the profile functions of the corresponding Zs-odd
fields. These zero modes correspond to the SM quarks. Fields with superscripts (—)
correspond to heavy, exotic fermions with no counterparts in the SM. For these states,
the Dirichlet boundary condition is imposed on the Zs-even fields in order to avoid the
presence of a zero mode. The remaining UV boundary conditions are of mixed type and
follow from the field equations. Note that the same SU(2);, x SU(2)g representations
have been chosen 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. Altogether, there are fifteen different quark states in the up sector
and nine in the down sector. The boundary conditions 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

- - (D - - (N
Cbea = (2) 5en 5= (%). eam

which collect the fields with same electric charges (2/3, —1/3, and 5/3). Upper-case
(lower-case) symbols denote fields whose left-handed (right-handed) components are Zs
even. Using this notation we can write down the bilinear part of the fermionic 5D action
in an analogous way to the minimal model,

i}
I
e
S
~_
I
I
SEE

Stma =Y [ ator [ as {e?’“ (GidG + idq) — 7 san(9) (GM GG + M 74)
Qu o

6720'

- [C:jL ds(e 2 Qr) — Gn Ap(e72°Q1) + q1 03”2 qr) — qr 3¢(€_20(TL)]
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30 0 0"(|9] — 7)
V2

where now (@, q) = (U,u),(D,d), (A, ). The structure of the matrices of the 5D bulk

[@LY‘”’DC* +QrYPO g +hc} } (2.177)

mass parameters ¢ = Q/k and c; = —M z/k are according to (2.176),
Cg = diag(cQ, CQ) y Cp =CQ, Cx = CqQ, (2 178)
Cqg = diag(cuc7 Crys CT2) ) Cy= diag(c‘rza Cn) ’ Cyx = diag(cny CT2) )

where each entry is a 3 x 3 diagonal matrix in generation space. Note that the fields U ,
l_j, and A are governed by the same bulk mass matrix cg, while 4, CZ and X are associated
with three different mass matrices cye, ¢, and c,. The first two of them, c,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-handed 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 Ppp symmetry
implies ¢, = ¢,,, and hence the number of independent bulk mass parameters is reduced
to the same number as in the minimal RS model. As can be seen above, we will work in
a basis, where the bulk mass matrices are diagonal so that all flavor mixing is encoded
in the 6 x 9 and 3 x 6 Yukawa matrices

Y, LY, <Ly,
Ya=|y iy Yy | Yi=Yi=(Yu Ya). (2.179)
u TR d V2 d

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

The Kaluza-Klein Decomposition

Provided with the above definitions, we write the KK decomposition for the up-type
quarks as

Gule.t) = =55 RO W w), Tnlo) = tQZsQ (@),
2 2
W)= e S SOE @, —”Z W),
(2.180)

Here, the superscript n labels the different mass eigenstates such that 1,2, 3 refer to the
SM quarks, while n = 4,...,18 label the fifteen quark modes of the first level and so
on. As mentioned above, the down- and A-type quark sectors can be decomposed in an
analogous way, with the difference that they only possess nine modes in each KK level.
The functions C7(t) and S (t) denote the profiles in the custodial model and are given
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by
CU = diag (CS(H, CEL?(*)) : C! = diag (Cgc(ﬂ, CcTio), 022(*)) ,
cP = o C? = diag (C,?(“, CZN—)) : (2.181)
ct = 090, C? = diag (CZN ), CZ}H) :

where the analogous expressions hold for the Zs-odd profiles Sﬁ with C' — S. The 3 x 3
matrices Cq =) (t) (Sﬁ(i) (t)) with A = Q, u,T1, T2 correspond to even (odd) profiles on
the orbifold, and the superscript (£) indicates the type of BC on the UV brane. The

flavor structure is encoded in the three-component vectors

a
U D A
A oy =D _ d ~d _ [ Qn Y N W .
a, = (au/> y a, = a y a, = a,, a, = ((LD/> , a, = a,, a, = < T/L\ .
n

a

(2.182)
By virtue of the vector notation (2.176), we have reached complete analogy to the
decomposition of bulk quark fields in the minimal model. The further analysis can thus
be extracted from Section 2.2.2. Explicitly, the equations (2.73) - (2.83) still hold once
we make the replacements

c

Io3e

SQ

af wal,  Y,—>Yy, (2.183)

and the profiles C(t) and S7(t) with A = U, D, A, u,d, \ have the structure given in
(2.181). The vectors defined in (2.71) can also be used for the custodial model, once we
make latter replacements.

Bulk Profiles

We can therefore directly move on to the solution for the bulk profiles. The explicit form
for the Zy-even profiles (C;? (+) (t))i and (S;? (+) (t)); associated with bulk mass parameters
M 4, was obtained in [163, 167]. The Z-odd functions (C’T’?(f)(t))i and (S;?(*)(t))i can
be derived in a similar fashion by requiring a Dirichlet condition for the even mode,
(C’;? (_)(6))z‘ = 0, to account for the additional twist of the non-SM-like fermions at the
UV boundary. Dropping the label A and the index 4, one finds the bulk profiles [149]

(1) = NP () 8 75 (1), -
2.184

S0 = N9 0) | 2L FO (1),

The overall “ 4+ 7 entering the Zy-odd profiles holds if ¢ = ¢ = +Mq/k refers to the
bi-doublet, while the “-” sign applies in the case of ¢ = c4 = —My/k (A = u®, T1,T2).
The functions féi)i(t, ¢) are given by

% (1, ¢) = J_1_(@n€) Joyo(@nl) £ oy o(2n€) Jp1_(2nt),

- (2.185)
o= (te) = J+%_C(l‘n€) JJF%JFC(a:nt) T J_%Jrc(:vne) Ji%_c(xnt) .
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The normalization constant can be derived analogously to (2.90)

W] = P + RO o (2.186)

2 F (1,0 10707, 0) — @ (I o + (e o)

Tn

which extends the result (2.91) to the case of Zs-odd profiles with non-zero value at
the UV boundary. Finally, one can expand the profiles for z,, < 1 and finds the ZMA
profiles

L L 14+c _ 142c4—c
COW) |2 F(0)1e,  SE() ~ dsgn(6) | = wnF(e) —
T T

1+ 2¢

1—c _ 1—2c4c
Ct) ~ — Le anF(—c) brze 78 S () ~ tsgn() Le F(—c)t™°,

T 1—2¢ ’ K T
(2.187)

with the zero-mode profile defined in (2.93). Note that i (t) and S,(f)(t) are of order
one, while CT(L_)(t) and S’,(;r)(t) are suppressed by v/Mgk.

2.3.3 Compatibility with Electroweak Precision Tests

In this last section on the custodial RS model, we will see that this model is able to
mitigate the large RS contributions to the T parameter and to the Zbb vertex. In the
following final formulas for the electroweak precision observables, the custodial symmetry
will have already been applied. Intermediate steps and the connection to the parameter
and couplings of the theory can be found in [149].

Oblique Parameters

The effects of the custodial model on the S, T', and U parameter have been investigated
in [149, 196, 209] and they found

2702 ( 1) 2 1
S="-[(1-=], T=————, U=0. (2.188)
MEy L 42 ME L

Comparing with the corresponding formulas in the minimal model (2.132), the S pa-
rameter remains unaffected, while the L-enhanced term in the T' parameter has been
cancelled by the extra terms in (2.169) and (2.170) reflecting the underlying custodial
symmetry. The only minor corrections to the 1" parameter can be understood with the
help of the dual theory of the custodial RS model as already outlined at the end of Sec-
tion 1.4.4 [105]: The symmetry breaking of the gauge group SU(2), xSU(2)pxU(1)x —
SU(2), — U(1)y on the IR brane gives rise the fields Lf, Li, and B,,, which correspond
to the elementary fields in the dual 4D theory. Thus, the dual gauge sector contains
the elementary gauge bosons of the SM gauge group, just as the minimal model, but its
composite sector moreover has the (custodial) global symmetry SU(2), x SU(2)g that
is responsible for the protection of the T" parameter. The resulting reduction of the RS
corrections is depicted in the left plot of Figure 2.5. Requiring the corrections to satisfy
the experimental bounds from S and T leads to the lower bound on the KK scale of
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FIGURE 2.5: Regions of 68%, 95% and 99% probability in the S — T (left) and g% —
(right) plane in the case of the custodial RS model obtained from the analysis performed
n [105]. The meaning of the colors, crosses, and stars is the same as in Figure 2.4.

Mgk > 1.9TeV at 95% CL, which is now driven by the S parameter. This KK scale
corresponds to a mass of the lightest KK gluon and photon resonance of

My >47TeV  (95%CL). (2.189)

These KK modes could be detected at a high-luminosity LHC with 3000 fb~—! which is
sensitive to KK masses of 6.7 TeV [213]. This encourages us to predominantly work on
RS models with custodial protection of the enlarged SU(2); x SU(2)r gauge group.

Corrections to Zbb

The discrete Prrp symmetry has, moreover, the potential to mitigate the large corrections
to the Zbb vertex. As shown in [149], the result for the Z-boson couplings to bottom
quarks in the custodial model, described by the effective Lagrangian (2.134) (with g5 —
gr5), reads

g% _ (_1 N 312U> [1+ m% F%(cp,) 5+ 2, }_‘_ mg 1 (F2(ch) B 1) ’
2MKK 3+ QCbL 2(3 + QCbL) 2MKK 1-— QCbR 3+ QCbR

1— my,  F*(cby,) %L _ _DH2a, (2.190)
2MEy 3+ 2¢, \ S, 2(3 4 2cpy,)

2
mb 1 1 CbL 13| 1 ]_
+ 2M12<K 1—2¢, <F2(CbL) + 3+ 2ch> Z 33‘2 1 — 2cq, FQ(Cb )

where the Prr symmetry has already been applied. The resulting contributions are
visualized in the right plot of Figure 2.5. Comparing gi’; in the custodial model with the
corresponding expression in the minimal model (2.135), one notices that the L-enhanced
term has been removed. Consequentially, most of the parameter points in Figure 2.5
are in the experimental error band as far as g% is concerned. The L-enhanced term in
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the right-handed coupling g% on the other hand, is enlarged by a factor of 3c2 /s2, ~ 10,
resulting in parameter points that fall outside the experimental ellipse. Note, however,
that still 99% of the parameters are in agreement with the experiment so that there is
no new unwanted discrepancy. Interestingly, the corrections to g% seems to improve the
situation compared to the SM.

The analysis above has demonstrated that the RS model with an enlarged bulk gauge
symmetry is able to ameliorate the situation concerning electroweak precision observ-
ables that receive to large contributions in the minimal RS model. Equipped with the
set-up and most important features of both RS models, we will now turn to the main
part of this thesis.






Chapter 3

Warped 5D Propagators

This chapter is dedicated to the calculation of warped 5D propagators which will be a
crucial tool for the analysis in Chapter 4. We will work in the mixed momentum-position
representation of the 5D propagators [139, 147, 214-216], in which the extra-dimensional
coordinate is kept in position space. This is very convenient from a technical point of
view, but it is also physically well motivated, as the position along the extra dimension
defines the natural scale of the model, see (1.101). Using 5D propagators offers several
advantages. Since they implicitly sum over the infinite tower of KK modes, symbolically
written as

Xn(t) Xa(t)

D(t,t';p) ~
p?—mj

n

) (3.1)

its derivation replaces the (numerical) determination of a significant number of KK
masses and profiles and is thus less time-consuming especially concerning the fermion
sector. It also avoids the necessity to take the limit to infinity which can cause problems,
e.g. in Higgs processes generated by fermion loops, see Section 4.1. Moreover, we will
in the latter chapter that the calculation of Higgs production via gluon fusion using 5D
propagators reveals some interesting new features concerning distinguishable scenarios
of the RS model. Furthermore, 5D propagators encode the full 5D theory that can
give rise to terms that would not be taken into account when summing up the first few
modes. We will encounter an example for that. Finally, we will see that using the 5D
propagators it is possible to obtain closed, analytical expressions for amplitudes and
hence for Wilson coeflicients that include the effect of the complete tower and are exact
in an expansion in v?/MZ2.

In the following, it will be focused on the calculation of warped 5D boson and fermion
propagators. It will be explained in detail how one can derive the differential equations
and obtain the solution for given boundary conditions. Moreover, the low- as well as
high-energy behavior of the propagators in question will be presented. These expressions
are needed for the analysis in Chapter 4. Section 3.1 deals with the boson propagators,
where we will distinguish between the scalar and gauge-boson case. Emphasis will be put
on the latter, for which we first derive the solutions for the 5D propagator for arbitrary
boundary conditions, before we will then derive the important W-boson propagators
for the RS models presented in the previous chapter. It will be distinguished between
the minimal and the custodial model, as well as between the bulk and a brane-localized
Higgs scenario, where the formulas in the custodial model have been derived for the
first time. In Section 3.2, we will then derive the 5D fermion propagators for a brane
and a bulk Higgs, where the solution in bulk-Higgs models will be exact only to first

87
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order in the expansion in v? /Mf<K Using the regularized profile of the Higgs boson,
which represents scenarios where the Higgs is localized on or very near the IR brane,
we will derive results that keep the exact dependence on the Yukawa matrices and the
full three-generation flavor structure. Finally, we will present the low- and high-energy
limits of the 5D fermion propagator at the end of this section.

3.1 Boson Propagators

This section covers the derivation of the massive scalar and vector boson propagators.
We will particularly focus on the gauge-boson case, where the derivations for a brane-
localized Higgs field can be found in our publication [151]. The calculation of the 5D
propagators in the bulk-Higgs scenario, on the other hand, is unpublished work.

3.1.1 Scalar Boson Propagator

We begin with the simplest case of a real and massive scalar field in the minimal RS
model. In t-notation the 5D action reads

2,,2

1 4 2mr 1 €\3 " 9 3.4 1 €“mg,
ksxb_Q/czggLe/e at () (. 1) (-aua F MR PO 0~ I ) b, ) - (32)

Using 0, — —ip, and rescaling ® — ®/./r, which leads to the appropriate mass di-
mension of the propagator [Dg] = —2 when interpreted as an infinite sum (3.1), this
translates into the following differential equation for the 5D scalar boson propagator

1 2\ Dg(t,t';p) Lt (?\? 1
39, = 2 ¢\ Lehtsp) LV [V L e
(t Or 501 + t2> > ol %Ké(t t'y. (3.3)

Here we have defined the dimensionless mass parameter ¢ = emg/ Mgk and the normal-
ized momentum p? = p? /MI%K The general solution to the Bessel differential equation
(3.3) can be written as a linear combination of the Bessel functions J, (pt) and Y (pt)
with @ = v/4 + ¢2. Upon taking into account the continuity condition at ¢t = ¢’ as well
as the jump condition

40 Lt

Do (t,t';—p*)|, g = — 55— »
t @( p ) t'—0 27TMI2<K62

(3.4)
which can be obtained by integrating the differential equation (3.3) over an infinitesimal

interval ¢t € [t'—0,t'+0], we find (see the gauge-boson case for a more detailed derivation)

_ LtPt? [CT Ja(Pts) + 05 Yo (pt>)] [CF Ja(Pt<) + C5 Ya(pt<)]
AME €2 CyCy — CrCy ’

Do (t,t';p) = (3.5)
with ¢t~ = max(¢,t’), t« = min(¢,t’), where the coefficients C’if are subject to the BCs.
Note that if we had rescaled our scalar field by the factor ® — ¢/e ®, we would obtain
the same propagator solution (3.5), but multiplied with the factor €2/tt’. We will see in
the subsequent section that the gauge-boson propagators have the same structure.
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3.1.2 Gauge-Boson Propagator

We now turn to the case of a 5D gauge boson. For the later analysis, it will be important
to derive the 5D W-boson propagators in various RS models which will be done in the
following. First, however, it will be explained how one obtains the partial differential
equations for a general gauge boson out of the Lagrangian. Moreover, the general
proceeding to obtain the solution for the propagator for arbitrary BCs will be presented.

General Solutions

The general 5D action for a gauge boson can be written as [139]

4 2

where
KMN — (0% — Mgytd;0,) " — (1 — %) 1YY + ;;Mi " 0
5 0 — O + EMByt010, — S M3
(3.7)

is the inverse of the Feynman propagator in general R¢ gauge. In order to study the
most general case, we have included a gauge-boson mass term M4, which could be
generated by a bulk Higgs field with profile (2.63). Thus, M4 would be dependent on
the extra-dimension parameter ¢. For the time being, it is assumed to be a constant.
Analogously to the scalar boson case, we now rescale the field via Ay; — Ap//y/r in
order to interpret the 5D propagator as an infinite tower of 4D propagators, see (3.14).
From (3.7) we can now derive the EOMs

[(tala + A)n <1 >MﬂD (i) = 2L sns—v), (38)
t— Ot —_ - - = v s Uy - .
¢ 12 ? 2T Mpy

1 ]32 Ci/f -1 £ /. _ Lt /
[t@t O + ED: (Lt p) = RSVEN t—1t), (3.9)

where ¢4 = eMy/Mxkk. For the vector component we make the ansatz [139]

DS, (t,t';p) = Ae(t,t';—p >p;pp + B(t, 1 —p?) (mp - p;ff’) , (3.10)

which after inserting into (3.8) yields the two independent equations

1 PG 1.2 1 PR .2
t@tzﬁt—l—?—tj Ag(t,t;—p ): t&?@t +p —tfz B(t,t;—p ), (311)
1 o 12 Lt /
- C AN B ) = — St —1). 12
(10047 = 52 ) Bo.ti=p?) =~ st ) (3.12)

From the first equation we can deduce that A¢(t,t'; —p?) = B(t,t'; —p*/€) and from
(3.9) that

DSS(t, 13 p) = —éAg(t,t’; _p?) = —23(15, {i—p?/6) with ca = \[AJE—1. (3.13)
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Solving the differential equation (3.12) for B(t,t'; —p?) is therefore sufficient to compute
both propagators and will be the starting point for the following derivations. Note that
due to the rescaling of the 5D gauge field Ay, we can identify the propagator function
B(t,t'; —p?) to be

2 = § e xalt)

B(t,t';—
9 ) m% _p2

(3.14)

n=0
Like the EOM (3.3) for the scalar propagator, equation (3.12) can be rewritten as a
Bessel differential equation. The general solution of (3.12) is a linear combination of the
Bessel functions J, and Yy, where a = /1 + ¢%. The appearance of the d-function on
the right-hand side of (3.12) makes it necessary to split the solution into two parts,

B.(t,t;—p?) = pt [CT (t') Ja(Bt) + O3 (') Ya(pt)], for t>+¢,

R ; ] (3.15)
Bo(t,t;—p?) = pt [CT (') Ja(Pt) + C5 (') Ya(pt)], for t<t'.

Two of the four unknown coefficients can be obtained by using the general UV and IR
boundary conditions

be
(at _ ;)B(t,t’; p)|eer =0, (at _ b1>B(t, s —p?)|ey =0, (3.16)

where b, and b; can be generated by the vevs of some UV- or IR-localized scalars that
couple to the 5D vector boson at the boundaries. Note the analogy to the BCs for the
gauge-boson profiles stemming from the coupling to the Higgs doublet at the IR brane,
see e.g. (2.22). The remaining two coefficients are determined by requiring continuity of
the propagator function at t = ¢/

Bt 5 —p*), 0 = 0, (3.17)
and by the jump condition
/ Lt
8tB(t> t/; _p2) t/io = - . (318)
=0 27rM12<K
The general solution can then be written as
Lit! > (P >y, (pt < J.(p <Y, (p
B(t, t'; —p?) tt'" [CF Ja(pts) + CF Yo (pt>)] [CT Ja(Pl<) + C5 Ya(ptc)] . (3.19)

T AMZ CyCs —CiCy

Note the close similarity to the solution of the scalar propagator (3.5). The coefficients
depend on the BCs (3.16) and read

CF = —pYo14a(d) + (b1 — 1+ a) Ya(p),
C3 = PY 14a(p) — (b1 — 1+ ) Ya(p), (3.20)
CF = —5eVorsa(p) + (=b — 1+ ) Yalpe). |

(Pe) Z
Cy = peY_11a(pe) — (=be — 1+ a) Yo (pe) .

For certain choices of the BCs it turns out to be appropriate to define linear combinations
of Bessel functions in order to compactify (3.19), see e.g. (3.26).

Especially tree-level processes require the knowledge of the low-energy behavior of the
5D propagator function (pp < 1) in the general set-up described above. In accordance
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with [105], we find the solution

B(t,t;0) = L 5 (t) = ert2 + eo(tt') ™ + c3 (2> + %) + 04], (3.21)
drMiy «
where
Cc1 = 1,
o — (b1 — b_) (b —b-) (b —bo)
27 (b — by )(be—b_) — (b1 —b_)(be —by)e2® by —by
oy = (by — b_)(be — by )e* L (b —b )b —by) 5, (3:22)
(b1 — by )(be —bo) = (b —b-)(be —by)e® — (by —by)(be —b-) '

_ — (b1 — by ) (be — by )e* Lbhi=by o

Cqy = — €

(by —by)(be —b_) — (by —b_)(be — by )2~ by —b_

and we have used the abbreviations b4 = 1 & «, for a compact writeup. As explained
in [105], the correct way to understand the various terms in (3.21) is to relate them to
universal or non-universal diagrams in the dual 4D theory. Universal (non-universal)
diagrams give rise to flavor-diagonal (flavor-changing) couplings, when rotated into the
mass basis. Consequently, we can attribute the terms which lead to flavor-diagonal,
AF =1, or AF = 2 transitions to the certain diagrams in the dual theory. For instance,
the fact that ¢; = 1, irrespective of the certain choice of BCs, can be understood with the
help of the dual theory. Since the diagrams with an exchange of composites contribute
in all combinations of BCs, this term is universal, whereas the remaining terms, which
lead to flavor-changing transitions, vary for the specific choice, see [105] for a detailed
discussion. Note also that the expansions (3.21) do not hold in the gauge-boson case
(o = 1) with Neumann BCs on the UV brane (be = 0). In these cases, a limiting
procedure necessary.

For completeness, we touch on the special case b = by = 1 £ «, for which we
cannot use the expressions given above. This fine-tuning can be enforced by introducing
supersymmetry within the AdS space [110]. For the upper branch (+), we obtain

L(1 1 a) (1)

I 02\ —
B(t,t'; —p) - 2 (3.23)
L (tt)tor, (1+ a)?
$2a _ 9 tt/ 2a t2 t/2 tt/ Qa]
+47TM12<K o {< 24+« ()7 + (™ + ) ()

which is exact up to O(p?)-suppressed terms. Notice that this special case contains a
zero mode with a non-flat profile x4\ (t) = \/L(1+ )/7t'*®. The lower branch (—)
also admits a pole with additional powers of € and some inverse powers of tt'.

5D W-Boson Propagators

We will now turn to the explicit W-boson propagators needed for the later analysis in
Section 4.2. It will be distinguished between the minimal RS model and the RS model
with custodial protection as well as a brane-localized and a bulk-Higgs sector. We will
see that in the latter case and for arbitrary momenta no closed form can be derived and
we are only able to find a solution expanded in powers of O(v?/M2). We will check
our bulk-Higgs solutions by sending the Higgs profile to the IR brane and identifying
the results with the brane-localized Higgs solutions.
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Brane-Localized Higgs Sector, Minimal Model

The calculation of the propagator function By in the RS model with a brane-localized

Higgs field has been performed, for instance, in [139, 152, 217] and is the solution to the

differential equation (3.12) with B — By and ¢4 = 0 subject to the BCs (3.16) with
L3,

be=0 and b =— . (3.24)
Mgy

Note the close similarity with the corresponding EOMs and BCs for the gauge-boson
profiles xV (¢) given in relations (2.20) and (2.22). We can thus directly read off the
solution from (3.19) with o = 1. In the region of time-like momenta (p?> > 0), the
general solution can be written in the form

Ltt/ [ﬁDlo(t>, 1) — lell(t>, 1) D 0(t<, 6)

By (t,t; —p®) = = | Dy , 3.25
W( p ) 4MI2(K pDO()(l, 6) — lelo(l, 6) ( )
where
Dy;(t,t') = Ji(pt) Y;(pt') — Yi(pt) J;(pt) - (3.26)
For space-like momenta, we find instead (with p%4 = —p? > 0 and p% = p%/Mzy)
Ltt"  [ppDio(t>,1) + b1D11(t>, 1)] Dio(t<,€)
Bw (t,t':p%) = S ’ A 3.27
Wt 1) 2 Mgy PEDoo(1,€) — b1 D1o(1,€) (3.27)
with o
Dy;(t,t') = Li(prt) K;i(ppt') — (—=1)" Ki(ppt) L;(ppt’) - (3.28)

For the later analysis, it is convenient to expand the propagator function in powers of
1/MZy while keeping p? and Th%,v fixed and of order v2. This yields

-1

Bw (t,t'; —p?) = — , 3.29
W) = S A s 0 O
where
m4 p2 1 p4
) = g (1o 24 L
2M2 m2 2L mt )’

~ 2 2 1 1
Tt ¢ p?) = W g2 o P2 2 (2 ) — 42 (2 Z
(7 7p) 2M12<K >+m%/[/ < B n 5 n )

which are valid up to terms of order v*/Mj. The zero of the denominator of the
propagator in (3.29) defines the physical mass myy of the ground state, and the residue
of the pole determines the corresponding product of profile functions x{ () x§ (¢).
Clearly, one must encounter a single pole when replacing fn%,v by the physical mass m%,v
(2.30). Indeed, it is possible to show that

a(t,t) | eft) v’
21 By (t,t'; —p*) = + +0 , (3.31)
m%/v - p? 2M12{K MI%K

where the first term in the bracket represents the pole contribution from the SM W
boson, while the second term denotes the tower contribution from the KK excitations.
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The t-dependent functions appearing in (3.31) are given by

2 1 1 1
altt) =1+ 2?\% [1 -7 —t? <L— 2—|—lnt> — 1 (L— 2+lnt'>] :
KK

1 1
L2 4+ — 4+t (Int— = | +¢? (Int/ — = ).
co(t,t') = +2L+ (n 2) ( 2>

Before we move on to the custodial RS model, it is a fortunate side-effect that we can
use (3.29) for an alternative approach to derive explicit expressions for the W-boson
mass and profile to any order in v?/MZy. With the help of (3.30), we find

2 . 2 -2 iy 1 ”4

which agrees with (2.30). The wave-function renormalization, i.e. the residue of the pole
n (3.31), generally reads

(3.32)

% (p?)

N /. 2
Zg(t,t) =1- H(t,t ,mw) - 8p2

att)+...=2mxg Oxg @),

(3.34)
from which we can extract the first non-trivial correction to the W-boson profile

W) = 1 1+ miy 1fl+t2(1—2L—21nt) +0 v (3.35)
oW =T U a2 | L M) )7

in accordance with (2.31).

Finally, we explore the asymptotic behavior of the propagator function for small and
large momenta. The result for p?> = 0, which will be a key ingredient in Section 5.1,
when we derive the vev shift in the RS models under consideration, reads

— 2
pQ—mW

1 L
97 By (£, 1, 0) = 1
™ W( ) ~2 + 2M}2{K (

1 m? 1 vt
= 1 W_ (2 +1—-— )40 ,
iy | v (1240 an)+© (o)
where the physical mass has been substituted in the second line. Note that the result
in the first line is exact to all orders in the expansion of v? /MI%K The expression in the

second line coincides with formula (33) in [145]. In this reference, the result has been
obtained by iterative procedure. For large momenta (pgp > Mxkk), we find

—12)
(3.36)

1
By (t,t',—p”) —> 2 pet< < Mgk, ppts < Mgk,
Py

2mpEMyK
Lyt-t<

Buw (t.t. —p2) — e PE(>—t<)
W( y Uy =D ) € 47TpEMKK7

pet< > Mgk, ppts> > Mgk .
The first limit is valid for pg > Mgk, but where the momentum is well below the
position-dependent cutoff (1.101). This limit thus does not hold on the IR brane (¢~ =
t = 1), whose result in shown in the second line. Here the 1/ p2E behavior changes to a
1/pE behavior. The last line shows the behavior for the general case 1 # t # t..
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Brane-Localized Higgs Sector, Custodial Model

The exact expression for the 5D gauge-boson propagator in the RS model with custodial
symmetry has been derived for the first time in our publication [151]. The differential
equation for the propagator function Byy can be derived analogously to the one in the
minimal model. It can also be extracted from the EOM for the profiles (2.161) and is
the same as in the minimal model (3.12) (with ¢4 = 0). The BCs, on the other hand,
are modified to [149]

(P10, + P_) BYY (t,t;—p*)|,_, =0,
0129MI2(K .

(815 - leﬂ) B[VJVV(ta t/; _pQ)‘tzlf =0; by =

The first equation follows from the BCs for the UV fields Lﬁ and Rf/[. We have defined
P_ = diag(0,1). The second equation is a direct consequence of (2.163). Proceeding as
above, we find that, in the region of time-like momenta (p? > 0), the general solution
for the propagator function reads
Ltt 1
z
AMKK [HDoo(1,€) — b1 D1o(1, €)] Dor(1,€) — by

R 2b 2
X { [[PDm(t» 1) — b1D11(t>,1)| Do (1, €) — ;ﬁﬁ Dy (t>, 6)} Diyo(t<,€) Py

By (t,t';—p®) = v
2
T2p2e

A 2b, 52

T [[PDOO(LG) —b1D1o(1, €)] Dig(t>, 1) + ;pﬁ Dlg(t>,e)} Dii(te, ) P_
2s9¢

— b :ﬁﬁ [D1o(t,€) D11(t',€) P1a + D1i(t, €) Dio(t', €) P } , (3.39)

with the functions D;'; (t,t') defined in (3.26), and we have introduced the 2 x 2 matrices
P15 and P51, which have an entry 1 at the corresponding position indicated by the
subscripts and entries 0 otherwise. Note that up to irrelevant O(e?) terms we can
replace peDy(t,€) = —% Jn(pt) for n = 0,1. This gives rise to a simpler expression, in
which the spurious 1/e term in the denominator is removed. In the limit sy — 0, we can
identify the coefficient of Py with the result (3.25) obtained in the minimal RS model.
Expanding B[V{/V in powers of 1 /ZMI%K7 we obtain the result

ci(tt) ca(t,t)) Lm¥, tan ¥ 42 )
2 2 2 2 2 2
uv /. 2y _ | mwP 2Myg 2M ey (myy —p?) v
2 By (6,65 =p) = | o e 1 +0 (3| (340)
w +2 = KK
2ME . (m2, —p?) 2M G

where the functions ¢ (¢,t") and ca(t, ') coincide with the expressions in the minimal RS
model (3.32). The result for the special case p?> = 0 can easily be read off from (3.40),
where the (11) component becomes (3.36), and reduces to equation (54) in [149]. The
general results above valid for arbitrary momentum are, however, new. The results for
large momenta (at leading order) can be read off from (3.37) multiplied with the 2 x 2
identity matrix. The off-diagonal elements are further suppressed by v? /M12<K
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Bulk-Higgs Sector, Minimal Model

After having solved the 5D W-boson propagators for RS models with a brane-localized
Higgs sector, we will now derive the 5D propagators for RS models with a generic bulk-
Higgs field. Like the W-boson profile (see (2.47) and the discussion below), a closed
expression for arbitrary momenta cannot be obtained. For the special case p?> = 0, on
the other hand, it is possible to arrive at an expression that is exact to all orders in
the expansion of v?/M2. We will also derive an expression for p> < O(v?), which is
exact up to corrections suppressed by MI%K. The asymptotic behavior for large momenta
p > Mgk agrees with that of the brane-localized Higgs scenario up to O(v?/MZy) cor-
rections, see below.

Starting with the minimal model, we again make use of the partial differential equa-
tion (3.12), where the mass parameter comes from the Higgs mechanism with the ¢-
dependent vev (2.52) and reads’

2y, t202(t)  Lmg,

= 1 A+28 3.41

A(t) =

with Neumann BCs on both branes and the usual continuity and jump conditions. Note
that due to the t-dependence of c4, we cannot read off the solution from (3.19). For the
case of vanishing momentum p? = 0, we find the exact result

—La tt/ Dl(t>, 1) Dl(t<,€)

By (t,t';0) = 3.42
w(t50) 4MZ sin (7o) Da(1,¢) ’ (342)
where o = 1/(2 + ) and we have defined the functions
Di(t, ) = Iy(t) [i—o(t)) — I_o(t) TIn_1 (),
{00 = 1ol) halt) = Toalt) T 1) .
DQ(tat ) = Ioc—l(t) Il—a(t ) - I—Oc-l—l(t) Ia—l(t ) )
and ) 8
- 2Ly, 1+ 5 1
I,(t) = I, ( W t2+ﬂ> . (3.44)
M2y 2+p

In order to find a general solution for p* = O(v?) < Mgy, we treat the term on the
right-hand side of the differential operator as a perturbation and make the ansatz

By (t,t',—p*) = = B_1(t,t', —p*) + Bo(t, ¥, —p*) + EBy(t, ', —p?) + O(¢*), (3.45)

1
€
where € is a small parameter and counts the orders of v? /.7\/.1'12(K Analogously to Subsec-
tion 2.2.1, we plug the ansatz into the partial differential equation (3.12) and collect all
pieces that belong to the different orders of €. The resulting differential equations read

1
t 0, Z OB_1(t,t";—p*) =0 (3.46)
1 A () Lt
td, — 8, By(t,t'; —p? p? — A B (t,t';—p?) = ————6(t—t' 3.47
tt t0(7 ) p)+<p 12 1(a ; p) 27TM[2(K ( )7 ( )
1 o2 2 ) o2
t0t¥8tB1(t,t;—p )+ | P e By(t,t';—p”) =0, (3.48)

'Here, we use v4 = v and mw = vgs/(2v27r).
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which shows that the jump condition is only relevant for By, while the derivative of B_;
and B is continuous at t = t/. Note that for p? > MI%K, the vev profile can be neglected
and the solution is identical to (3.25) with b; = 0. Thus, the asymptotic behavior for
large momenta does not depend on the brane-localized or bulk-Higgs scenario and is
given by (3.37).

Equation (3.46) together with the boundary and continuity conditions can be used
to determine

B_1(t, t'; *]92) = C(t,) ) (3.49)

where C(t') is a constant with respect to the dependence on ¢. From the condition that
the propagator is symmetric in ¢,t’, it follows that B_; = ¢. Note that the constant c
cannot be fixed, since the jump condition does not give an additional constraint. For its
determination we have to use (3.47) together with the boundary and jump conditions.
Similarly, one coefficient of By cannot be fixed completely and we need to make use of
(3.47). This is actually the reason why we have taken into account Bj in the ansatz
(3.45). Eventually, one finds the solution (3.29), where the functions are now given by

5oy _ My 20+58)°* PP (1+9)B+8) | 1 p4>
E(p>_2MI2<K<L(2+5)(3+2ﬁ) m2, (24 B)? +2ngv’

8 (t,t'; p?) =

52 L t4+2ﬁ t/4+2,3
=W [ "+ ) (3.50)
2Mi

2+ 8

2
2 p 2 2 (1 2 (1
—I—Lt>—|—m2 [Lt<—t (2—lnt>—t’ <2—1nt'>}}.

From (3.33) and (3.50) we can deduce the correction to the mass

Moyl [ROEAR S AEDGED L] o0 s

md, o aME @B 28 @+p? 2L M

which coincides with the result (2.54). Replacing the leading-order mass ¥, by the
physical one m%v then yields the exact result for the propagator function in the bulk-
Higgs model to order v? /M2y that can be written as (3.31), where now

Ft)y=1+

m, [L(t4+25+t’4+25) (1+8)3+8) 1

M2, 2+ 8 2+8)?2 L

1 1
—t2 (L -5 —|—lnt) —t" (L— 5 +lnt’)] ,

while ¢y(t, ') remains the same (3.32). We can use ¢ (t,#') = xW (t) x&¥ (t') to reproduce

the correction to the physical W-boson profile x§ (¢), which agrees with the result (2.50).
Finally, we want to present the expansion of the propagator function for p? = 0,

(3.52)

1 L 2(1+5)? e v?
2 Btat/ao = = + |: + —tQ +O0 | —— )
mB( ) my,  2MEc [(2+6)(3+26) 24 > M
(3.53)

which can be obtained either by expanding (3.42) for large M2y or from (3.31) with
(3.52) in the limit p*> — 0. Note that in the limit 3 — oo all results above reduce the
corresponding results in the brane-localized Higgs case derived in the previous subsection
so that there is a smooth transition between between the two scenarios.
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Bulk-Higgs Sector, Custodial Model

The last propagator to be derived in this section is the 5D W-boson propagator in the
custodial RS model. According to Section 2.3.1, it is appropriate to work in the IR basis,
which has the advantage to have a decoupled partial differential equation. It reads

2y v2(t)

(t O, % O+ p? — P+) Bt t', —p?) = S(t—t'), (3.54)

AMZ, 02 2mM2
with boundary conditions
[P, 0; + P_| RY Bi}(t,1, —p2)‘ =0, OBt t, —p?) =0, (3.55)
t=¢ t=

where the first one follows from (2.162) after rotating the IR basis fields into the UV
basis via Ry defined in (2.145), while the second one is a direct consequence of (2.163).
Performing the same steps as above, we finally end up with the exact solution for the
special case p? =0

Bi%(t,¢,0) =

L —matt’ Di(t<,€) Dy(t=,1)
CAMZy

sin(ma) Ds(1,€)

2819 Dl(e, 1) P
cyU 672+é D2(67 1) -

Py

+ t2<—62—

287961_é , ,
Z9E Dy (t,1)Pig + ' Dy (', 1) P ] . (356
iDL g P VP + D1 1) Py (3.56)

where the functions D; 2 have been defined in (3.43) and we have used the abbreviation
0= %\/2(1 — a)/a. Notice that the (11) component can be identified to the result
of the minimal RS model (3.42). We can now rotate into the UV basis and expand the
propagator for large KK scales,

1 L 2(1 2 t4+2[3 t/4+26
2rBRY (t,1';0) = P, + [( 7 1+5) - * —t2>> P,
=

iy 2Mix 2+ 8)(3+25) 2+8

9 (1 H2+28 ) 12+28 )

— (¢t 1-— P t“ (1-— P t2P_ 3.57
+019< ( 213 12 + 21 3 21 | +12 , ( )

which is exact at order O(v? /M2y ). For 8 — 0o we obtain the same result as for a
brane-localized Higgs sector [151]. Moreover, we can identify the (11)-component for
Y — 0 with the result of the minimal RS model (3.53).
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3.2 Fermion Propagators

This section deals with the calculation of the 5D fermion propagators in RS models
with a brane-localized Higgs sector. Previous analyses of the 5D fermion propagator in
warped extra dimensions have been presented in [147, 215, 216]. These results will be
generalized by keeping the exact dependence on v? /M}2<K and the full three-generation
flavor-structure for the first time (see also [152]), and by paying special attention to
the effects of the regularized profile of the Higgs boson. The exact 5D fermion prop-
agator will be crucial for the calculation of the loop-induced Higgs production process
extensively discussed in Section 4.1. This section includes Section 4 and Appendix A of
our publication [150], where some results for the fermion propagator, in particular the
propagator functions A‘[Ij ;, and A% ;, with ¢ in the sliver (see below), have already been
published. Moreover, it also contains unpublished work, such as the derivation of the
propagator functions for arbitrary chiralities and values of ¢ and ¢’ as well as the final
results for the full 5D fermion propagator for both finite  and the case n — 0. Finally,
the asymptotic behavior for very small and very large momenta will be examined at the
end of this section.

In order to be as general as possible, we focus on the RS model with custodial pro-
tection and use the compact notation introduced in (2.69), where profile functions and
a-vectors are given by the higher-dimensional objects as defined in (2.181) and (2.182).
The corresponding expressions in the minimal version of the RS model can be obtained
by simple replacements and will be presented explicitly if necessary. The starting point
for the derivation of the 5D propagator is the quark Lagrangian (2.64), which can now
be rewritten as

1
Sterm2 = Y /d4$/ dt Q(x,t) {id — Mxxv50; — Mk Mg(t)} Q(z,t). (3.58)
Q=UD,A ¢

The 5D fields Q(z,t) are defined in (2.70) and the generalized mass matrix reads

1/ecs O v 0 Yz
Mz(t)=> ¢ + —0(t—1 7, 3.59
0 =7 (9 )+ ><yg 0) (3.59

with generalized Yukawa matrices Yz defined in (2.179) and an arbitrary vev profile
8 (t —1). It is now straightforward to read off the Dirac operator from (3.58)

D =p— My v5 O — MKKMzi(t)a

and we can immediately turn to the determination of the 5D fermion propagator in the
mixed momentum-position representation. From now on we will use the regularized box
profile (2.75) for &;(t — 1).
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3.2.1 Differential Equations and Boundary Conditions

The grand 15 x 15 (for up-type quarks) and 9 x 9 (for down- and A-type quarks) prop-
agators in the mixed momentum-position representation are given by

iS9(t,t';p) = /d4w6ip'”” (0] T(Qr(x,t) + Qr(,1))(Qr(x, t) + Qr(, 1)) [0) (3.60)
= [A%L(t7t/; —p?)p+ AL (s —p?)| Pr+ (L R),

with the projectors P, p = %(1 +5) and the symbol T" denoting the time ordering. The

objects A(Zl p are referred to as propagator functions in the following.? Using the KK
decomposition (2.70) it is straightforward to show that

_ 1 n
Al Lt —p) =Y —— o) QM)

7 r_ 2 S Mgy, " (n) ()f (3:61)
ARL(t7t;_p ) :Z pg_mg QR (t) QL (t)7
n qn

and similarly for the remaining two propagator functions. With the help of the defini-
tions of the vectors ng}% (2.71) and their ingredients (2.181) and (2.182), we explicitly
see how to interpret the various components of the propagator functions. As an example
we consider the (15)-component of A% 1, which is a 5 x 5 matrix in representation space.
The subscripts denote the handedness of the outgoing and incoming fields, respectively,
while the components give information about the charges under the gauge group. In
the case in question, the outgoing field is the right-handed field of the bi-doublet whose
left-handed component is Zs-even, i.e. ug. The incoming field, on the other hand, is the
left-handed field of the triplet whose right-handed component is Zs-odd, i.e. Ur. The
other components can be interpreted analogously.
With the help of the completeness relation for the bulk profiles

ZQ t)=6(t-t); A=L,R, (3.62)

which holds on the interval ¢ € [e, 1] once we regularize the Higgs profile, it is easy to
show that

. 1+ N 1—
DSI(t,t';p) =) [Q (t) @ (t") 275 + o )Q%)T(t,)Tf% = 5(t—1)1.
(3.63)
This implies the first-order differential equations
p* AL (1 —p%) — Mk Dy AL, (4t —p?) = 8(t - t') (3.64)
P> ALt —p%) — Mk D- AL p(t,1';—p) = 5(t —t')
and
A;];L(ta t,; _p2) - MKK D_ A(IT,L(ta t,; _p2) =0 ) (3 65)

A%R(t’t/? —p*) — Mkk D4 A%R(t,t/; —p*) =0,

2Note that it is principally not necessary to use the superscript ¢ instead of q. However, we will
use the latter to specify the more special case of the minimal RS model ¢ = u,d, while the notation ¢
represents ¢ = i, d, A, i.e. the custodial RS model.
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where we have used the shorthand notation Dy = +0; + My (t) . These equations can
be decoupled at the price of turning first-order into second-order differential equations:

R 7 1
fK (3.66)
~2 q / 2 /
— DD )AL (4, —p?) = —— D, 5(t — 1),

and

(7 = DsD) AL (15 —17) = 5o
B, (3.67)
(B = D-Dy) Afp(tst's=p") = 35—

with the normalized momentum squared p* = p?/MZy. Integrating (3.64) and (3.65)
over an infinitesimal interval ¢ € [t' —0,#' 4 0] at fixed ¢, one obtains the jump conditions

B} B, 1
AL (¢ +0,t;—p>) — AL (¢ —0,t;—p?) = — ,
RL( p) RL( p) Mxk
. B} 1
q / o2\ q I lo 2\
ALR(t' 0,15 —p%) = ALp(t' = 0,8 —p*) = 37— (3.68)

AT (40,8 —p?) - AL (¢ —0,t;—p*) =0,

AL +0,t;—p*) — AL —0,t;—p*) =0.
While the last two equations show the continuity of the propagator functions A% ;, and
A%, (the actual jump occurs in their derivatives), the first two state the discontinuity

of AT, and A7 ..
What is left are the boundary conditions which on the IR brane take the simple form

diag(0 1) AT, (1,¢';—p?) = 0 = diag(1 0) AL ,(1,¢;—p?), A=LR, (3.69)

where the entries 0 and 1 are zero and unit matrices of ranks according to the structures
(2.71) and (2.181). The UV boundary conditions, on the other hand, differ for the
various quark types (A = L, R):
diag(0,1,1,0,0) AL (e, —p°)
diag(0, 1,0) A7 (e, ¢'; —p?)
diag(1,0,0) A} (e, t'; —p?)

diag(1,0,0,1,1) A% (e, t'; —p?),
diag(1,0,1) A% (e, ' —p%) , (3.70)
diag(0,1,1) A;A(e, t'; —p2) .

0
0
0

Both UV and IR BCs follow from the respective conditions for the fields embedded in
the 15- and 9-component vectors of (2.71). In the minimal model the BCs are given by
(3.69) for t =€, 1.

3.2.2 Derivation of the Propagator Functions

We are now able to derive the full propagator for arbitrary ¢ and t', where we will focus
on the determination of the propagator functions A% ; and A'IJ% ;- It will be explained

that the two propagator functions with reversed chiralities, AqR r and Al R can be easily
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deduced from the former ones. While deriving the solutions for the propagator functions,
one has to distinguish between the cases of whether ¢ is in the bulk or in the sliver and,
moreover, whether ¢ < ¢’ or t > ¢/. Having the general solution for A, at hand, we can
easily deduce A;]; ; from the first equation in (3.65). Imposing the boundary as well as
the jump conditions, we will have a solution with four independent parameter functions
for both the bulk and sliver case. The determination of the unambiguous solution for
these coeflicient functions will be explained in the next subsection.

Bulk Solution (t < 1 —7)

In the case of t being in the bulk, t < 1 — 7, the Yukawa matrices do not contribute to
the mass matrix and we deal with

dM(t) 1 [cz(czF1) 0
2 _ 2 (“alq _
MO E =5 = < 0 cplegx1)) T

with 5 and ¢z having patterns as shown in (2.178). With the help of the ansatz

Vif(pgt) for each entry in the propagator function AgL, where p% = —p?/MZy denotes
the square of the Euclidean momentum normalized to the KK scale, the differential
equations become Bessel equations with independent solutions I, (pgt) and I_,(pgt) for

non-integer .’ The general solution for Af, s

ALt —p?) = Vi (Icéé(pEt) 0 ) (Cl(t') C2(t')>

0 I 1(ppt) ] \Cs(t') Cu(t))
1 1 (Pppt) 0 Cs(t') Cg(t) (3.71)
—c5t3 5 6
+ﬁ< 0 I_cq_;(ﬁEt)> (C7<t’> Cs<t’)>’

where the zero matrices and the integration functions C;(t’) are matrices of correspond-
ing rank. It is an easy exercise to derive the solution for A%, from equation (3.65) and
we obtain

Ghulk, 1 oy _ legrybet) 0 Ci(t) Cs(t))
ARkL) lk(t’t ’ _p2) = _pE\/7E [( @ pEt)> <C;(t/) Ci(t/)> (3.72)

Teq3et) 0 Cs(t) Colt)
+< "o Icq~+§(ﬁEt)> <C7(t’) Cs(t')> '

The general solutions (3.71) and (3.72) hold for arbitrary choices of ¢, € [e,1 —1n),
where the coefficients differ for the solutions for ¢ < ¢ and ¢t > ¢. Focusing on the
solutions for ¢t < ¢/, we evaluate them at ¢ = € and make use of the UV BCs (3.70),
which lead to relations between the various coefficient functions. Upon rescaling the
coefficient functions C~(t') — K;(t'), one ends up with

ﬂ a; ) Ko
gy hari) < i (P0m0 0 ) () ).
2 )

ALt —p?) = —pp VI (Dg(gE’t) ; ) <K1<t/) Kg(t/)) )

3For integer o we get the solutions by a limiting procedure.
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where the functions D‘l‘Y(ﬁEt) and Dg(ﬁEt) depend on the specific choice of A =
U,D, A, u,d,\. They read

DYy (b 1) = diag (DR, (br, 1), DE4 (55, 1))

DYy (pp,1) = diag (DYo(bm.1), DYy (5, 1), DF4 (he.1))

D?z(ﬁ&t) = DY, (pe. 1),

DY (5, t) = diag (DT (br: ), D4 (5:1)) (3.74)
Dy (pp.t) = DSy (s. 1),

D§,2(15E,t) = diag <D3,4(ﬁEa t), Dg 4(PEat))

The functions D (pg,t) are defined via
D (pe.t) = D (pp.t.e), (3.75)

where the latter are linear combinations of Bessel functions defined by

Dfl,2(ﬁEa ta t,)
D?A(ﬁEa ta t,)

(Prt) = Io, 1 (Put) 1,41 (Pit),
(pet) — 1., 1(ppt')I_,, 11(pEt),

1
2

N
(pEt ) ICA$

1
2

I_,
I CA+ (pEt,) Ichi

with A = Q, u®, 71, 2. Note that these are 3 x 3 matrices in generation space. Due to the
antisymmetry in the arguments, it is D§‘3 (pE,t,t) = 0 and in particular D£3 (pE,€) =0,
which has been required by the UV BCs.

Equipped with the solutions A%L and A%E, it is possible to determine AqL 7 and

A‘}i with the help of the jump conditions. After some algebra we eventually obtain

Aﬁﬁﬂmﬂﬂﬂ:¢gDﬂmm) 0 (Kﬁngwv
0 Di(pp,t) K

t <_L§@E¢¢q 0 )

+ -
pEMxkk1, 0 Li(pg,t,t')

(3.76)
gyt - et (PREED 0 (000 )

D({(ﬁEvt)
24 (LQ(A t,t) 0 )
4 pE7 ) .

MKKln 0 —L?(ﬁE,t,t,)
In order to avoid clutter, we have used the rescaled quantities

7T]5E1,7

_TPE _ pAett),  i=1,2,3,4, (3.77)
2 cos (WCA')

Li(pp,t,t) =
where it will turn out to be convenient to include a factor of 1,, = 1 — 7 in the definition

of LfY . Having found the solutions for the propagator functions in the bulk, we are now
able to turn to the sliver region.
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Sliver Solution (t > 1 — n)

In the sliver region, t > 1 — n, we start again with the determination of the general
solution for ¢ # t’. Using the regularized profile of the Higgs (2.75), we can approximate

dM (1) 02 Y:YL 0 nMxx
M2 t q — q q O
a()+ = M2 12 0 Yly; * v] Y|
(3.78)

Note that we need to require the relation n < v|Yy|/Mgxk for the corrections to be small.
This is the reason for the right inequality in (2.4). The differential equations (3.67) now
take the simple form (A = L, R)

Y;YL 0 v
o7 — + = ALt pP) =0, o= ———. (3.79)
[t (E n ( 0 YT;Y@))] ““‘ V2Myk

As in the case of the bulk solution, we first focus on the propagator function Aq Shver.

Using the definitions
r= X2, Sa= X%y, (3.80)

with Xz, X defined in (2.78), the general solution in the sliver region reads
AT gty — (€0 0 (Calt) Calt)) (S 0 ) (Caft) Coft)
AL 0 C(t)) \Cs(t') Ca(t) 0 S@))\C:(t) Cs(t))’

where we have appropriately defined

t>1-—n.

St) = [Sz0"(t—1)] , Ct)y=[Sz0"(t—-1)], (3.82)

and analogously S(t) and C(t) with S; replaced by Sz. The dependence on the coordi-
nate ¢ enters via the integral

1
_ 1—
(L —1) = / dt 51t — 1) = nt (3.83)
t

From the differential equation (3.65) we immediately obtain
S(t) oYz C(t) (C:'l(t') C:'Q(t')>
) S S(t) ) \Cs(t') Cu(t))

Myk q?
Y C(t
Sq‘ (t) oY gS(t) 5(t') Ce(t')
+ ( YL S(t) S;C(t) ) <C’7( t') C’s(t')>] '

n

A%zliver(t’t/; _p2) —
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Again, we need to distinguish between ¢ > t' and ¢ < ¢’. The IR boundary conditions
can be used for the former case and we get

A%z,sliver(t’t/; _p2) _ (Cgt) S(()t)) (

Mgk

(3.85)
Aq‘>,sliver t,t/;— 2y —4q-
GG =  gylew) 800

)((}E(t') ¢; <t'>>.
T(#) G

The solutions for ¢ < ¢’ can be obtained by taking the employing the jump conditions
and read

> > S(1—t'+¢)
g ser t,__pz):(ca) _o) Cr(t) &)\, n (s O
LL s by 0 S(t) C7 (t/) CS (t/) ME{K 0 S(l—gt +t) )

Az .z - Miac (8780 oY SW)) (E1() C5(1)
e n \evicw 8zC()

1 C(1—t +1) QYqi(l;Z-H) 550
Mxx QY;M CA—t+1t) | '

Sq
So far we have achieved to derive the general solution in the bulk (¢ < 1 —7) and in the
silver (t > 1—mn) that are both compatible with the boundary as well as the jump condi-
tions. The latter have been used to eliminate 24 of the in total 32 coefficient functions.
Thus, there are still eight coefficient matrices unspecified. Their determination will be
part of the subsequent subsection.

3.2.3 Determination of the Coeflicient Functions and Final Results

The remaining eight coefficient functions are determined by requiring that the solutions
are continuous at ¢ = 1 — 7. This matching procedure has to be performed in two steps
differing in the position of #'. If ¢’ is in the bulk, the requirement of the functions A%7

and A%i being continuous yields the bulk part of the coefficient functions. Analogously,

A%E and A%E have to be continuous in the case of ¢ > 1 — 7, which determines the
corresponding sliver part. At the end of the calculation it will be checked that all
coefficient functions are continuous at t' =1 — 1.

Case of t’ Being in the Bulk

For the case t' < 1 — 7, we have to match

A?4>L7bulk(t _ (1 o n)—,t/; _p2) — A?4>L,sliver(t _ (1 B 77)+7t/; _p2) A= L R. (387)
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The equation with A = L yields the relations

tt! 5 5 > bulk

_pETKKlnLgQ(ﬁE, 1,t') + /Iy DE (g, 1,) K2 () = cosh 5767 " () ,
\/>DQ 1,) K55 (#') = cosh S e bulk(t,) .
Iy DI(pg. 1,) KEU5(¢') = sinh S C7> bulk(t,) | :

v > bulk

—————Li(pp, Ly,t') + /1, DY(pp, 1) Ky (') = sinh Sz C5 7 (t),
peMkk 1,

where the superscript of the coefficients K; and C’Z> indicates that ¢ is in the bulk and
should not be confused with the superscript of the propagator functions that denote
the position of the variable t. Above equations can be used to eliminate the coefficients
Cf’bulk(t’ ). Note that on the left-hand sides of these equations we could take the limit
n — 0 without difficulty, but we will keep the Higgs width 1 throughout all our calcu-
lations. Only when we concentrate on the brane-Higgs case, we will take the limit in

~_bulk
question. The remaining four coefficients K iu (t') can be derived by the equation in
(3.87) with A = R, where we encounter the ratios

. D{pp1
R ;(pr) = 715 B2 o).
D2 (pE71)

(3.89)

In order to express the answers in a compact form, we moreover introduce the definitions

_ . tanh Sz )
NP () = 1+ 2 (0}) +mpe |1+ B (55) (YD)~ Rylpr) Y == Ryi(in)
q
. tanh Sz R . _
NP (0}) = 1+ ZJ (o) + npe —g—2 | Rglpe) + Y ¢ Rylps) Y7 (3.90)
q
where
1,2 2‘5% ¥ vl A
Z: (vg) = X2 Y R:pp)Y ;R5(pE) .
I ) L g (3.91)
2 R -t Oz R - tan 7
Z} (vg) = Y i Ry(pp) Y 5 Rg(oe), Y= S, 1Yy
q
After some lengthy algebra, we obtain
Vi1 3
Ky = Y pd,,.0)
pE Mk DY (PE, n)
th S 1 D9pp, ¢
[RQ+77]3ECOS q Z;l’l - l(pEa ) }’
Nt? Dy (pEaln)
1 1 - Dipp,t
P p— oy e,
pEMyx DS (pr, 1) Ng D;(pE, 1)
/1 ) 1 D(p,
Kbulk( ) \/>/ n QY:;R l(pEa ) ’ (392)

S —L
peMgk D1 (pE7 n) QN;L D?(ﬁEaln)
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_ 1 .
Kbulk( ) f/ {Lg(ﬁE7 1777 t/)
pEMKKDQ(pEa )
2 q
~ 1 Sq’ |: N COthSq’ 1 ~ DQ(pE,t)
+eY; Rs+npE oY g—= 7
TXxL¢ Sg I NP7 " Di(pp,1,)

where we have dropped the arguments of R, Z;Z’i, and N ;11 The coefficients C;" can
now be obtained easily with the help of (3.87).

Case of t’ Being in the Sliver

For the case t' > 1 — 7, the matching conditions at point ¢t = 1 — 7 read in analogy to
(3.87)

A= (=)t =P = AT = (=)t ), A=LR,
(3.93)

where the equation for A = L leads to the conditions

> sliver n S(tl + 77)
1 D pE’ Ksllver( ) _ COShS Cl ( /) _ ’
MIQ(K Sg
V1 D (P, 1)) K3V (') = cosh Sy C’; bhver(t’), (3.94)
V1 D (P, 1,) K§V'(t') = sinh S C’7> Shver(t'), '
> sliver n S(t/ +n)
V1 Di(pp, 1) K (') = sinh §; €37 () — ——.
MIZ(K Sg

Analogously to the previous case, we find the sliver coefficients K5V (¢') to be

. 1 1 . coth Sz 1 c(
Kihver(t,) - _ 7 3 RQ‘ + NPE S - ! Zg:l 0,1 0,2 (h.)5'~7
PEMKK \/Epl (PE,1n) q N(T (p3,) coshog
N 1 1 1 S g
K§r () = — ; 72 ég Xa
peMKK \/EDQQOaE?lU) Ny sinh S~
N 1 1 T . 1 C(tl)
K?))l er(tl) — iV . oY ( ) i hS.’ (395)
PEMKK \/EDz(pE,ln) N et
| ) 2 . s2 _cothSz] 1 SH) -
Kihver(t/) - _ i 5_‘ - Y(T Xq2 RQ" + NPE 5. g ) il‘;ﬂy
peMxx /1, Di(pp, 1,) q 7 NG

It is straightforward to derive the coefficients C>’Shver with the help of the relations
(3.88). Comparing with (3.92) and recalling that L 3(pE, 1,,1,) =0, we easily see that

> sliver

the coefficients K;(t') are continuous at point ¢ = 1 —n, which clearly holds for C;”
either.
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Results for Finite Width 5

We are now ready to present the full solution for the propagator functions. Inserting
the coefficient functions K; and C’ into the solutions (3.73), (3.76), (3.85), and (3.86),
we obtain the final results for A IL and Al rp for ﬁmte n listed in Appendix A. We

find that the corresponding results for A rp and A L can be obtained by applying the
replacements

D,(pp,t) = D3 (be. t), S(t) —C(t), St+n) = St+mn),
L23(pE,1n,t) — —L§,5(pE. 1,,1) C(t) — S(t), Clt+n)—=C(t+n),
L14(pE,1 ) = —Lgy (b, 1y, t) Y;— Y. (3.96)

Moreover, one encounters a global minus sign when going from A}ZL 1 to A% r - The above
replacements imply that the quantities Z;l’l and N ;1’1 transform via

; 1 1 1 1 1 1 1
Z7' — R 70 R~ N — Ry Zg’l NI R’ N2 — Rg N"’ 272 R~
q Q@ 7 7 Q@ q Q
(3.97)

3.2.4 The Special Case of the Brane-Localized Higgs Scenario

In this last subsection, we will specialize on the case where t and ¢’ are chosen to be within
the bulk region and 7 is sent to zero. This case is identified with the brane-localized
Higgs scenario. After showing the results, we will present an alternative derivation,
which is crucial for the generalization to two different Yukawa matrices. Finally, we will
dwell on the asymptotic behavior for small and large momenta.

Final Results

We start with the general propagator solutions A% L, t'; —p?), that can be found in
Appendix A, for the case of t,t’ € [¢,1 — 7). Sending the regulator n to zero implies the
relations Sy — X g, N;l’z — 1+ Z;and Z;l’Z — Z g, where

Y Rylpn) Y § R5(im) (3.98)

R;(bp) = — (3.99)
A R s
(3.89) with n — 0. Note that in the minimal model we just have
) 4) /» D (pp, 1)
RA(pE) =R, (PE) = , (3.100)
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while in the custodial model, we also encounter the ratios

RS (pr) = Dé:(ﬁE, D _ ley3(€p) e, 3 (PE) — T i 1(PE) Lo, 1 (PE)
Dj (pr,1) IcA—%(q?E) I—CA—%(pE) B I_CA”L%(EPE) ICA”L%(pE) (3.101)
B 1
RE4+) (PE) lea——ca

Analogous structures can be found in the ratios DfQ(ﬁE, t)/ DfQ(ﬁE, 1). Provided with
the above definitions, we find the quite compact solutions

AT | - VI [DYGet) p 1 DPGet) DYGutdan i, )
LL|yy pE Mgk Qn RQl+Zz n3/a Qo 3 \PE L)
D (E,l) qDl(pEal) Dl(pE71)

. Vit DP(pg,t 1 -~ Di(pg,t
X L (PE, )RQ oY, ?T( L )’
12 peMxx p@pp 1) 1+ Zi  Di(pe,1)
. W Dippt) - 1 Dpp,
ALl =] g(A )QYq»RQl_‘_Zﬂ 25( ), (3.102)
21 ppMKK Di(pg,1) 7 DY (pg,1)
- Vit [DIpp,t) ~+ 1~ Di(pg,t
Alilyy = ppii [ o )QY‘TR@HZ RO e
22 peMk [ DI(pg,1) ¢ Dj(pp,1)
Di(pp,t
+ B2Prt) pgis a1
DQ(pE7
DY(put) Zg D2put) | DSGut) 1G)n , ,
2 - + =2 LY (g, 1,t), t<t,
AT | = ;MV“’ D%(ﬁE,n Z; Df(pE,> D%@E,l i(pp, 1,1)
11 KK D3 (pet) Zgz D (Pe.t") DY (pp,t") Q /
2 + =L R5L5 (pp, 1,1 t>t,
DY (pp,1) 2 DQ@E,) DY (pp.1) (5, 1,1),
A‘T _ Vit Dg(ﬁEvt) 1 QY Dg(AEvt/)
RL - 5 q T/ A ’
12 Mgk Dg(ﬁE71) 1+ Z@‘ Dg(pE,l)
A(j o Vit t’ Dq(ﬁEv ) 1 Zq‘ D?(AEvt/) (3 103)
RL - = ; .
2 Mk D{(pp, 1) 0¥ 71+ Z7 p9(p,, 1)
Di(pp.t) Z; 5 Di(pt) | Di(e.t) 7 / /
AT | = V) DiGe)Y Y i) T Drppn) Rel20E L), <t
RL - q ~ q
22 Mgk Df (pEt) Zg Di(ppt) | DiGpt) 1q '
Diow1) Ve 1727 qu(ﬁE’l)Jqu( )L(pE,l,t) t>t,

where some arguments, like (¢,¢; —p?) of the propagators on the left-hand side, have
been neglected to allow for a compact writeup. We can check the jump conditions and
can verify that the diagonal components of A%L are discontinuous at t = ' by the
amount given in (3.68), while all other components are continuous. Moreover, due to
the antisymmetry of Dg‘ when exchanging both arguments, one can directly see that the
UV boundary conditions in (3.70) are fulfilled. A short calculation also shows that the

IR BCs (3.106) (see below) are satisfied as well. Due to the definition of A%L in (3.61),
its hermitian conjugate after interchanging ¢ with ¢ must agree with A% ; again. This
can be easily checked by using the relation Z:; = RQ ZaRél.
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As already mentioned in Section 3.2.3, the solutions A;I;R and Aq; R can be obtained
from (3.102)—(3.103) by the relations and substitutions given in (3.96). Still, for the
upcoming analysis it is convenient to express A% R.LR by the same structures, that are
also used in (3.102)—(3.103). In consequence of the transformation rules presented in
(3.97), the Z; structure can be formally replaced by Zz; — R@ Zqil jol and used to

obtain the remaining propagator solutions. They are given by

AT | = Y [D5Get) Zg 1 DYGrt)  Detd) g o, )
RE 11 pEMKK DQ A 1+Z*R*DC§ A DQ Hr. 1 2 A
(PE, 1) 770 D5 (pg, 1) 5 (PE, 1)
Al | _ oV DEGpt) Zz 1 1 Di(pp.t)
RR ~ =R )
12 ppMkk DS (pp, 1) 1+ZzR5 QY(;D?(PEJ)
Ad | _ =V Dilpp,t) 1 Z; 1 DF(p.t) (3.104)
RR 7~ > - ) :
21 peMxx Di(pp,1) oY1+ Zg R D2Q(pE,1)
O - t D‘f(ﬁE,t) 1 Z; 1 1 D‘f:(AE,t’)
2 ppMrk L D{(pp,1) oY 1+ Z3 Ry v DI(pp, 1)
Di(pp,t) -
- 1*(pE’ <)Lq(ﬁE711t>) 5
q ~ 3
Dl(pEal)
DS (pi,t) 11 DE@et) DG 1§ ) )
L , o L 1,1, t<t,
11 Mgk | DY(st) 11 D@pt)  DPGet) 1 7Qs /
’ 11 2 L g, 1,t), t>t,
D9pp1) QY ZiRG psp1)  DY(pp1) B 3 (7 )
Ai | VI DPGet) o Zg 1 1 Dip.t)
LR - = ~ )
12 Mgk D?(AE,l) 1+Z;R; QYtD?(pE'v]-)
AT | VW DLGst) oip 11 D3(s.t) (3.105)
LR|y, = T/~ 7 5 ’ :
2 Mk Di(pp.1)” * “1+ZgRg pYpp 1)
Dg(ﬁEﬂf) ~JL L1 1 1 D?(ﬁE,t/) . Dg(ﬁE,t) q(A / /
LR - q(n ~ q(n ’ [ R
22 Mgk Diet)yip 1 1 1 Di(et)  Diet)yd s /
Dg(ﬁEvl)YqRQqudR@ T DionD D({(ﬁEJ)Ll(pE,l,t)a t>t.

Alternative Derivation and Generalization to Different Yukawa Matrices

We can also derive the results above via an alternative method, where modified boundary
conditions are imposed on the 5D propagator functions. The propagator functions A ,
are now computed by solving the coupled system of equations (3.64) and (3.65) without
including the Yukawa term in the generalized mass matrix M, (t). Instead, one modifies
the boundary conditions on the IR brane according to (2.87), such that

vl

vY - o _ ’UY* B B
<\/WZ(K 1) AqLL(l ,t/;—pQ) = (1 — \/iqu{) A?{L(l s —p2) —0 (3.106)
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instead of condition (3.69). The modified Yukawa matrices are defined in (2.81). The
boundary conditions on the UV brane (3.70) and the jump conditions (3.68) remain
unchanged. It is a straightforward exercise to derive the propagator functions from
these equations and one recovers (3.102) —(3.105).

The alternative derivation will be crucial for the propagator in the brane-localized RS
model with two different Yukawa matrices in the Yukawa interactions. To understand
this, we consider the equations of motion (3.64) and (3.65) for the propagator functions,
which must be generalized to

B
PPALL(t T —p%) — Mixk (at + Mq<t)> AL (4t —p?) =0t — 1),

5 (3.107)
ARy (1 —p%) — Mix (—at + Mé(t)) ALt —p*) =0,
where
1/c 0 v 0 Y¢
Myt) ==~ >+5gt—1< Q> 3.108
0=1(% o)== ys g (3.108)

replaces the generalized mass matrix in (3.59). The coupled set of first-order differential
equations in (3.107) can be combined to yield the second-order equation

52 d./\/ljl o q ot —t'
[87&2 — M, () Mj](t) - dt(t) +(Mq(t) - Mj](t))a —pp| AL = (]2\64}2{;)
(3.109)

In the bulk region ¢t < 1 — 7, where the profile §,/(t — 1) of the Higgs vev vanishes and
the mass matrix is hermitian, this equation reduces to the original equation with (3.67).
However, its structure becomes much more complicated for ¢ > 1 —n and it has not been
possible to derive a general solution in that region.

In the case of infinitesimal 1 (at fixed p?), however, it is consistent to only keep the
terms in (3.107) that are enhanced by 1/n for 1 —n <t < 1. Taking ¢’ < 1 — 7 in the
bulk region, squaring the resulting differential operators, and adopting the Higgs profile
given in (2.75), we thus need to solve

02 v? ( Yyt 0 )]
. — A AL (s —p*) =0+...
Sty C ri\L: L5 —D )
[(’%2 2ME > 0 YJY¢ (3110)
[82 v? < YoY§gh oo )} AL (1.8 ) '
— - tt'—p*) =0+...
C S s by )
ot 2M2 > o YJiy; LL

where the dots denote subleading terms. The solutions to these equations involve hy-
perbolic trigonometric functions, whose arguments contain the matrices

v - v
X,=—/YOVSt, X,=—1/ YY", (3.111)
T V2Mgk a1 T V2Mgk @1

and their hermitian conjugates. It is then not difficult to show that, in the limit n — 0,
the boundary conditions given in (3.106) still hold, provided we use X, as defined here
instead of the original definition in (2.78), and Y, now defined by

_ tanh X
Y, = % Y¢ (3.112)
q
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instead of (2.81). Solving the bulk differential equations for the propagator functions
with these boundary conditions, we recover the previous solutions with the substitutions
just described. Note that the quantity Z,(p%) now becomes

v?  tanh X . i .
Z,0h) = g —x Y Ba0p) Y ——" Ro(pm). (3.113)
KK q

The results above will be needed in a subsection of Section 4.1, when we discuss the
fermionic contributions to the gluon-fusion amplitude in the brane-localized Higgs sce-
nario with two different Yukawa matrices.

Asymptotic Behavior for Small and Large Momenta

Finally, we derive the asymptotic behavior of the propagator functions, where we will
focus on the minimal model here. The results in the custodial model are listed in
Appendix A. Considering the minimal model, the corresponding propagator solutions
can be obtained from (3.102) and (3.104) by the replacements Q — Q, ¢ — g, implying
that one only keeps the (11)-component (3 x 3 matrix) in the higher-dimensional space.
Since we are interested in the low momentum regime p — 0, we only keep the leading
terms. It turns out to be convenient to define the functions

1— tl—i—?cA B t1+20,4 _ €1+20A . tl-‘r2CA _ 61+2CA

Ft(CA) = s Ft(CA) = Ft(CA) = 1 T 2CA

_ 3.114
14 2cy 1 —elt2ea 7’ » )

which fulfill the relations F2(cp)E,(ca) = Fi(ca), F.ca) = F2(cy) and Fi(cq) =

F.(ca) = Fc(ca) = 0, where F(c4) denotes the zero-mode profile function (2.93). Using
the definitions in (3.114) we find (up to higher orders in pg)

F2(ca) PE 2 F4(cqa)
RA(DpE) ~ 1-F _—
Albe) ~ —5 =+ o0 (ea) + 3756, |

Afn A/ A
DlépE,t) ~ - htea DgépE,t) ~ Fi(eq)t-3ea, (3115)
D+ (pE) D5 ()

~ ~ ~ _1 R R _1

L33(pe, P, t) ~ £ppFy(Fea)t 270 L, (pe, P, t) ~ £t 72704

Equipped with that we expand the propagator solutions (3.102)—(3.105) for small mo-
menta by using (3.115) and we obtain

Fey (=cq) \ » 1 Fuled 1
tea Lt — 4= R
spyrao—— [ (e * 7 b 7|
_Lﬁ‘t(cq)Lt/CQ 1 Fr(eg) 1
tea MIZ{K Qf’q i MI2(K t'ea
1 Fio(eQ) 1 1 Fi(eQ) 1 e
t°Q  MZ, (@ t°Q M2, ggﬂt !
A%R(tt/?O) = - A I _ )
_th#Ft/(CQ) /1 tCa 1 + Ft>( Cq) tlcq
oYy Mgy tQ gYZFQ(CQ)f’ My
ot—t') (LI)CQ 0
q .0 — Mxk t _ AT (4 .
A 150) == 1 geq L oyreq O (£)% ALr(t,10), (3.116)

Mgk oY 4 Mxx
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where Y, is defined in (3.98). Here, O(t — ') denotes the Heaviside (step) function
defined in this case by

1, t>t
ot —1t) :{ 0 poy (3.117)

For the limits of the propagators for large momenta® we can approximate the quantities
R;(pp) ~ 1 and Zg(p}) ~ tanh? X > (at leading order in pg) as well as

N A N
Dl 4(pE, ) ~ epE(t - (1 + eQi’E(E_t))a D2 3(pE7t) ~ epE(t ! (1 — e2ﬁE(E—t)>7
D, (pp) Vi Di4 () Vi
ePe(1-1) 95
~ ~ ~ A A ~ pE(tfl)
L12(pp: b t) ~ ~Lag (P, P, t) ~ — 7 (1 +e ) , (3.118)

for A = @, 7. Note that the round brackets in (3.118) are only relevant for the special
cases of t = € and t = 1, respectively. Applying those relations on the propagator
solutions in (3.102), we find (pg > Mkk)

—1 —1 4l
o 2PE]¥KK ’ . 2pEJ\1/[KK t= t/ 7é {67 1} )
q _ — = q _ — = = =
ALL 1 pEMlKK NQ ’1 ALL}22 - pE]WlKK Nq ’1 t t/ €
pEMkk 1+tanh? X ; peMkk 1+tanh? X ; t=t'=
7 _ 1 L Y - 7 _ 1 val 1 _
ALL 19 PeMkk 1+tanh? X(;‘Q q ALLLI = peMrx 2¥ @1 tann? X;’ t=t'=1,
1 1 /—
2M11(K7 2MI'1(K’ t—>t #{6’1},
_ — I+
. QMKK’ . MKk t—t 75{6,1},
Afr| = — L AqRL‘zz = 1__tanh® Xg t—t~—=1
11 MKK 1+tanh® X 7 My 1t tanh® X =1,
_1 tanh? X~ -1 1 t/ _
T —_— = -t~ =1
Mxx 1+tanh? X ’ Myk 1+tanh? Xz’ ’
q oo =1 1 v q _ -1 At 1 o
ARL 12 —  Mxkk 1+tanh? X@QYq ’ ARL)Ql —  Mxkxk QYq 1+tanh? th ’ t=1r=1 ’
(3.119)

where we have used the notion t'* = ' 4 0, since the diagonal components of A‘]I; ;, are
discontinuous at ¢ = ¢’. The relations (3.119) are valid for both the minimal and the
custodial model. Concerning the diagonal components of A‘Z 1» we have needed to make
a case distinction in the custodial model and introduced the quantity

diag(1,0), Q=U, diag(0,1,1), =4,
Ng=19 1, Q = 1? Nz;={ diag(0,1), ¢=d, (3.120)
17 Q:A7 dlag(171)7 q_‘:)‘7

while in the minimal model we simply replace Q, q — @, q in the formulas above, where
Ng=1and N, =0.

4Note that Ai ., and A‘}I; g are multiplied within t}le propagator by an additional momentum power,
thus we are actually dealing with the expression pAqL L.RR -



Chapter 4

Loop Calculations in Warped
Extra Dimensions

In this chapter, which together with Chapter 5 forms the core of this thesis, we will
see how the results of the previous chapter can help us to find hints on warped extra
dimensions. As will be touched on at the beginning of Chapter 5, the most straight-
forward way to look for evidence for models with warped extra dimensions is via direct
detection of KK modes. Finding several KK gluons with equidistant masses would be
a clear indication for RS models. However, none of the predicted KK excitations have
been observed yet, and, as we have seen in Sections 2.2.4 and 2.3.3, the electroweak
precision tests indicate that these particles could be too massive for direct detection at
the LHC. Thus, indirect searches become more and more attractive. Of special interest
are processes that can only be generated at loop level in the SM so that new-physics
contributions could give rise to measurable deviations from the SM predictions. Es-
pecially the infinite tower of KK modes of extra-dimensional theories are supposed to
have a significant effect. In this chapter, we will study some of the most important
loop-induced processes, where two of them are associated with the Higgs sector and one
with the flavor sector.

This chapter is divided into three sections: In Section 4.1 we will analyze the Higgs
production process via gluon fusion before we will then turn to the Higgs decay into two
photons in Section 4.2. Section 4.3 then focuses on the flavor-changing neutral current
b — s7, which is affected by two instead of one infinite KK sum, so that its calculation
becomes more intricate than the Higgs processes. Another loop-level calculation - the
one-loop correction to the Yukawa interactions - is phenomenologically less important
and will therefore be discussed in Appendix B.

4.1 Higgs Production via Gluon Fusion

We begin the discussion of loop-induced processes by investigating the Higgs production
process via gluon fusion. The corresponding Feynman diagram is shown in Figure 4.1.
Before the analysis of gluon fusion in warped dimensions will be presented, it is worth
showing a short summary of previous works on this process first. This section complies
with our publication [150].

113
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3]
k1

to

FIGURE 4.1: Gluon-fusion Higgs production process induced by the exchange of 5D
quark states. The positions of the vertices along the extra dimension are denoted by
t12 and t. The external momenta ki, ky are assumed to be incoming.

4.1.1 Preliminaries

In the context of warped extra dimensions, Higgs physics has been studied by several
authors [144, 149, 157, 218-224]. The effect on the gg — h amplitude caused by the
heavy b’ state, the SU(2)g partner of the top quark predicted in RS models with custo-
dial symmetry, was investigated in [218]. Models in which the Higgs scalar is a pseudo
Nambu-Goldstone boson, such as warped gauge-Higgs unification scenarios, were stud-
ied in [219, 223]. In these models, the result for the gg — h amplitude only depends
on the fundamental parameter v/f, but it is insensitive to the details about the spec-
trum of the KK quarks. The authors of [157, 220] studied the effect of KK resonances
on the loop-induced hgg and hvyvy 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, as the Yukawa interactions coupling the Higgs to two Zs-odd
fermions 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 [157]. The first complete
calculation of the hgg and hvy~y couplings, in which both types of Yukawa interactions
in (2.126) were included, was performed 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 the custodial RS model. It was observed that the dominant corrections to the hgg and
h~vy couplings arise from the towers of KK quark states propagating in the loop. These
effects were found to be independent of the masses of the corresponding SM quarks to a
very good approximation. The production rate was found to be suppressed in most re-
gions of parameter space, while the branching fraction for the diphoton channel h — v
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 [222], which came to the
opposite conclusions. In 2012 Carena et. al. [144] showed 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. As has been explained in Section 2.2.2,
for the computation of the relevant overlap integrals of fermion wave functions with the
brane-localized Higgs field, it is necessary to regularize the Higgs profile in an inter-
mediate step and give it an infinitesimal width n [175]. When the calculation of the

!The 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 [144], was overlooked in [221]. In order to obtain a
finite sum for the infinite KK tower, the authors made the approximation my, = Ag,v/+v/2 with A, ~ 1
for the masses of the KK quarks, see egs. (8) and (10) of their paper, which is incorrect.



4.1. Higgs Production via Gluon Fusion 115

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 — o) in the sum
over virtual states do not commute. This ambiguity disappears once the loop calcu-
lation is performed in the presence of a consistent UV regulator, such as dimensional
regularization with d < 4 space-time dimensions. This can been seen in their formula

3+6N qu [ 4—d
Algg — h) ~ i Sy ) 4.1
(gg ) N—>olor7nn—>0 myq myg ( )
qg=u,d n=4 n n

where my, are the masses of the KK quarks and gin denote their effective 4D Yukawa
couplings as defined in (2.126). For d = 4, the amplitude above is naively logarithmically
divergent and only systematic cancellations within each level of KK quark modes render
it finite. The gluon fusion amplitude then receives an unsuppressed “resonance contri-
bution” from high-mass KK states (m,, ~ Mgk /n), which can resolve the wave function
of the Higgs boson (see also [225]). This effect is absent for a brane-localized scalar
sector, since it cannot be resolved by these ultra-massive modes. In the presence of the
dimensional regulator d < 4 the order of limits becomes irrelevant, and one obtains a
unique answer for the sum. In the limit d — 4 taken at the end of the calculation this
result coincides with the result found in [149]. The same conclusion can be reached by
using a hard UV momentum cutoff on the 4D loop integral. The physical significance
of the results found in [222] was not fully elucidated in [144], 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.

In this section, we will calculate the gg — h amplitude with the help of the 5D
fermion propagator derived in the previous chapter. This avoids the very notion of KK
states and the infinite sum over KK states is performed implicitly. The only relevant
limit to be considered is that of sending the regulator n of the Higgs profile to zero. In
the context of dimensional regularization, it will turn out that this limit can be taken
either before or after performing the loop integration. In both cases, we will confirm the
results obtained in [144, 149]. If the width of the Higgs profile is kept finite according to
(2.4), we will recover the findings of [222]. They correspond to the narrow bulk-Higgs
scenario. The 5D analysis highlights the relevance of different mass scales. In brane-
Higgs models, these are the Higgs vev v, the KK mass scale Mgk, and the physical UV
cutoff Apey of the RS model near the IR brane. Models in which the Higgs boson is
treated as a narrow bulk state additionally contain the scale v/n > Mgk (the inverse
width of the Higgs profile). We will see that it makes an important difference whether
this scale lies above or below the cutoff. The relevant loop integrand approaches a first
plateau for Euclidean loop momenta pr > Mgk and a second one for pp > v/n (see
Figure 4.2). While in brane-Higgs models the second plateau is absent, in bulk-Higgs
scenarios the gg — h amplitude receives an unsuppressed contribution from the high
scale v/n, and is thus sensitive to physics on distances shorter than 1/Mxkxg.

This section is structured as follows: We will first 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 de-
pendence on the Higgs-boson mass. This expression holds for arbitrary Higgs profiles.
In Subsection 4.1.3, these results will be used to evaluate the gg — h amplitude and
we will explicitly show that taking the limit  — 0 commutes with the integration over
the 4D loop momentum. We will prove a conjecture made in [144] for the analytic form
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of the contribution of the infinite tower of heavy KK quark states. Moreover, an alter-
native derivation of the same result based on the derivation of the propagator via the
modified boundary conditions (3.106) will be presented. In this approach, the notion
of an infinitesimal regulator 7 does not appear, and many of the subtleties related to
the n — 0 limit will be avoided from the beginning. This alternative approach will also
be used when we consider a generalization of the model in which two different Yukawa
matrices enter in the 5D Yukawa interactions. Then, we will discuss the changes that
occur in the case of a narrow bulk-Higgs field. Subsection 4.1.4 will address the ques-
tion of the numerical importance of power-suppressed operators. It will be found that
under the assumption that the UV completion of these models is strongly coupled, the
corresponding power corrections are likely to be much smaller than the RS loop effects
calculated in Subsection 4.1.3. While most of the discussion refers to the minimal RS
model with the SM gauge group in the bulk, the results are generalized to the custodial
RS model in Subsection 4.1.5.

4.1.2 5D Analysis of the Gluon Fusion Amplitude

The goal of this section is to repeat the calculation of the gluon fusion amplitude using
5D quark propagators derived in Section 3.2. The associated one-loop graph is shown
in Figure 4.1, where at each vertex an integral over the fifth coordinate is implied. The
results of the calculation will be summarized in terms of two coefficients C1, and Csg
defined by the decomposition

Qg a v.a Qg a Puv,a
Algg — ) = Cig 102 (01G8, " "lag) — Cry 2= (013, G#7lgg) . (42

where @an = —%e‘“’o‘ﬁ ggﬁ (with 0123 — —1) denotes the dual field-strength tensor.
Note that the Wilson coefficients C14 and Cs4 also include the contributions of the SM
quarks as opposed to [144].

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. As already
stressed several times, it is crucial to regularize the Higgs profile by giving it a small
but finite width n < 1. In the following, we will therefore use the notation 4, (t — 1)
for the regularized Higgs profile given by (2.75). Many of the following results will be
independent of the shape of the Higgs profile and would remain valid for the case of a
general bulk-Higgs field whose profile is given in (2.52). Only at the end of the analysis
it will be specialized to the case of a very narrow Higgs profile, with 7 satisfying one of
the conditions (2.3) or (2.4). At that point, the solutions for the propagator functions
derived in the previous chapter become important. Secondly, as has been emphasized
above, it is important to introduce a consistent UV regulator in the calculation, even
though the final answer for the gluon fusion amplitude is UV finite. This should not be
surprising, since even in the 4D case the introduction of a UV regulator is required in
order to obtain a gauge-invariant result. To see this, we can consider the loop diagram for
a single KK mode, which naively is linearly divergent. Using invariance under p — —p,
only a superficial logarithmic divergence remains. In dimensional regularization, one
encounters the integral

dip [4—d 2 A
/ (27(']))(1 |: d (p2 ﬁ A)?) + (pg - A)S E(kl) : E(kQ)a (43)
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for d # 4, where A = mgn — xym,% arises after combining denominator using Feynman
parameters. This integral vanishes for d # 4, but if the calculation was performed
naively in four dimensions, then only the second term would be present. Note that
this would correspond to a gauge-dependent operator A7, A**. Thus, a UV regulator is
unavoidable in the calculation. In the 5D model, as has been explained above, it has
the additional effect of regularizing the infinite sum over KK modes.

With the regulators in place, we can write the gluon fusion amplitude in the form

dd 1 1 1
Algg — h) = ig?6 3~ /(%’;d/ dtl/ d@/ dt 57t — 1) £, (k1) £, (ko) (4.4)
g=u,d € € €

1 /0 Y
x Tr [ﬂ ( Y o >Sq(t,t2;p—kg)v”sq(tg,tl;p)v” Si(t1,t;p+ k1),

where k; denote the incoming momenta of the external gluons, a and b their color indices,
and e(k;) their polarization vectors. It would now be straightforward to insert the
decomposition of the 5D propagator given in (3.60) with the solutions for the propagator
functions Aap and try to simplify the result. However, as we explicitly see in the
results of Appendix A, the latter are complicated functions of the 4-momentum p and
the coordinates ¢, ¢ and in order to simplify the calculation, it is convenient to use
their representations as sums over KK modes (3.61) in intermediate steps. With the
dimensional regulator in place, the 4D loop integral as well as the infinite sums over KK
modes converge, and therefore the KK representations provide exact representations of
the 5D propagator functions. The advantage of using the representation (3.61) is that
we can now perform integrals over the coordinates t; and t9 of the two external gluons
using the orthonormality relations (2.70). The latter relations reduce the three infinite
sums appearing in the propagator functions A to a single one, for instance

1 1
/ dty / dto A% (tto; —(p — k2)?) AL, (ta, t1; —p®) AL, (t1, 8 —(p + k1)?)
(4.5)

1 1—x
—2/ dx/ dy A%, (1.t —(p? + zymd)),
0 0

where Feynman parameters have been introduced to combine the three denominators.
Moreover, it has been used that an on-shell Higgs boson is produced, i.e. (k; + k2) =
k2 = m,zl, where my, is the Higgs mass. Eventually, we find that the amplitude (4.4) can
be reduced to integrals of the regularized Higgs profile with traces of the mixed-chirality
components of the 5D propagator evaluated at ¢ = ¢/, which are defined by

— [ 0 Yy \AL (Lt —p°) + AlR(tt —p°)
To(—p*) = ) ﬂ/ dts)(t — 1) Tr K ¥i .’ ) RL t R }
q=u,d €
—v [t 0'Y A4 (t,t; —p2)—Aq (t,t; —pz)
T (-p*)= ) \/i/ dts)(t — 1) Tr [( oo > RL - }
q=u,d € q

(4.6)
Matching the resulting expression for the amplitude A with the two-gluon matrix ele-
ments in (4.2), we obtain

1 1-z 1 1—z
Cig = 3/ d:v/ dy (1 - 4xy) I (zym3), Csqg = 2/ d:v/ dy I_(xym3).
0 0 0 0
(4.7)
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The quantities

2:W/”22<1> 0 ).
I.(m*) = r2—a J, dpE Py 3 % Ti( —m?* —i0)
_ eé’yEu% 00 8 ) )

are the dimensionally regularized loop-momentum integrals (after performing a Wick
rotation p% = —p?) over the functions Ty (p%) = T (—p?) in (4.6), shifted by an amount
m?. We work in the MS scheme with d = 4 — 2¢ space-time dimensions. In the second
step we have integrated by parts, which is justified as long as the quantity pg 074+ /0pg
vanishes at pp = 0 and at pg = oo. The analysis in the following section will confirm
that these conditions are satisfied.

The integral (4.8) can also be expressed using the more intuitive hard UV momentum
cutoff regularization. This can be easily 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

(4.8)

0
OA?

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

The relations (4.7) are one of the main results of this section. They provide exact
expressions for the Wilson coefficients C14 and Csg4 in terms of a 5D loop integral. The
trick of using the KK representation in intermediate steps is legitimate and not different
from similar techniques commonly used in 4D loop calculations. In contrast to previous
works [144, 149, 157, 218-224] we have not taken the limit m; — 0, which provides
a good approximation if the mass of the particle in the loop satisfies the inequality
mgn > m% /4. This approximation is reasonable 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 the above references
was to first evaluate the gluon fusion amplitude in the limit mj;, — 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 functions calculated with the physical
value of the Higgs mass. Since in a 5D framework there is no distinction between zero
modes and KK excitations, the Higgs mass must be kept finite in order to include the
SM contributions in the correct way.

Note that the results (4.6) and (4.7) are valid for an arbitrary Higgs profile along the
extra dimension. As long as one succeeds in deriving the mixed-chirality components
of the 5D propagator in a generic bulk-Higgs model, one can use (4.7) to compute
the corresponding effective ggh couplings. The limit of a brane-localized scalar sector
corresponds to taking the limit n — 0 in (4.6). Here we explicitly see the reason for the
calculation of the 5D quark propagator performed in the previous chapter. For the case
of a brane Higgs, we have to take the limit  — 0, meaning that we could already use the
propagator solution shown in Section 3.2.4 and remove the UV regulator. However, we
keep the exact dependence on 7, since it will be used to point out an important feature
of RS models. Before we dwell on this, observe that for a generic bulk Higgs scenario
it is I+ (m?) = Te(—m?), since the 5D quark propagator vanishes for pgp — co. In this
case, we only need to use the propagator at small momentum.

Li(m?) = To(—m? —i0) — TL (A% —m?) + A2 == T (A% —m?), (4.9)
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4.1.3 Analysis of the Loop Amplitude

We now calculate the loop integrals I+ (m?) for the cases of a brane-localized Higgs boson
and a narrow bulk-Higgs field, as defined in (2.3) and (2.4). The calculation is performed
in dimensional regularization, but we will first motivate the results in the context of the
more intuitive scheme in which a hard UV cutoff is used. We begin by calculating and
collecting some general properties of the functions T4 (p%) defined in (4.6).

Calculation of the Functions T (p%)

Equipped with the solutions for the propagator functions derived in the previous chapter,
we can easily derive explicit expressions for the quantities T4 (pQE) Using the results of
Appendix A, we find that (4.6) can be evaluated to

1 X2
2\ Ny _ q
T (p%) = qzu:d / dt 5} (t 1)Tr{ S, 5inh 28, (4.10)
1 N2 (pE) —1
x | sinh? 8, + C2(t) Z01 (p2) ————— — S2(t) —E- +h.c.] }
[ ! TN (p3,) N7 (p3)

and analogously for 7_(p%). The matrix-valued quantities above have been defined in
(2.78), (3.80), (3.82), (3.90), and (3.91), respectively. It is now straightforward to per-
form the integration over the loop momentum. Since (4.8) is essentially a (regularized)
integral over the derivative of the functions T (p%), we first study the properties of these
functions for small and large momenta.

Properties of the Functions Ty (p%)

In the region of small momenta (|pg| < Mkk), the functions T4 (p%) vary rapidly and
in a way that is strongly dependent on the values of the bulk mass parameters cq, ;-
This is expected, because in this momentum range their behavior is dominated by the
contributions of the SM quarks. Remarkably, at the special value pg = 0 the results are
given by the very simple expressions

Ti(0)= ) Tr[Xg cothX,]=t,, T-(0)=0, (4.11)

q=u,d

which only depend on the 5D Yukawa couplings via the quantity X, defined in (2.78). In
the neighborhood of this point the behavior is complicated and cannot be described by
a simple formula. For larger values of the Euclidean momentum, such that pgp > Mgy,
the function T’ (pQE) converges toward a universal limiting value

1 [co X tanh2X ¢y X, tanh 2X
To(p%) = Y Tr{ X,tanh2X @< O il sl N R
+(PE) Zd r{ 2R T o | T cosh2 X, cosh2X
q=u,
t
=1+ ﬁz +o, (Mgk < pr < v|Y|/n) (4.12)

while T_(p%) = (9(}5;32) falls off more rapidly. To derive this result, we have taken the
limit npr — 0 and used the asymptotic expansion in (3.115). A dependence on the bulk
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FIGURE 4.2: Momentum dependence of the propagator function T’y (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 Apey = 10 Mkk).

mass parameters enters only at subleading order. Interestingly, there is a third region
of extremely large Euclidean momentum, pg > v|Y|/n, for which the behavior changes
once again, and the function T (p%) tends to zero according to

1
T, (p%) = — Tr X2 + O(p7?) =
4+ (PE) . > g +O0r)

t3
npE

+ ..., (pE > v|Yq|/n) (4.13)
q=u,d

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 (2.3) implies Atey < v|Yy|/n. It can therefore only contribute
if a bulk-Higgs field as defined in (2.4) is considered.

It is consequential of this discussion that the functions T (p%) have all the properties
required for the integration by parts in (4.8). The exact momentum dependence of
these functions is rather complicated as can be seen in Appendix A. Hence, we will
instead discuss the simpler case of a single fermion generation, which exhibits all the
relevant features mentioned above. In this case, the integral (4.10) reduces to the analytic
expression

Xg ki1(pE) Sqsinh 25, + k2 (PE) npE (cosh 25, — Sin2lgi$q>

TR = D G e . (414
+ (rE) q:zu:,d Sq k1(PE) Sq (cosh2S, — 1) + ka2 (pr) npE sinh 25, + 25, ( )
where S; has been defined in (3.80), and we have used
hE) = H 5 — Zq(p?;) Ly R .
q

The function 7' &% (p%) = 0 vanishes trivially. It is a simple exercise to derive the
various limiting behaviors shown in (4.11)—(4.13) from (4.14), simplified to the one-
generation case. Figure 4.2 shows the behavior of the result (4.14) for the parameter
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choices cg = —0.45, ¢, = 0.395, and |Y,| = 2.3, which correspond to the physical mass
mg = 172.6 GeV of the top quark. The KK scale is set to Mk = 2TeV, such that
Xy =~ 0.2. The three curves correspond to different values of the regulator 7. The
three regions of Euclidean momenta mentioned above (pg/Mgk ~ 1, pp/Mgx > 1,
and pg/Mgk > Xq/n) are clearly visible from the plot. The dark and light blue curves
correspond to models for which Atey/Mykk < X;/n, and hence condition (2.3) defining
a brane-localized Higgs field holds. The gray curve corresponds to the case of a narrow
bulk Higgs, as defined in (2.4).

Analysis of the Loop Integrals I (m?)

After we have clarified the properties of the function T%(m?), the final goal is now to
calculate the loop integrals I(m?) defined in (4.8) 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 (2.3), we obtain from (4.9)

I (4.16)

(O) |brane Higgs =

with ¢y and ;2 as defined in (4.11) and (4.12), respectively. The last term is a small
threshold correction, 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. It will be commented more on the structure of power corrections and the role of
higher-dimensional operators below.

The difference (tg — t1) coincides with the expression for the quantity E((]CGHNP)
(summed over ¢ = u,d) derived in [144] for the case of a brane-localized Higgs sector.
It corresponds to the numerical result first derived in [149], where the authors summed
up the first few KK modes. The same result would be obtained if one took the limit
1n — 0 before performing the integral over the loop momentum. For the opposite case
of a narrow bulk-Higgs field, defined according to condition (2.4), the UV cutoff is such
that the quantity 7, (A?) in (4.9) must be evaluated using (4.13), so that we obtain

3tz Mgk
I+(0) ‘narrow bulk Higgs =t~ 7 nATeV

(4.17)

instead of (4.16). The two answers differ by an amount ¢; given by the first term on
the right-hand side in (4.12). The term ¢y coincides with the expression for the quantity

EgATZ) (summed over ¢ = u,d) derived in [144], which corresponds to the result first
obtained in [222]. In the latter reference, the authors summed up all modes (via a
completeness relation) before the limit 7 — 0 was taken. It should be emphasized that
the threshold corrections are enhanced by a factor 1/n in this case. This provides an
example of the general behavior for the case of a narrow bulk-Higgs field.

Let us now reproduce the above results in the less intuitive, but more consistent (from
a mathematical point of view) dimensional regularization scheme. In this case the limit
of a brane-localized Higgs sector can be taken without encountering any ambiguities.
In order to demonstrate this, we will perform the integrals over pg in (4.8) and then
take the limit n — 0, and show that this yields the same answer as first setting n — 0
and then integrating over the loop momentum. However, the explicit result in (4.14)
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and its generalization to three generations are so complicated that the dimensionally
regularized integral cannot be evaluated in closed form. It is therefore more convenient
to use a toy model, which captures all important features of the exact result. For this
purpose, we study the function

_to—t1i— 12 t3

to
Tmodel<p2 ) + +
+ E ~J N ’
L+ Pk \/1 +p2 V(ts/t)? + (npe)?

(4.18)

which exhibits the same asymptotic behavior in the three regions as the exact result.
Evaluating the integrals in (4.8) for this function, we obtain

2 2 2 2

1 un 2
1709 (0) — (tg—t, —t) L to (2 t (L 16) 419
+ ( ) ( 0 2) Myx th2 2MyK th 2t3 Mgk * (6 ), ( )

where t1/(2t3) = 1 + O(v?/MZ). At this point some comments must be made. While
the first two contributions are associated with the scale Mk, i.e. with low-lying KK
modes, the third contribution is associated with the super-heavy scale Mxxk /71, which for
a brane-localized Higgs sector is larger than the physical UV cutoff of the RS model. Note
that in the limit 7 — 0 this contribution tends to zero, leaving I'**4l(0) = (to — 1) as
the final result for the integral after the UV regulator é has been removed, in accordance
with (4.16). The same result is obtained if the limit  — 0 is taken in (4.18) before the
integral is evaluated. The last term in (4.18) then reduces to a constant, which does
not contribute to (4.8). In the dimensional regularization scheme, the case of a narrow
bulk Higgs, for which the loop momenta, corresponding to the very massive KK modes,
can resolve the shape of the Higgs profile and give the very resonance contribution, is
obtained by removing the UV regulator ¢ at small but finite value of 7. In this case, one
finds I'"°9°l(0) = ¢, in accordance with (4.17). The disadvantage of the dimensional
regularization is that there are now power corrections that hint on higher-dimensional
operators spoiling the predictive power of the RS model.

Power Corrections and Higher-Dimensional Operators

Before we summarize the most important results of this section, it is necessary to com-
ment on the size of generic power corrections, which can be described in terms of higher-
dimensional operators added to the Lagrangian of the RS model (with unknown coef-
ficients). In general, higher-dimensional operators can be constructed by inserting one
or more (covariant) derivatives acting on the fields.? These operators are suppressed by
the fundamental, physical UV cutoff of RS models, which is of order the Planck scale.
The leading operators involving a fermion bilinear contain a single derivative, possibly
accompanied by a factor sgn(¢). It is therefore reasonable to study the object

1

1 1
EMiDyyt = — (e”(d)) id— =5 8¢> + terms containing gauge fields, (4.20)
Mpy Mpy r

where v* = {v*,iy5} are the 5D Dirac matrices and EM denotes the vielbein, already
used in (1.70) and (1.72), respectively. From now on, we focus on the derivative terms
only. Changing variables from ¢ to t, and using the definition of the warped UV cutoff

2Note that the 5D Lagrangian does not contain any small mass parameters, which could be used to
construct non-derivative operators of higher dimension.
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in (1.101), we obtain

1
Mp

) 1 .
EMiDy~® = (1@ — 5 Mgk O) + ... . (4.21)
Auv(t)

Operators containing more than one derivative contain similar structures. For example,
the 5D d’Alembertian can be written as

]_ 620(¢) 6_20—(¢) 1 ]_
Oy = —— (O — ——— 52 :<D4—M2 8ttat>. (4.22)
M, Mg, e Agy(t) H

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 Ayv(t),
as stated in Section 2.1. 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 (4.21) and (4.22)
will produce powers of external momenta or masses of the various fermion modes, where
the corresponding terms scale like (Mkk/Arev)”. 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 ¢ = 1 produce O(1) factors. This is due to the fact that the
wave functions are naturally expressed in terms of the ¢ variable, typically involving
Bessel functions of argument x,t with x,, = m,,/Mgkxk, or powers of ¢ in the case of the
SM fermions. (Recall that for a brane-localized Higgs field, these derivatives must be
evaluated at t = 17, i.e. by approaching the IR brane from the left.) Hence, the J; terms
in the derivative operators shown above also give rise to (Mkk/ATey)" corrections. The
situation changes if we consider a limit of a bulk-Higgs model in which the width n 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, see Figure 2.1. In such a scenario, a derivative 0y
acting on the Higgs field or any field coupling to the Higgs boson gives rise to a factor
1/n, and hence the corresponding power corrections scale like (Mkk /nAtev)”. This is
the reason for the appearance of the Higgs width »n in (4.17).

Intermediate Summary

At this point, it is convenient to repeat and highlight some important results just derived.
We have seen that the results obtained under the two assumptions (2.3) and (2.4) are
rather different, both qualitatively and quantitatively. While the low-lying KK modes
give the dominate contribution to the gluon-fusion Higgs production process in the
former case, a significant contribution stemming from very massive KK modes can be
observed in the latter case. Indeed, one should consider the two scenarios as two different,
distinguishable realizations of RS models. This fact has also been realized in [226]. This
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 [115], with the more popular models in which all matter and
gauge fields live in the bulk [168]. As already stressed in Subsection 1.4.4, the original
model only addressed the hierarchy problem, while the latter models are qualitatively
different, since they also provide successful theories of flavor.
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Model bulk Higgs narrow bulk Higgs transition region brane Higgs
Higgs width | 7= 0O(1) Vel < 2l ~ ¥l n < fal

Mk \™ Mk \™ Mk \™ Mk \™
Power cors. (f) (A5 (U|Iy<';<\) (Arey)

Higgs profile

resolved by

Myxk Mkk < Mxx < Myk

Arev v|Yq| nNATev v|Yq]|
resolved by

partially resolved by

not resolved

all modes high-mom. modes high-mom. modes
A(gg — h) enhanced enhanced not calculable suppressed
Result model-dep. model-indep. unreliable model-indep.
TABLE 4.1: Comparison of the main features of various versions of the RS model

(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.

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 (2.4) to the brane-Higgs scenario (2.3) 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 4.1 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 Mkk/Atev, since, as explained earlier, the warped Planck scale Arey is
the natural UV cutoff of these theories. The situation changes if one considers bulk-
Higgs models, in which the width parameter 7 is parametrically suppressed. Then the
effective theory knows about an extra small parameter, and derivatives J; acting on the
bulk scalar field can produce powers of 1/n. As we have just seen, this gives rise to a
class of enhanced power corrections scaling like (Mgk /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, one lacks 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 n. In [222], the authors computed the
hgg amplitude in the context of a bulk-Higgs model and took the limit 7 — 0 at the end
of their calculation, stating that the answer corresponds to the case of a brane-localized
Higgs. As just argued, such an approach gives the correct result in the model (2.4), and
it should be referred to as the result of the narrow bulk-Higgs scenario.

Note that the above remarks describe an idealized case, in which the electroweak
scale v|Y,| and the KK mass scale Mkxk 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|Y;|/Mkk < 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 Mgk /nATey cannot be much smaller than 1. In view of this
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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). This has
the disadvantage that the results will depend on the shapes of the Higgs and fermion
profiles in a complicated way. If it turns out that this dependence is weak, however, then
the results obtained here for the narrow bulk-Higgs scenario might serve as reasonable
approximations.

Final Expressions for the Loop Integrals

We are now all set to present the final expressions for the loop integrals. According to
the discussion above, it is possible to take the limit 7 — 0 at the level of the functions
Ty (p%), before the loop integral is performed. Using (4.10) and sending 7 — 0, we find

°X, . L(_Z,}) 2)(vp)
T, (p%) = Tr{ ——% |sinh®X, + oL ;
+(Pk) Z 1F{sinhZXq [bm q+2<1+zq(p2E) ! 1+Zg(ng) ’

q=u,d
- T { 22X, [1( Zyph) __Zivk) ) } |
P sinh2X, |20\ 1+ Z,(p%,) 1+Z(T;(pE)
where the quantity Z,(p%) has been defined in (3.98) with the usual Yukawa matrices
in the minimal model and the ratio given in (3.99). Any reference to the matrices X,
in the final expressions has been removed by using the identities Y, f(X,) = f(X,) Y,
and f(X,) Yg = Y;f(Xq), which hold for an arbitrary function f(X,) that has a
non-singular expansion in powers of X 2.
The derivation of the final expressions for the loop integrals in (4.8) is now straight-
forward. The quantities T4 (—m? — i0) computed using (4.23) replace the quantity #¢ in

(4.16), (4.17), and (4.19), while ¢; has already been given in (4.12). Removing the UV
regulator after the integral over the loop momentum has been performed, we obtain

1 2X, Zq(—mQ) Z;(_mQ)
I, (m?) = Z {Trg(Xq) + 3 Tr [sinh?Xq <1 + Z4(—m?) * 1+ Z:f](—mQ))] } ’

I(m*)=)" 1Tr[ 2X ( Zy(—m?) Zt(—m?) )

(4.23)

Soa 2 [ sinh2X, \1+ Zy(-m?) 1+ Zi(-m2)/ |’
(4.24)
where m? = m? + 40, and the function

X, tanh X 9
9(X,) =X, tanh X, — X, tanh2X, = "9 9 — _ X2 1 . (4.25)

q ‘brane Higgs q q q a cosh 2Xq 1
obeys a non-singular series expansions in powers of X 3 = 3 ]\222 YqYJ;. Note that due

KK

to the presence of strong-interaction phases arising from the analytic continuation from
a Euclidean momentum p% to —m? — 0, the functions 5 (m?) cannot simply be written
in terms of the real and imaginary parts of a traces over matrices. One may ask what
changes in the narrow bulk-Higgs scenario. In this case, the subtraction term ¢; is absent
according to the discussion between (4.16) and (4.17). The expressions in (4.24) remain
valid also in this case, provided we use

g(XQ) ‘narrow bulk Higgs Xq tanh Xq - XZ +... (426)
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The above equations are the main result of this section. 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 ggh 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 [144] by means of a conjecture. Here, we have achieved to derive this form.
For the case of a narrow bulk-Higgs field, the expansion of g(X,) to O(X g) reproduces
the result derived in [222]. This demonstrates that the “brane-Higgs limit” considered
in that paper really corresponds to the case of a narrow bulk scalar, as defined in (2.4).

Note that in the case of a brane-localized scalar sector the dependence on ¢ inside
the square brackets in (4.10) disappears, due to the identity C2(t) — S%(t) = 1. This
motivates an alternative derivation of the result (4.24), where we derive the functions
T (p%) defined in (4.6) in the brane-localized Higgs case via

0 Y, \ A0, 17;p%) + AfR(17, 175p%)

(v ) : ,

(4.27)
and similarly for 7_(p%). The derivation of the corresponding propagator functions
AY ; has been shown in Section 3.2.4. Inserting these results into (4.27) reproduces
the expressions given in (4.24). This method provides an independent derivation of the
result for the brane-localized Higgs case, in which the notion of a regulator n never
appears. The important point here is that by using this procedure one finds the result
(4.24) without any UV regulation of the momentum integral (4.8). The regulator is only
necessary to obtain a gauge-invariant result according to the discussion at the beginning
of this section.

—U
T+(p2E)‘br ne Higes Z — I
ane Higgs B \/§

Analysis of the Zero-Mode Contributions

We will now analyze the terms involving the matrices Z, in (4.24), which include the
contributions of the SM quarks, in more detail using results derived in Section 2.2. We
first note the eigenvalue equation determining the KK masses (2.83) can be written as

det[1 + Z4(—m2)] =0. (4.28)

The asymptotic expansion for Ry in (3.115) introduces the fermion profiles F'(c¢4) next
to the modified Yukawa matrices. We can then reexpress the answer in terms of the
effective Yukawa matrices defined in (2.103). Including also the subleading terms in the
expansion (3.115), we obtain

2

2 —1 mq,O —1 .|_
Z,(pg) =F "(cq)U, e + (5@ +my g mq’()) +...|U; F(cq), (4.29)
E
where 2( )
1 1 F<“(c
dg=x, W -1 2w
Q= %Wy [1—2cq <F2(cq) +3+20q>] 9%q;

, (4.30)

F?(cq)
_ i _ 2 \eQ)
9 =2 Uy [1 —2¢q <F2(CQ) 1+ 3+20Q)] Uqzg

with &, = myo/Mxk and U,, W defined in (2.106), are hermitian matrices giving
rise to some small corrections of order v? /MI%K Except for the two entries proportional
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to miS = m? they carry an additional strong chiral suppression [145]. Introducing

the abbreviation e, = dg + My 094 m;é, and working to first order in v?/MZ, the
eigenvalue equation (4.28) can be rewritten in the form

det[m2 —m? (1 —eg)+...] =0, (4.31)
whereas
Z,(r%) o (1 —eq)myy (1~ &) i
——E = F (co)U, |e, + : U! F(ep). 4.32
1 + Zq(pQE) ( Q) q q p2E 4 mg’o (1 _ 5(1) q ( Q) ( )

Only the diagonal elements of the matrices €, contribute when (4.31) and traces of (4.32)
are evaluated to first order in v?/MZy. It is then not difficult to show that the masses
of the SM quarks are given by

m2 =mZ (1 —¢eg +...), with g4, = (g¢);; = (6Q),;; + (d4)

qi qi, (433)

i)

where the dots represent terms of order v* /Mt and higher. Moreover, using (4.32) and
sinh 2z/2x = 1+ 222/3 + O(2?), it is straightforward to derive

2X Z,(p%) m2
ﬂ[_ 2 TIE, | = Ky~ 4 g | + - (4.34)
q;d sinh2X, 1+ Z4(p%) EZ: 1 m2, + p3, 4
where 5
K =1 =24, — 5 UL Fleq) X2F (e Uy (4.35)

Note that while the parameters x4, are in general complex, the quantities g4, are real.
Although the sum in (4.34) extends over all six SM quarks, in practice the contributions
of the light quarks can safely be neglected. For the third-generation quarks, we find that

v? (YuYLYu)gs
SMgx  (Yu)yy

hp=1—g, — (4.36)

up to chirally-suppressed terms, and a corresponding formula holds for ;. This expres-
sion coincides with the result derived in [144].

It is now a simple exercise to evaluate the Wilson coefficients C'4 and Cs4 using (4.7)
and we obtain

Cig= Y Trlg(X,)+ eq} + Z Re(ky,) Ag(7i) + . ..

q=u,d
7)2 (YuYLYu)
~ Trg(Xy) + Trg(Xa) + |1 - e B Ag(me) + Ag(m) s (4.37
' BME (Y | " o) (4.37)
v2 (Y.YY,)
Csy = Im(kg,) By(mi) + -+~ — Im 31 By(1),
0= 2 mla) Byl Tt o B

where 7; = 4m3¢ /m? —i0, and the parameter integrals evaluate to [227, 228]

1
Aq(1) = 3T [1 + (1 — 7) arctan® 7] , B,(1) = Tarctan®

> Vo1

1
— (4.38)
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For the light SM quarks, these functions must be analytically continued to 7 < 1.
They both approach 1 for 7 — oo. The final results presented in (4.37) are exact up
to small corrections of order v* /MI%K, represented by the dots, which are numerically
insignificant. The leading effects, which involve traces over functions of Yukawa matrices
and thus increase with the number of fermion generations, are exact to all orders in
v2/MZy. The infinite sum over KK quark states contributes the trace term in the
expression for C14, while the second term contains the sum over the contributions of the
SM (third-generation) quarks, whose Yukawa interactions are modified with respect to
the SM by factors ;.

In the final, approximate expressions it has been used that all €, parameters other
than ; can be neglected to a very good approximation. For the term proportional to &;
we can neglect the small deviation of the function A,(7) ~ 1.03 from 1. Also, for the
small b-quark contribution, the small deviation of k; from 1 is negligible. Note that, in
this approximation, which is accurate to better than 1% for Mkk = 2 TeV, the Wilson
coefficients 'y and C5,4 become independent of the bulk mass parameters cg, 4, They
are entirely given in terms of the 5D Yukawa matrices of the RS model. In the SM, we
have C’lsé\/[ = Ay(m) + Ag(m) and 058;\/[ =0.

Brane-Localized Higgs Sector with Different Yukawa Matrices

Before closing this section, we return to the generalization of the RS model with a brane-
localized Higgs sector in which one allows for different Yukawa matrices ch and YqS fin
the Yukawa interactions, see (2.126) and (3.108). We will refer to this model as type-II
brane-Higgs scenario. Recall that this generalization is only allowed if the Higgs boson
is localized on the IR brane due to 5D Poincaré invariance. At the level of the gluon
fusion amplitude (4.4), the above modification is implemented by the substitution

1 0 Y, 1 0 Y¢ > 1 ( 0o Y9 >

— - — 7 )Pr+ — 7 ) Pr, 4.39

vy 0 ) (a0 ) g5 (e 0 ) e
and we have to use the propagator solution derived in Section 3.2.4. Since the new

matrices (3.111) are now non-hermitian, the master formulae (4.24) must be generalized
to read

L(m*) =Y {ReTrg(YqC,Yf)

q=u,d
| 2% Z,(—m?) 2X!  Zli(-m?)
2 sinh2X, 1+ Z,(—m?)  sinh QX:S 1+ ZII(—m2)
Lm*)=3" {ImTrg(YqC,Yf) (4.40)
q=u,d
1o | 2Xe  Zy(-m®) 2X!  Zl(-m?)
21 sinh2X, 1+ Z,(—m?) sinh QX:E 1+ ZZ(—mQ)
where
R VAR val
2X, iz, Ya¥q v?

YC YS type—II. — _ — _
g( q° (1) brane Higgs sinh 2Xq 1+ 2]\1/)[22 YQYZ 2MIZ(K
KK

YOV§t+. . (4.41)
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Finally, in the formulae for x; in (4.36) one must replace the combination

Voviv), (e,
(Y“)33 (Yg)BB

Note that because X is no longer a positive hermitian matrix, traces of X can now
have arbitrary phases. However, at leading order in the expansion in v? /MI%K the trace
of the function g(YqC, qu ) is a negative real number. Indeed, at this order there is no
difference between the result (4.41) and the original result in (4.25) valid for the brane-
Higgs scenario with ch = Y;lg .

(4.42)

An interesting special case is that where Yg" = 0, meaning that the Yukawa couplings
involving a product of two Zs-odd fields, given by the second term in the last line of
(2.66), is put to zero. This choice was frequently adopted in the literature. It corresponds
to taking the limit X; — 0 in the results above, in which case Yq — Yg}, and the
quantities kg, in (4.35) reduce to kg, = 1 — g4,. It follows that in this particular model
one obtains

Cig= 3 Tr[g(Y{.0) +eg] + 3 (1—eq) Aylr) + ...
q=u,d i

2 (4.43)

2M 2

~ OPM 4 [1 - Ag(ry) ee + e — T Yyt + Yy,

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 —¢g,;). 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 [157]. The first two corrections to the SM result are numerically very small, because
1 — Ay(1) = —0.03 and the quantity € is chirally suppressed. The third correction,
which arises from the infinite sum over KK states, gives the most dominant contribution
by far. This effect was not found in [222], 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
Yukawa matrices in the narrow bulk-Higgs scenario, one indeed finds that g(X ;) defined
in (4.26) vanishes in the limit where Y;? — 0. However, in the context of a bulk Higgs
model taking Y(f different from Yg violates 5D Lorentz invariance, and moreover (as
explained several times) the brane-Higgs case cannot be derived by taking a limit of the
bulk-Higgs results.

In practice, the corrections to the gluon fusion amplitude found in the type-II brane-
Higgs scenario are numerically very similar to those obtained in the original brane-Higgs
model. The main difference is a slightly larger spread of the distribution of points
obtained when one scans the parameter space of the model. In the phenomenological
analysis in Chapter 5, we will thus restrict ourselves to study the case where ch = Y;f .

4.1.4 TImpact of Higher-Dimensional |®|*(G%,)* Operators

Recall that RS models must be considered as effective field theories, valid below a
(position-dependent) UV cutoff given by the warped Planck scale. The UV completion
of these models may be strongly coupled, for instance due to effects of quantum gravity.
As explained in Subsection 1.4.2, short-distance contributions from physics above the
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cutoff scale give rise to higher-dimensional operators, such as those studied briefly in
Subsection 4.1.3. Two particularly interesting higher-dimensional operators relevant for
Higgs production are TP QX“,QMN’“ and ®T® g;JNG“MN’a, which mediate effective hgg
couplings at tree level. This subsection will address the question of how important the
contributions of these operators are in the low-energy effective theory. We will focus on
the first operator for concreteness.

In the RS model with the scalar sector localized on the IR brane, the relevant effective
action is

(I) ¢ gs a v,a
eff—/d xr/ do coft O( ]qﬁ]—ﬂ) 5gwgu e (4.44)

TeV
where terms involving 925 will be ignored. Here, g,5 is the five-dimensional strong
coupling, which is related to the coupling g, of the SM by (2.13). The natural UV cutoff
governing the suppression of the brane-localized higher-dimensional operator is Arey.
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 ceg could be significantly smaller than 1,2 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 Gi, G"*. Following common practice, it shall be assumed that taking cog = 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,

Ge,(z,¢) = 7 Z GMa(z)xG(¢) = WG@ () + KK modes, (4.45)

where the zero mode (the SM gluon G, = GLOJQ) has a flat profile along the extra
dimension, and writing the scalar doublet in the standard form (2.9), we find that the
relevant terms in the action (4.44) give rise to the effective Lagrangian

Ce
Legg = A27H Oetr (4.46)
TeV
where ) - )
9s va - sV h(z) va
Oct = ®'® 72 G, G170 5 = <1+ . > Go, GO (4.47)

We now repeat this analysis for an RS model in which the Higgs field lives in the bulk
of the extra dimension. 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 general
action

(I) P 955
M2, 4

eff—/d4x7“/ 46 [e1 + e20(16] — ) + 3 6(6)] G, G . (4.48)

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

3 An 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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scalar field now takes the form shown in relation (2.36). Using the KK decomposition
of the Higgs field given in (2.56), we find that

2 o (Ydt Vit O\ 2
Seft = / d'e % Gy, (2) G (@) T / T (Vzt) (1 + h(z) fj“éf)

><{q+§[@5u—d)+e%5@—eﬂ}+.”,

where Ayy(t) = Mpie€/t is the warped Planck scale as introduced in (1.101), and v(¢)
and X’g(t) are the profiles of the Higgs vev and the physical SM Higgs boson along the
extra dimension derived in Subsection 2.2.1. We can now use the leading-order result for
the profile of the Higgs vev given in (2.52), as well as the fact that according to (2.63)
we have xo(t)/v(t) = 1/v (with v ~ 246 GeV) up to corrections of order v?/MZ, which
will be neglected here. It is then straightforward to perform the integration over ¢ in
the above result. Matching the answer onto the effective Lagrangian given in (4.46), we
obtain
+ 8

1
248
Recall that the parameter 3 ~ 1/n appearing in the solutions for the vev and the Higgs
profile is related to the width of the profile of the scalar field. NDA suggests that ¢; and
kco 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(¢*+2%) ¢, which
results from a factor 1/M32, times v%(e) ~ €228 reflecting the smallness of the Higgs vev
profile on the UV brane, and is therefore entirely negligible. Note that in the limit of
a very narrow bulk-Higgs field, corresponding to 5 > 1 (or n < 1), the largest mass
scale in the model is the Higgs mass parameter |u| ~ Sk = O(Mp;) in (2.33) and (2.39),
and hence it is more appropriate to assume that ca ~ 1/|u| ~ 1/Mpj. Once again, this
leads to ceg = O(1). The structure of the result (4.50) is completely analogous to the
corresponding expression in (4.46) 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.

One may ask what is the effect of the effective Lagrangian (4.46) to the Wilson
coefficient C4. Matching (4.46) onto the effective amplitude according to (4.2) yields

the contribution ) )
3¢t [ 4mv 2.7 TeV
A == g | — ) . 4.51
C1g 4 <ATeV> Celt ( Atev ) (4:51)

In order for this contribution to be much smaller than the SM value C7 = 1, we need
to assume that either the cutoff scale is much larger than about 3 TeV or that |cex| < 1
for some reason. With Apey ~ 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'4 is then in the percent range, which is negligible in view of the current
experimental uncertainty in the measurements of the Higgs-boson couplings. The more
interesting question is under which assumptions the contribution (4.51) is much smaller
than the loop corrections to the SM result C14 = 1, which are approximately given by

B>1

Coff aa+ (148 ke = 1+ |pfe2- (4.50)

1)2 1)2
|C1y — 1| ~ ——5— 1}(Y@Y¢>Q: 2NZ|Y,|?, (4.52)
2 12{K qz / 2 IQ(K I

=u,
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where Ny, = 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

_ Y
Yol = (1Y g)igl?) = % (4.53)
The equality on the right-hand side comes from the fact that 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, see also (2.67). It follows that the power-suppressed contribution (4.51) can

be neglected as long as
Mk \” NZy?
4.54
Coft (ATeV> <5 (4.54)

which for Aoy &~ 10Mkk can be rewritten as cqg < 3.8 yf. In the custodial RS model
studied in the next section, the expression on the right-hand side of this relation is
multiplied by 4, yielding the weaker condition cog < 15.2%2. In the phenomenological
analysis in Chapter 5 we will consider values of y, between 3 and 0.5. In order to neglect
the power-suppressed contributions for y, = 0.5 in the minimal RS model, one would
need to rely on the assumption that |ceg| < 1.

Relation (4.54) 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 — oo 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 /Ateyv 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
dominates is more of a numerical question than a parametric one. In Chapter 5, the
contribution AC} in (4.51) is included by treating ceg as a random number with mag-
nitude less than 1.

For the loop calculation (4.37) 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 of the RS model under consideration (see e.g. [160, 180]). Following common
practice, it will be assumed that y, < ymax = 3. A detailed discussion of different esti-
mates of the perturbativity bound and also of an exact calculation (using 5D fermion
propagators) of ymax is presented in Appendix B.

4.1.5 Extension to the RS Model with Custodial Symmetry

In this last subsection, we will now generalize the analysis presented in the previous
sections to the extended RS model with custodial symmetry. With the help of the
compact notation introduced in (2.71) and already used in Section 3.2, where the 5D
fermion propagators have been derived, this is a very straightforward exercise. We just
have to make the replacements

Xq—>X(j, Rq—>R(j, Zq—>Zq*7 (4.55)

4Since for too large values of the cutoff the Yukawa sector becomes strongly coupled (see below), the
result in such an academic limit could at best be taken as a rough estimate of the KK loop contributions.
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where the latter matrices can be found in (2.78), (3.98), and (3.99). Hence, the central
results (4.24) remain valid if we extend the sum over flavors appropriately, i.e.

2X ; Zg(—m?) N Zl(—m?)
sinh2X gy \1+ Zz-m?) 14 Z;_.(—mQ) ’

(4.56)
and similarly for I_(m?). The relevant squared Yukawa matrices entering the quantities
X in (4.56) are given by the 6 x 6 matrix

1
q=u,d,\

Y. Y

S+

N
u

Y. Yi+YY]) Y.Yi-Y.Y) | _ V< 2V, Y, 0 )VT
Y. Yi-Y, Y, v, vi+vy,v! 0 2Y,Y] ’

1 _
with V:VT:< 1 1>,

N AN
(4.57)

and the 3 x 3 matrices Y’ JYE: YXYTX = 2Y Y. Tt follows that
> Trg(Xg) =Trg(vV2X.) +3Trg(V2Xy), (4.58)

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.

The next task is to reduce also the second term in (4.56) to traces over 3 x 3 matrices.
From the definition (3.98), it is straightforward to derive that

o (- ot +
Z (2 _ v Y. [R,) + R V) 0 t Ré)) 0
a(Pg) 7V s (+) ot v = )
2Mi 0 2V, R)Y Y 0 Ry
2
v

_ Y + 9] vt pE)

i el g
(4.59)

where again we have omitted the argument pp of the qui) matrices on the right-hand

side of the equations. In the custodial model, the modified Yukawa matrices appearing

in (4.59) are defined as

- tanh(v/2X )

Y, =—— %

cust \/§ X q

with an extra factor of /2 inserted compared with the minimal model.? In (4.7), we need
to evaluate the result (4.56) for values |p%| < MZy. Using the expansion in (3.115), we

obtain (again with x, = mgo/Mxk)
0 0
-1 1

Y, (4.60)

t _ -1 ™Mo -1
VZ;V =F (CQ)UU p2 + @U—kmu’o@umu’o + ...

E
1 1 1 1 -1
T 1
tVonzaWaome) [F?(—cm * F?(—cm)] WazaV o <1 —1>
2 0 0
2 rrt T
U U, Ut Fleo),
+x, uFQ(CQ)FZ(_CQ) <1 0>+ } u (CQ)

(4.61)

®Note that ¥ g|eust # Y = [tanh(X )/ (X )] Y4
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and

2
Z-(02) = FYeo) Uy | 240 4 (g d,m; ! U'r 4.62
7(Pe) =F "(cQ) Uy o2 (Bt mag®amyg )+ Uy (cq),  (4.62)

E

after a straightforward calculation, where Voxm = UL U, is the CKM mixing matrix
and the dependence on ﬁ% has been dropped for a compact writeup. The terms shown
explicitly above are of leading and subleading order in v? /Mf<K To this order, the
quantity Z X(pQE) vanishes. The quantities ®4 are generalizations of the matrices &4
given in (4.30). In ZMA approximation, they read [149]

1 F?(c,)
®y =, W/ -1 || Wy,
v=® “[1—2cu <F2(cu) +3+26u>] *
+V wh__1 L 1 Waxg V)
T 9 er,) [F2(mer) | F2(mep)| T OO

Bu=auUl [1 —120Q <F2(1CQ) [1 " ;2?—225)] T = ﬂ Uuu,  (463)

1 1 1-2c F?(c,,)
Op =z, W' 1 24— W
b i d |:1 - 207—2 <F2(CT2) [ * F2(_c7'1):| " 3—}-207—2 s

1 1 F%(cg)
d, — t —1 )
a mdUd[l—%Q <F2(CQ) +3+20Q)]Udmd

After a lengthy calculation, we find that in analogy with (4.34)
2

2X-  ZAp%) ] [ m2
Tr | ——4 TIE | = Koy ——— 4 g | + ..., (4.64)
q:%;i,)\ [smh 2X71+ Zq*(p%) ; i mgi _|_p]25 i

where

(4.65)

2

fg = 1= 24— 5 [Ul Fleg) 2X2 F Y (eq) U,
3 q q 2

now contains an extra factor of 2 in the last term compared with the result (4.35) for

the minimal model, while

€ = ((I)Q)ii + ((I)q)ii . (4.66)

We are now all set for presenting the final expressions for the Wilson coefficients C'4
and (54 in the RS model with custodial symmetry. To an excellent approximation, we
obtain (instead of (4.37))

202 Y.Y!Y,
Cig~ |1— 02 Re ( )ss Aqy(m) +Aq(m) +ﬁg(\@XU) + 3Trg(\@Xd),
3Mick (Yu)s3
202 (Y. YY)
Csy =~ — m 31 By(1y), (4.67)
RETVER [ Vs |

which once again is independent of the bulk mass parameters cg, 4,- This approxima-
tion is accurate to better than 2% for Mkk 2 2TeV. Whereas the small corrections
parameterized by k4, 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 (4.37) and (4.67). Since the functions g(X,) start with a quadratic term,

we must compare X2 + X2 in the minimal model with the combination 2X?2 +6X? in
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the custodial model. Since it is assumed 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.

4.2 Higgs Decay into Two Photons

After the gluon-fusion process has been discussed extensively, we will now address the
loop-induced Higgs decay into two photons. This decay is also affected by the KK quark
tower, but moreover receives contributions from KK boson loops, as shown in Figure
4.3. This section is based on our publication [151].

4.2.1 Preliminaries

In the context of warped extra dimensions, the Higgs decay h — v was investigated in
the same works that focused on Higgs production via gluon fusion [149, 157, 220-222].
While these papers mainly focused on the contribution stemming from the fermionic
KK states, a detailed analysis of the bosonic loop contributions to the h — ~+ ampli-
tude, which in unitary gauge stem from the W bosons and their KK excitations, will
be provided in this section. The advantages of the approach here are that it is possible
to derive an exact result, which includes the full dependence on the Higgs-boson mass
and holds to all orders in v?/MZy, similar to the corresponding formula for the gluon
fusion amplitude (4.7). It is straightforward to extend the final results to the case where
the Higgs boson lives in the bulk of the extra dimension. We will also 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 has been discussed several times.

The rest of this section is subdivided into two subsections: In Subsection 4.2.2 the
general structure of the h — =~ amplitude will be discussed and the results for the
fermionic contributions from charged quarks and leptons propagating in the loop sum-
marized. We will 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 will resum the KK towers and derive
an exact formula for the A — <+ amplitude in terms of an overlap integral over the
Higgs-boson profile and the transverse part of the 5D gauge-boson propagator, includ-
ing the exact dependence on the Higgs-boson mass, which has not been obtained before.
The further proceeding will be analogous to that in the previous section: By expanding
the results in powers of v? /MI2{K7 we will be able to identify the contributions from the
W bosons (with modified couplings to the Higgs boson) and their KK towers, confirm-
ing the results of [157]. Finally, in Subsection 4.2.3 we will generalize the findings to
the custodial RS model that are consistent with those of [149] when expanded to order
v? /M.

5Based on a naive counting of degrees of freedom, this factor was estimated as 11/4 (instead of 4)
in [224].
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4.2.2 5D Analysis of the h — v+ Amplitude

The 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 am-
plitude derived in Section 4.1, a detailed consideration of the gauge-boson contribution
has not been performed in 5D language yet. The approach we take here is the following:
First, we will calculate the bosonic contributions to the h — v amplitude in the KK-
decomposed 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. This observation can be used to rewrite the amplitude
as an expression involving the 5D gauge-boson propagator derived in Section 3.1.2. We
will see that in the limit of a very narrow Higgs profile the amplitude approaches an un-
ambiguous value, which is insensitive to the details of the Higgs localization mechanism.
At the end of this subsection, we employ the exact results to derive expressions for the
contributions of the zero modes (the standard W bosons) and their infinite towers of
KK excitations to the h — ~v amplitude.

We begin with the calculation in the minimal RS model. The results in the custodial
model can be easily deduced from those derived here, which we will see in the next sub-
section. The one-loop Feynman diagrams contributing to the h — ~vy decay amplitude
are shown in Figure 4.3 for a general R¢ gauge. Below, we will demonstrate that the
full amplitude is gauge invariant. In the unitary gauge only the diagrams (a)—(c) con-
tribute. Analogously to (4.2), the h — v amplitude, including the contributions from
SM particles, is parametrized by means of two Wilson coefficients C,, and Cs, defined
via

A(h = 77) = C1y e (7Y Fyus F[0) = sy o (7 Fua F10) (4.68)

where FH = —%e’“’ of Fop5 with €923 = —1. As opposed to (4.2), each Wilson coefficient
now consists of three terms,

Ci=CV + 0!+, (4.69)

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 subsection. The fermionic loop contributions due to virtual quarks and
leptons shown in diagram (a) can be readily deduced from (4.37) and will be summarized
in (4.73).

We will also discuss the (narrow) bulk-Higgs scenario. As already mentioned at the
end of Section (2.2.1), this scenario gives rise to a tower of physical scalar particles
¢Ij/[‘,(n), which in some sense are the KK excitations of the charged components of the
Higgs doublet. They are defined in terms of a gauge-invariant superposition of I/V5jE and
@*. The effect of these heavy scalar particles on the h — vy amplitude is [161]

(e.) (n,n)
1S vy
6 _ hoo 6 _
ct =g §_1 ()’ Ap(r),  CL =0, (4.70)

where 7 = 4(m%)2/ m?, and the function

Ay(T) =37 [7 arctan?

— - 1] (4.71)
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FIGURE 4.3: One-loop Feynman diagrams for the process h — 4. 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,

2

wavy lines vector-boson mass eigenstates W,it ("), dashed lines scalar mass eigenstates
@ﬁv("), and dotted lines ghost mass eigenstates cﬁ,("). The ghost masses and profiles are

the same as for the W bosons and their KK excitations [161].

approaches 1 for 7 — oo. In the limit of a very narrow Higgs profile, the couplings

(n,n)
Ihee
follows that wa = O(n), and hence this contribution decouples in the limit n — 0, as
expected. Consequentially, the corresponding Feynman diagrams are not considered in

the following analysis.

scale like 1/n, while the masses of the heavy scalar particles scale like Mgk /7. It

Fermionic Contributions to the Wilson Coefficients

The one-loop contributions to the h — 7 amplitude stemming from the quarks and
leptons can be derived in a straightforward way from analogous results for the quark
contributions to the gg — h amplitude. We only need to include appropriate factor of
color and electric charges. According to the discussion in 4.1.3 the exact result can be
written in the form

1 11—z
cL=3N. 3 Q2 /O dz /0 dy (1 — day) [T (~zym) — T (M)

f=u,d

1 1—x
Cf, =2V 3 Q3 [ do [y [T aymi) ~ T (0]

f=u,d

(4.72)

where @, = 2/3 and Qg = —1/3 are the electric charges of the quarks, and N, = 3
is the number of colors. The functions T (—p?) are given in (4.23). An analogous
expression with N, replaced by 1 and @), replaced by Q. = —1 holds for the charged-
lepton contribution. Neglecting some terms of order v?/Mjt; and chirally-suppressed



138 Chapter 4. Loop Calculations in Warped Extra Dimensions

O(v?/MZy) terms then leads to the explicit expressions (compare with (4.37))

2 (Y. Y]Y )33
Com[1— -0 Rert U uT w3 N 02 4 N.Q2 A
1y [ 3M12(K € (V)33 ] QuAq(me) + Ne Qg Ag(p)
+ Z NcQz ReTrg(X,), (4.73)
q=u,d
01 o P [ YY) oy 3 N.Q2 ImTrg(X,)
7 T 3ME, (Y )33 ¢t = Fital
and
Cl, +iCL, ~ Q2 Trg(X.), (4.74)

where the contributions from the SM fermions and the KK excitations can now readily be
identified. The loop functions A,(7;) and By(7;) (with 7; = 4m?/m?) and the matrices
X can be found in (4.38) and (2.78), respectively. Note that with the hermitian
matrices X ¢ the traces over matrix-valued functions g(X ¢) are real, so that Cé7 =0and
the only contribution to the coefficient C’g7 arises from the top-quark contribution given
by the first term on the right-hand side of (4.73). The function g(X f) itself depends on
the details of the localization of the scalar sector on or near the IR brane and is shown
in (4.25) for the brane-localized and in (4.26) for the narrow bulk-Higgs scenario. The
function in the type-II brane-Higgs model is defined in (4.41). As already mentioned in
the gluon-fusion case, the matrices X ; are no longer hermitian, but to leading order it
is still a hermitian matrix. The type-1I brane-Higgs scenario is thus rather similar to
the original brane-Higgs model with identical Yukawa matrices qu = Y? =Y and it
is therefore convenient to restrict ourselves to a study of the two cases shown in (4.25)
and (4.26).

Gauge Invariance of the Amplitude

Having clarified the fermion contribution to the h — v amplitude, we now turn to the
bosonic contribution. In the SM, Ref. [229] has thoroughly discussed the £ independence
of the h — ~v amplitude in dimensional regularization and has shown that the calcu-
lation can be performed consistently in the unitary gauge & — oco. In the case of the
RS model, it is useful 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 eval-
uate the one-loop diagrams shown in Figure 4.3 are summarized in Appendix C.” From
these rules, it follows that:

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) [ '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/v/27r, see (2.13). For the mass-dependent vertex connecting a

photon to Wf(n)goﬁ,(n), one must replace my — m) .

"The Feynman rules can be easily deduced from the relevant terms in the 5D action (2.6). Details of
the derivation of Feynman rules in the RS model can be found in [184, 230-233].
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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
2miy,

> zgfr 2r [y (1] = = 2w [ ()] (4.75)

which replaces the corresponding factor gmyy = 2m12/V /vsm in the SM. In addition,
for each scalar boson goﬁ,(n) a factor 1/m)Y appears, which replaces 1/myy in the

corresponding SM Feynman rule for vertices involving the Goldstone bosons ™.

From these observations it follows 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

~ 9 o0
At = ) = I3 2 [ ] |25 AR ) L)
n=0 w

my —m}V

For vertices involving a photon and a pair of vector bosons, fermions or ghosts, the
statement that the interactions are diagonal in KK number (first bullet) is a direct
consequence of the flatness of the photon profile and the orthogonality of the relevant
vector-boson and fermion profiles. For interactions involving the scalar bosons w#n),
however, which according to (2.18) and (2.19) receive contributions from Wi and %,
the vertices become diagonal only after one adds up these two contributions. Consider,
for instance, the vertex (h) needed for diagram (j) in Figure 4.3.8 After integrating over

the coordinate of this vertex, we obtain the Feynman rule

2 1 =2
2ictn, | [ 0] o (0] + L 2 0l )] @)
where the first contribution originates from the W5sW5A, A* term contained in the Yang-
Mills action for the W-boson fields using the KK decomposition (2.18), while the second
contribution arises from the ¢~ A, A* term contained in the kinetic term for the Higgs
doublet using the KK decomposition (2.19). We now integrate by parts in the first term
use the equations of motion for the gauge-boson profiles (2.20) (for ¢ < 1) taking into
account the boundary conditions (2.22). In this way, we obtain the Feynman rule

w 1

2ie*n,, [m% 27r/ dt o (@) x¥ ()| = 2i€* 1 dmn (4.78)
my L J. 1

where the boundary term cancels the contribution arising from the ¢*t¢~A4, A" term.

In the last step the orthonormality relation (2.21) for the gauge-boson profiles has been

used.

Let us now explore the consequences of the general result (4.76). Obviously, this
relation implies that for each single KK mode the h — vy amplitude in the RS model is
gauge invariant provided the amplitude is gauge invariant in the SM. Since, as will be
demonstrated, the sum over KK modes is convergent, it follows that gauge invariance

8The remaining vertices can be derived analogously, see [232, 233] for details.
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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 (1=9p"p” W] _ i <p“p” B W) I

= , (4.79)
p*—miy [ p* —&mi, p? —miy \ miy p? —Emiy, miy

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 [229] that, after adding up all diagrams, many intricate cancellations occur, and at
the end only the diagrams (b) and (¢) in Figure 4.3 with the W-boson propagators in
unitary gauge, as well as the fermion loop contributions shown in diagram (a), remain.

5D Analysis of the Bosonic Loop Contributions to h — ~~

We now repeat the calculation of the bosonic loop contributions to the h — ~+ amplitude
using a 5D approach. Based on the findings of the previous section we adopt unitary
gauge and consider only the contributions of diagrams (b) and (¢) in Figure 4.3. We
employ the 5D gauge-boson propagator Df/u W(t,t’ ;p) derived in Section 3.1.2. Like in
the gluon-fusion case, we introduce a dimensional regulator d = 4 — 2¢ on the loop
integral in intermediate steps in order to preserve gauge-invariance. This regulator can
be removed at the end of the calculation. We also regularize the Higgs profile by replacing
the d-function profile of the brane-localized Higgs field by a smooth function §7(t — 1)
of width n <« 1. As we have seen, such a regularization is important in the calculation
of the fermionic loop contributions to the gg — h and h — ~y amplitudes. However, we
will find that in the calculation of the bosonic loop contributions the limit 7 — 0 can be
taken without encountering any ambiguities.
Diagrams (b) and (c) give rise to the amplitude

213 dip ! or [Ldt
JAh = vy) = ==Y ome? ¢ (k1) €5 (k aﬁ/ /dté"t—l —
ZA( '77) v me EH( 1) 61/( 2) n (27T)d . ( ) L . t
2r [* dto YuAprs HE—>00 £—00 £—00 4
|\ i gZV Dy oy (661, p 4 k) Dy (B, b2, p) Dy s (t2, 6, p — k) (4.80)

+ (27775,,7;“/ — P — n’”n“5> D%;;j(t, t1,p+ k1) Dﬁv_fi;’(tl, t,p— kg):| :

where VIFANYO — VYA (p 4 Ky, —ky, —p) VPV (p, —ko, —p + ko) arises from the product of
two triple gauge-boson vertices, with V#*P(k, p, q) = n* (k—p)P+n"?(p—q)"+nP*(q—k)" .
The goal is to rewrite this result as a Feynman parameter integral over a single 5D gauge-
boson 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 as (3.10) and use the KK decomposition (3.14) in an intermediate
step. The use of the KK representation is justified because all expressions are finite
and the KK sum converges. At the end of the calculation we will obtain an expression
without any reference to KK modes.

Again, we can perform the integration over ¢; and ¢3 using the orthonormality relation
for the gauge-boson profiles (2.21). Working out the Dirac algebra and making use
of Passarino-Veltman reductions, the answer reduces to a simple Feynman parameter
integral [232]. After the contributions from the various diagrams have been combined,
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the dimensional regulator ¢ can be set to 0. We find (with m? = m? + i0)

CW 3 ~ 92 ldt(sn(t 1)§: [ W(t)]2 1 +6/1d /l—a:d 1 —233y
= —3min - Xn x y
7 " = S R R T L

(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 (3.14). We obtain

1 11—z
CYY = —3mmiy [TW(O) +6 / dx / dy (1 — 2zy) TW(—mymi)} , (4.82)
0 0

where Ty (—p?) denotes the overlap integral of the Higgs profile with the transverse part
of the 5D W-boson propagator evaluated at t = ¢/,

Tw (—p?) = /1dt 8"(t — 1) By (t, t; —p* —i0) = By (1,1; —p% —i0) + O(n) . (4.83)

At this step we need the propagator function By (t,t; —p?) in the brane-localized Higgs
scenario, which has been derived in Section 3.1.2. As we have seen in the latter section,
the W-boson propagator function can be obtained from the propagator in the RS model
with a bulk Higgs in the limit » — 0 (8 — oo). Thus, the integral above exhibits a
smooth behavior in the limit of small 7, so that the last identity holds and the regulator
on the Higgs profile can be taken to zero without encountering any ambiguities.

Relation (4.82) is one of the main results of this section. It shows the exact result for
the Wilson coefficient C1, in dependence of overlap integrals of the Higgs profile and the
5D gauge-boson propagator. It can be shown that this relation also holds for an arbitrary
bulk-Higgs profile x5,(t), if one uses the corresponding 5D gauge-boson propagator in
the bulk-Higgs model [161]. Then the regularized J-function in (4.83) must be replaced
by

21 v(t)

Ot 1) = T = Xht) =200+ Bt 4 (4.84)

with the profiles given in (2.52) and (2.63). Note, however, that in this case it is
necessary to also include the contribution (4.70) due to the physical scalar excitations
of the bulk Higgs field. In the region where § > 1, the function on the right-hand
side indeed approaches a regularized J-distribution, with a characteristic width given by
n=1/(3+28).

Note that relation (4.81) results after integrating a Feynman loop integrand of the
type 1/[p% + (m)V)? — zym3]3 over d*pp (after the Wick rotation), analogously to (4.8).
In order for this integral to exist, we again have to require that both TW(p%) and
PE Opp Tw (p%) vanish for very large Euclidean momenta. We will show that this is indeed
the case below. The vanishing behavior of Ty (p%) is also the reason why in (4.82) there
is no boundary term Ty (A%,) as in (4.72). Recall that this plateau stemming from the
non-zero value of the fermion propagator at t = ¢/ = 17 in the limit pr — oo was the
reason for the different results in the brane-localized and the narrow bulk-Higgs scenario.

We now evaluate the result (4.83) and insert the propagator in the time-like region
(3.25), evaluated at t = ¢’ = 1, into (4.83). We obtain (with p = p/Mxxk + i0)

. L \1-1

Yb(ﬁf) JO(ITG) 1~2 TW(—p2),

Y1(p) Jo(pe) 21y,
(4.85)

Tw (—p?)

L[ M o) V(o)
21, L, Ji(p) Yo(pe)
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which is exact to all orders in v?/M2,.? Tt follows from this expression that Ty (0) = 1.
We have thus succeeded in deriving a closed analytic expression for the Wilson coefficient
C’lvg in (4.82), valid for the minimal RS model with a Higgs sector localized on the IR
brane. The quantity my, which is the leading-order contribution to the mass of the
physical W boson, has been kept in the prefactor above, since it will cancel against a
corresponding factor in the definition of the Wilson coefficient (4.82). Indeed, the final
result for this coefficient takes the form

3 1 11—z R
C’Kj =-3 {1 + 6/0 da:/o dy (1 — 2zy) Tyy (—zym?)| . (4.86)

Before we proceed, we will briefly study the behavior of the propagator function in the
region of large space-like momenta. For large FEuclidean momenta pgp > Mgk, this
function approaches an inverse power-law behavior given by

L 1
2rMkk pPE

Ty (ph) = +O(rg’) (4.87)
which can be easily read off from (3.37). It follows that both Ty (p%) and pg d,, Tw (p%)
vanish for large Euclidean momenta p2E = —p? — 00, and hence the conditions required
for the validity of relation (4.82) are indeed satisfied. This holds for both the brane-
localized and the (narrow-) bulk Higgs scenario.

Analysis of the Zero-Mode and KK Contributions

The exact expression for the overlap integral Ty (—p?) in (4.85) 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 v?/MZ, using that we need this function for values p* = O(m3)

much smaller than the KK scale MIQ(K We find

. 9 mi, miy, (L 1 mi, (L 1
) = s [k (53| (1)
(4.88)

where ¢y = 1 in the minimal RS model and we have neglected terms of O(v?/ Mg ). We
will show below that the same result holds in the custodial RS model, where however
the parameter ¢y = 1/v/2 takes a different value. In the above result the parameter myy
has been replaced by the physical W-boson mass myy using relation (2.30).

Based on the formulas above, we can perform the integration over the Feynman
parameters in (4.82) and find the Wilson coefficient

4

{HwAw(Tw) + yw} n (9(1\;’4 ) . W —o, (4.89)
KK

21

where Ty = 4m12/v / m%, and the W-boson loop function

1 1
Aw (1) = - [2 + 37 + 37(2 — 7) arctan® \/ﬁ} (4.90)

9We can simplify the result using that Jo(pe) = 1+0O(e*) and Yo (pe) = (2/7)(ve+1In(p/2)—L)+O(e?).
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approaches 1 for 7 — oo [228]. Analogously to (4.37), we can interpret the two terms in
(4.89): The first contribution to C, arises from the standard W boson, whose coupling
to the Higgs boson is modified, compared with the SM, by a factor ky times vgy/v.
The last factor is accounted for by using the Higgs vev in the RS model in the definition
of the effective operators in (4.68). The term vy in (4.89) is due to the KK excitations.
Explicitly, we obtain

m2 L 1 m2 L 1
o Mw (Lo LY S (A e 4.91
" M2, <c§ * 2L> WS oMz, <c§9 * QL) (4.91)

Note that at this order vy = (1 — k), such that the RS corrections to C4 in (4.89)
would cancel in the limit 7 — oo. This simple relation is, however, not preserved
in higher orders. The result for ', agrees with a corresponding expression derived in
[157]. Notice also that the value of sy is consistent with relation (4.75), which gives

2
o = 2 2l ()2

We close this subsection 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 a concrete
model, we adopt the scenario discussed at the end of Subsection 2.2.1. As discussed
earlier, relation (4.83) still holds in this model provided one makes the replacement
(4.84) and calculated the gauge-boson propagator in the background of a bulk-Higgs
field. The latter propagator has been derived in the previous chapter and the result can
be found in (3.31) with (3.52). We then find

e m3 [ 2L(0+B2  (A+B)B+A) 1] 3Lmd
ST V- [(2+5)(3+2B)_ 2+ B)? 2L] BTV PR
bulk _ miy [L(1+ﬁ)_<1+5)(3+ﬁ) 1] -y _ Lmiy +
T oz 2 p) 2+p)? 2L T A T

(4.92)

instead of (4.91). In the last step we have identified n = 1/(3 + 23) and taken the
limit n < 1. 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. Note also that the largest effect is obtained
for the brane-localized Higgs scenario, since the corrections for a bulk Higgs (v > 0) point
in the direction of the SM prediction /ﬁs}/\d =1 and I/EVM = 0. This can be traced back to
the smaller overlap integrals of the Higgs-boson profile with the profiles of the W-boson
zero mode and its KK excitations.

4.2.3 Extension to the RS Model with Custodial Symmetry

The above results will now be generalized to the RS model with custodial protection.
First the fermionic loop contributions to the h — vy amplitude are presented, where it
is distinguished between the quark and the lepton contribution. Since the lepton sector
has not been discussed in Section 2.3, it will be shortly introduced here as well. Then,
the focus will be put on the W-boson loop contribution, where we will confirm the results
(4.89) and (4.91), where ¢y is now an additional parameter.
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Quark Contributions to the Wilson Coefficients

The loop contributions from the quarks to the h — v~ amplitude in the custodial RS
model are generalizations of relations (4.73) and read

202 (Y. YTY )33
q ~ u u u 2 2
Olw = [1 — 3MI2{K Re (V)3 } N.Qy, Aq(Tt) + N Qy Aq(Tb)

+ N Q2 ReTrg(v2X,) + Ne (Q2 + Q3 + Q3) Re Trg(V2X ),
21}2 (YUYLYH)ZB 2

_3MI2<K I |: (Yu)33 :| NC Qu Bq(Tt)

+N.Q2 ImTrg(V2X,) + Ne (Q2 + Q% + Q3) Im Trg(vV2X ),

(4.93)

4

where the explicit forms of the function g(X ) are given in (4.25), (4.26), and (4.41).
Recall that the Taylor expansion of these functions starts with X 2%, 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
[150, 224], by approximately a factor 68/5.

Charged-Lepton Contributions to the Wilson Coefficients

The result for the loop contributions to the A — vy 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. A first possibility is a model in which the lepton
multiplets are chosen in analogy to the quark multiplets in (2.175). This choice was
adopted in [185]. In component notation, the corresponding fields are

(+) (=)
v (& c(+)
&L = ( B V/%_)l >0, §2r = (VR 0)0,

(
L -1 YL o
o ) ) o)
Gr=Tar®Tir=| Np @(ER 1 Nry Yg 1>0'
/(=)
ER =170

There are fifteen different lepton states in the neutrino sector and nine in the charged-
lepton sector. The boundary conditions give rise to three light modes in each sector,
which are identified with the SM neutrinos and charged leptons. These are accompa-
nied by KK towers consisting 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
@y = +1, which exhibits nine excitations in each KK level. This is the analog to the
exotic A-type quarks in the quark sector. The gauge-invariant Yukawa interactions for
these fields are constructed in complete analogy with the quark Yukawa interactions
[149, 185]. They can be expressed in terms of two dimensionless 3 x 3 Yukawa matrices
Y, and Y., having an anarchic structure as always. 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 (4.93), except that
there are no zero-mode contributions (they are proportional to ml2 / m% and thus can be
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neglected) and that we must replace Y, =Y ,,Y; =Y., N.— 1, and Q, = Q, =0,
Qa — Qe = —1, Q\ — Qy = +1. We thus obtain

Cl, +iCl, ~ (Q2+ Q7)) Trg(V2X.). (4.95)

It follows that the leptonic contribution in the custodial RS model is approximately 4
times larger than in the minimal model.

A second possibility is a model with a more minimal embedding of the leptons into
the extended gauge group. Note that there are no such constraints from Z77 as in
the case of the quarks from Zbb. Thus, it is not necessary to embed the left-handed
neutrino and the left-handed charged lepton in the same SU(2)r, x SU(2)r bidoublet.
The simplest assignment is to put the left-handed neutrino and electron into an SU(2),
doublet (as in the SM) and the right-handed electron along with a new, exotic neutral
particle Ny into an SU(2)r doublet. The lepton fields with even Z, parity are then

chosen as ) )
0, — (YL o ¢ — (R -1 (4.96)
L (+) ) R N(_) ) .
€L 1 -1 R o/_-1

and they transform as (2,1) and (1, 2), respectively. The choice of the boundary condi-
tions is such that the zero modes correspond to the light leptons of the SM, without a
right-handed neutrino. The gauge-invariant Yukawa interaction that can be built using
these fields is

v

™ 2 . . . .
by = 25 [ a00(0) - m) e 2 (1), (Lh0eLy + el e (497

where ¢ = io?. Upon electroweak symmetry breaking 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 [234-236]. The
only additional lepton field is the right-handed 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 Ciﬂ/ + iCéV ~ Q?Trg(X,.) asin (4.74).

Bosonic Contribution to the Wilson Coefficients

Finally, we turn to the bosonic contribution to the h — ~+ amplitude in the custodial RS
model. For this, we first deduce the Feynman rules from the ones in the minimal model
compiled in Appendix C. Using (2.158), we can convince ourselves that the Wﬁ couplings
to the photon are not changed at all. This statement is independent of the basis, since the
rotation matrix Ry in the KK decomposition (2.156) drops out in the orthonormalization
condition. In contrast, as mentioned in the discussion below (2.147) the Higgs only
couples to the IR basis fields /iff with a strength proportional to (g%,5 + g%%). This
can be taken into account with the help of the projection operator P rotated into the
IR basis and accompanied by a factor 1/ 0129. It follows that, compared with the SM, all
KK-diagonal Higgs couplings in the custodial RS model come with a prefactor
2m3, 2m3

- 2m X ()T Ry Py Ry Xy (1) = =52 204, (1) Dy X' (1), (4.98)
(v (v
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which replaces the corresponding factor (4.75) in the minimal model. The matrix Dy
has been introduced in (2.165). In analogy with expression (4.76) valid in minimal RS
model, we then find that the h — ~+ amplitude in the custodial RS model can be written
as

~ 9 [e.@]
m S — UsM
Al sl =7 = 5 S 2n 2 Do R (1) | 25 Al 1)
myy, mw —mW
(4.99)
It follows that expression (4.82) for the Wilson coefficient C’Kj remains valid, provided

we replace the quantity Ty (—p?) defined in (4.83) with

D
Tv(—5) =T | 2 BRY (1102~ 0)]. (1.100)
J

With the help of the solution for the propagator function BYY shown in (3.39), it is
now straightforward to calculate the quantity Ty (—p?) in (4.100), which we need for
the calculation of the Wilson coefficient C{/K in (4.82). Expanding this answer in powers
of v?/MZy and for p?> = O(m3), i.e. using (3.40), we recover expression (4.88). 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¢2. 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. With C% = 1/2 the expressions in
(4.91) are compatible with corresponding results obtained in [149]. In this reference the

Wilson coefficient C’{Z belonged to the operator vhF),, F* instead of the one in (4.68),

Ref. [19 2
and hence ry;, 9] Kw [ Ks.

4.3 The Flavor-Changing Neutral Current b — s~

This section focuses on the flavor-changing neutral current b — sv. This transition is
the underlying quark-level process of the B decays discussed in the phenomenological
Chapter 5. As in the previous sections, it is assumed that the reader is familiar with the
SM calculation of b — sy and, moreover, with the associated RG evolution [4, 237-240].
This section includes unpublished work and is a continuation of my diploma thesis [184].
Detailed calculations of the required Feynman rules and the amplitudes (in terms of
infinite KK sums) can be found there. Here, it will be focused on deriving compact
formulas for the corresponding Wilson coefficients. As opposed to the results derived
in the previous two sections, they will, however, only be valid at leading order in the
expansion in v? /M2y.

4.3.1 Preliminaries

Like the loop-induced processes in the Higgs sector analyzed in the previous sections,
the b — s7v transition only occurs at loop-level in the SM, illustrated in Figure 4.4,
and is one of the most interesting processes in flavor physics. This is for two reasons:
Besides being suppressed by a loop factor, this FCNC is moreover suppressed by the
GIM mechanism [49], which results in a high sensitivity of the process to high-scale
physics. On the other hand, it is dominated by perturbative QCD effects which replace
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FIGURE 4.4: The two leading-order diagrams contributing to the b — s in the SM (in
unitary gauge). In a general R gauge, there are four further diagrams, where at least
one W-boson line is replaced by the scalar propagator of the Goldstone boson.

the power-like GIM suppression by a logarithmic one [241]. The mild suppression of
the QCD corrected amplitude reduces the sensitivity to new physics, but enhances the
branching ratio for e.g. B — Xy with respect to the purely electroweak prediction by
a factor of around three and is therefore experimentally accessible.!’ The logarithmic
GIM cancellation originates from operator mixing and the non-conservation of the tensor
current which is generated at the electroweak scale by loop diagrams involving W-boson
and top-quark exchange. The associated large logarithms L = log(my /my) have to
be resummed at each order in «g, using techniques of the RG improved perturbation
theory, see e.g. [238-240].

A convenient framework to achieve the resummation is to describe the process b — sy
via an effective Lagrangian with five active quarks, photons, and gluons, whereas the
electroweak gauge bosons and the top quark are integrated out. Including terms of
dimension up to six in the local operator product expansion the effective Lagrangian at
a scale u < myy reads [239, 242, 243|

4G 6,7v,8g
Left = LQepxQED + T; ViVie > Crlp) Qulp) .- (4.101)
k=1

Here, the first term is the conventional QCD and QED Lagrangian for the light SM
particles. The second term includes the Fermi constant G, the elements of the CKM
matrix V;; and the Wilson coefficients Cj (1) of the corresponding operators Q) built
out of the light fields. Due to operator mixing effects all operators can contribute to the
b — s7v transition. They can be written as

em,
QLQ = (EFic)(EFQb), Q77 = 167/7rb2<§0-uy F“VPR[),
m 4.102
Qs =5Tib > _ql'q, Qsy = %&%w G4 ta Prb, ( )
q

where the quantities T'; and I'}, which enter both the current-current operators Q12
and the QCD penguin operators QJ3_g, stand for various products of Dirac and color
matrices [242, 243]. In the definition of the dipole operators Q7 and Qgg, the fields
qr.r = Pr rq denote the chiral quarks, F*¥ and G;" are the electromagnetic and gluonic
field strength tensors, and t, are the color generators. The most important operators
for the b — s transition are given by the dipole operators (J7, and Qg,, whose Wilson
coefficients evaluated at scale pp contribute to the observables that will be studied in
Chapter 5. Due to the already mentioned QCD effects, the initial conditions C(uw ) of

10Tp fact, the branching ratio Br(B — Xsv) is a well-measured observable, see Section 5.2.
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the remaining Wilson coefficients at the matching scale py = O(my) (where the heavy
SM particles are integrated out) also give a non-negligible contribution to C7(us) and
hence have to be determined as well.

In order to determine the impact of the RS model on b — sy we also make use of an
EFT approach and use the effective Lagrangian (u < uxx = O(Mkk))

Log = 45; ViV |Gy (1) Qs (1) + Ciy (1) Qg (1) + Csg (1) Qg (1) + Cisg(12) Qs (1)

+ non-dipole operators, (4.103)

where the prefactors have been extracted according to (4.101). We will touch on the
non-dipole operators which can contribute to the dipole operators through operator
mixing in Subsection 4.3.4. The Wilson coeflicients 6'7%89 belong to the chirality-flipped
operators Q7%8g, defined by
Qry = %gow FpPph,  Qgy = %EGW G, Prb, (4.104)

which are suppressed by ms/m; in the SM and therefore negligble. We will see that they
receive large contributions in the RS model. In (4.103), all KK modes are integrated
out, whereas all SM particles including the top quark as well as the electroweak gauge
bosons are still active degrees of freedom.

The main goal of this section is the derivation of compact, analytic expressions for
the Wilson coeflicients

CElsy = Crysg(pixk)  and R Sg = Crysg(1ixK) (4.105)

which after the RG evolution down to the hadron scale up, represent the RS corrections
to the SM predictions. There are several differences with respect to the previous two
sections: Higgs processes take place at scales of O(my,), whereas B meson decays which
are based on the b — sy amplitude occur at much smaller scales py = O(my) <
my,, Mgk. Thus, while in the Higgs processes mixing effects are small, they have to be
taken into account in the present case. Furthermore, again due to the RG running, we
need to distinguish between the contributions stemming from the KK modes and those
from the zero modes. Recall that in the final results (4.7) and (4.82) both contributions
have been included implicitly. Finally, we will see that there are two (instead of one)
infinite KK towers contributing to this process. It has not been achieved yet to obtain
closed formulas like (4.7) and (4.82) for the corresponding Wilson coefficients which
are integrals of the 5D propagators with the Higgs profile over the fifth dimension and
exact to all orders in v?/MZy. However, we will find that at leading order in the latter
expansion the final results can be well approximated in terms of simple expressions that
have already been encountered in the tree-level processes discussed in [145, 149, 183].
The influence of the RS model with a brane-localized Higgs sector on loop-induced
FCNCs like b — sy was firstly estimated and discussed in various works [169, 176, 177,
244], claiming the amplitudes to be logarithmically divergent at one-loop level and thus
UV sensitive at all orders. Putting a special focus on the counting of superficial degrees
of freedom, the authors of [216] showed that all diagrams describing the leptonic decay
1 — ey are finite at one-loop order, including the diagrams with a brane-localized Higgs
field, that are superficially logarithmically divergent. Likewise, the process b — sv
was investigated in the 5D formalism in [245]. In the latter references, the authors
used free 5D propagators in mixed position/momentum space and treated the Yukawa
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interactions as perturbations. We will take a different approach: We will perform a
complete calculation in the 4D KK formalism and provide a careful discussion concerning
convergence behavior and the relative magnitudes of the various types of diagrams. The
results will then be compared to those of [245]. The calculation of this process using the
5D propagators derived in Chapter 3, which in principle is possible but in reality causes
some subtleties, is left for future work. Also, only the effects of the minimal RS model
will be focused on here.

This section is structured as follows: In Subsection 4.3.2, we will recapitulate the
calculation of all diagrams contributing to the b — sy amplitude in the minimal RS
model. A thorough analysis of the results will be provided in Section 4.3.3, which
forms the main part of this section. Using the equations of motion for the fermion
profiles, one can derive analytic formulas for the Wilson coefficients, which are valid at
leading order in the expansion in v?/ MI%K Being calculable with small numerical effort,
these formulas facilitate to study the RS effects on observables related to the dipole
operators. In Subsection 4.3.4, the RG evolution of the Wilson coefficients down to the
hadronic scale uyp, will be presented. Finally, we will comment on the structure of the RS
corrections to the Wilson coefficients at pp. The phenomenological consequences will be
discussed in Section 5.2 of the next chapter.

4.3.2 Calculation of the b — sy Amplitude

We begin with a repetition of the calculation of the b — sy amplitude in the minimal
RS model [184, 230]. Due to the variety of flavor-changing couplings in the RS model,
there are many more one-loop diagrams contributing at leading order than in the SM.
They are shown in Figure 4.5, where the diagonal coupling of the photon zero mode
v = A©) has already been taken into account. Note that in a general R¢ gauge, each
gauge-boson diagram has an additional diagram where the gauge boson is replaced by
the corresponding Goldstone boson. In the case of the W-boson emitting the photon,
i.e. diagram (f), there are three more diagrams. Then, there are in total thirteen
diagrams contributing to the amplitude. They are explicitly shown in Appendix D. Due
to the gauge-invariance of the diagrams, however, it will be sufficient to consider only
the six diagrams of Figure 4.5 (in unitary gauge).

Analogously to the Higgs processes, we parametrize the b — sy amplitude by means
of the two Wilson coefficients defined via (at scale p = pxk)

4G - ~
A= s7) = = VirVin { O (571Qm ) + CEF (571Qnafb) | (4.106)

The Wilson coefficients contributing to b — sg, i.e. ngK and C~'§§K, can be easily ex-
tracted from the corresponding ones contributing to b — s+ once the factors are adjusted
properly. The Feynman diagrams are essentially given by the ones shown in Figure 4.5,
where the outgoing photon has to be replaced by a gluon ¢ = G(®). The only difference
is the three-gluon diagram having a different topology compared to the W W y-vertex
diagram (f) in Figure 4.5. We will treat this diagram separately.

For the time being, we focus on the RS corrections C%K and C*%K, i.e. the contri-
butions from diagrams with at least one KK mode in the loop. The zero-mode contri-
butions, i.e. diagrams with quark and gauge-boson zero modes or the Higgs-boson, are

included later. The goal is to calculate these Wilson coefficients, which, as mentioned
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Alm)

FIGURE 4.5: Feynman diagrams contributing to b — s7 in the minimal RS model at
leading order and in unitary gauge. In general R; gauge, there are additional diagrams,
where the respective gauge boson B,Sm) = Aff”),g,ﬁm), W,ﬁc (m), lem) is replaced by the

associated scalar degree of freedom wg"), see Appendix D.

above, consist of five parts
CKR—cWVic9+c)+cf o,  i=1v8g. (4.107)

An analogous formulas holds for CXK. Note that C’gg (ngg) includes both diagrams
(a) and (f) (the three-gluon vertex in the case of ng)- Similarly to Section 4.2, the
calculation of the b — sy amplitude is performed in the KK-decomposed theory and the
gauge invariance of the amplitude is shown. As an example, we consider the W-boson
exchange diagram (a). The remaining diagrams can be studied analogously.

Feynman Rules and Gauge Invariance

As opposed to the diagrams contributing to the gg — h and h — ~v amplitudes,
the diagrams depicted in Figure 4.5 involve gauge-boson couplings to fermions. The
derivation of the corresponding Feynman rules can be found in [184, 230] and a summary
of all Feynman rules crucial for the following analysis is listed in Appendix C. They all
have the same general form illustrated at the example of the W *-exchange:

40 20
e — . 95 ]_ o ~
wa

The superscript at the gauge boson denotes the incoming charge, while the bar above the
quark field stands for an outgoing up-type quark. The overlap integrals V% and Vnmk
are integrals of the fermion and boson profiles over the extra dimension and determine
the strength of the respective boson coupling to left-handed (right-handed) quarks. Their
explicit form can be found in (2.123) — (2.125). The factors in front of the parenthesis are
similar to those of the SM if one identifies with the SM gauge coupling gsnm = g5/v/27r,
where g5 is the five-dimensional SU(2)r, gauge coupling in the RS model. As before, we
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rewrite the 5D coupling constant as

-
E——L (4.108)

\2mr v

where v denotes the vev in the RS model and myy is related to the physical W-boson
mass via (2.30).

Working in Feynman-'t Hooft gauge (£ = 1), we also have to derive the fermion
couplings to the Goldstone bosons 4,0#”). Similar to the Feynman rule explicitly derived
in (4.77), according to (2.18) and (2.19) the coupling gets contributions from the fermion
coupling to the fifth component of the gauge field T/V5jE and of the charged degree of
freedom of the Higgs doublet ¢*.11 It turns out that summing up these two contributions
leads to a very simple relation between the couplings to the Goldstone bosons and to

the corresponding gauge bosons. As an example we consider the coupling to cp;{/(m)

) ot - oF
characterized by V' and V' " :

nmk*
4% e
PGk - 95 <V¢¢V PL+ VA PR> .
q (p+(m) \/m nmk nmk
w

The explicit formulas for the overlap integrals, which contain both contributions, can

be found in [184, 230]. Since the contribution from W5i contains a derivative of the

gauge-boson profile, see (2.18), one can use the same techniques as in (4.77) and show
that these two overlap integrals can be expressed as [184, 230]

+ mu mé . o mu

Vrirvz‘;@ = ml/{nn/ Vn%z - %anxzz ) Vn% = m7[/{:/

nmk nmk *

oW m% w
Vink — —2V, (4.109)
mm

The analogous expressions for the fermion couplings to the Goldstone bosons <p;V(m),

cp(Zm), <pf4m), and <p(m) are listed in Appendix C. It is now easy to sum up the two
contributions of the vector and the scalar exchange in order to derive at a gauge-invariant
result. In [184, 230] it has been verified by an explicit calculation in R that the gluon
exchange is £-independent. Since all Feynman rules have the identical structure, one can
deduce that this is also true for the massive gauge bosons. Note that in the case at hand
the results for the W and Z boson exchanges include the diagrams of [245] with a scalar
4D (Goldstone) boson from the Higgs doublet and KK fermions, which are supposed to
give the most significant contributions to the Wilson coefficients. We will return to this
issue later.

Calculation and Result of the Amplitude in the KK-Decomposed Theory

According to the discussion in Section 4.1, a UV regulator has been needed for two rea-
sons: firstly, for ensuring gauge-invariance of the amplitude and, secondly, for regulating
the momentum integral as well as the infinite sum over KK states. For the calculation
of the Wilson coefficients C7, and C~'7,y gauge-invariance is not an issue, since we do
not encounter structures such as (4.3), and the (finite) result of each single diagram is

"This also holds for the Z boson, whereas there is no Higgs doublet contribution to the scalars apg’fg).

The latter are just the KK modes of the fifth component of the 5D gluon (photon) field, see (2.18).
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unambiguous. We have also argued that in the brane-localized Higgs scenario, we could
have used the 5D fermion propagator with modified BCs and remove the regulator right
from the beginning. In 4D language, this means that we can calculate the Feynman
rules with a regularized Higgs profile, take the limit 7 — 0, and then sum up the entire
tower. No regulator is necessary because the sum over the KK modes is finite as we will
see below. Thus, the evaluation of the diagrams can be performed analogously to the
SM calculation [237], when using the corresponding Feynman rules [184, 230, 231]. A
summary of the results for all amplitudes is given in Appendix D. Taking into account
all valid values of n and m, one finds for the W-boson exchange (including the scalars

0™ in the full (RS) theory [184, 230]

A =i S (T [ Gt VS T + T et Vi v ()

v2 mp

A > (m%y[ﬁh( WY Vit Vit + I (i Vo nm3]<Q7'7>

(4.110)

where the functions I4 and I stem from the integration over Feynman parameters [246].
They are defined as

—4 4+ 3z + 2% — 6xlog(7)

Ta(z) = — 2z — 1)3 €[-2,-1/2],
8 — 38z + 3922 — 1423 + 52* — 1822 log(7)
Ig(z) = 2 1) €[5/12,2/3], (4.111)

and depend on the ratio of the squared masses of the internal fermions and bosons
W = (m¥%/m)V)? in this particular case. Note that they are bounded on the interval

€ [0,00), which is indicated by the intervals on the right-hand side. The left (right)
value represents the value for Iy p(x) for © — 0 (x — o00). The matrix element (Q7,)

represents

(Qry) = (571QryIb) = o T g io™ g €, Prouy, (4.112)

where u,;, are the Dirac spinors of the external quarks. Writing the amplitude in this
way allows for an easy matching onto the effective Lagrangian (4.106). The analogous
expression with Pr — P, holds for (Q7-).

4.3.3 Analysis of the Radiative Wilson Coefficients

The result (4.111) shows that the diagrams do not only lead to contributions to C77 ,
but also to the chirality flipped Wilson coefficient CKK. This can be traced back to

the fact that the W-boson coupling to the right- handed quarks Vnmk is non-zero in the
RS model. Furthermore, each Wilson coefficient receives contributions from two terms.
The second term contributes a factor my to the operator and is suppressed by a factor
of O(1/M2y). Tt will be referred to as the dimension-siz contribution C’%. The first
term, however, is proportional to mi, /my, i.e. the ratio of the mass of the n-th KK quark
and the b-quark mass, and thus seems to be only suppressed by a factor of O(1/Mkx).
Analogously, this dimension-five contribution is denoted by C%. NDA now tells us
that this would result in the logarithmic divergent behavior of the sum as claimed in
[216]. The observation of a possibly enhanced dimension-5 contribution in NP models
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is not new, see e.g. [247]. If they indeed occurred, the six-dimensional operators could
be neglected and we would only deal with the operators

€
Q3 = 350w " Prb and QR =

9s
1672

50,,G"t,PRb (4.113)

where the b-quark mass has been dropped. Analogous definitions hold for @?{? and @gg.
As there are no further five-dimensional operators in the theory, this would mean that
only the operators ()7, and (Jg; can mix, which in turn would result in a very easy
RG-evolution down to the scale pp. However, we will argue that there are non-trivial
cancellations among the KK modes like in the Higgs production [144, 150], so that the
contributions above are not enhanced after all and the sum is convergent. Another
surprising observation is the fact that no brane effects occur at first sight, since the
overlap integrals an;k are usual integrals of the fermion and gauge profiles. This is the
first hint that the contributions are finite as for the argumentation in [216]. However,
we will find these brane-localized terms again when investigating the dimension-5 term
more carefully. We will thus tackle the following three problems:

e Do the double sums in (4.110) converge, therefore leading to a well-defined result?

e Are there really dimension-5 contributions or is there a hidden suppression by

e Which of the various diagrams contribute most to the Wilson coefficients?

The approach is the following: In order to confirm the finiteness, we perform a numerical
calculation of the double sum (4.110) ranging from n = 1 to 34+6-5 = 33 and m = 0 to 5,
i.e. we sum up the first five KK levels.!? We then fit a function of the type f(z) = a+b/x¢.
Figure 4.6 shows the behavior of convergence of five randomly selected parameter points
for the real parts of C’%S and C;/:’S. The plots for the imaginary parts as well as for
the remaining coefficients look similar. The fact that all other points show the same
feature confirms that the assumed function f(x) has been a convenient choice.!® For
each parameter set it is found that ¢ =~ O(1). Consequentially, the sum converges to a
limit value a and we verify the convergence of all Wilson coefficients. It is an interesting
observation that the first few modes almost give the entire contribution, while the heavier
KK modes decouple quickly. Having shown the finiteness of all diagrams numerically,
we will now study the Wilson coefficients analytically with the help of the EOMs and
BCs for the fermion profiles as well as the boson propagator functions at p = 0. We will
see that expressing the infinite sums (4.110) in terms of simple quantities is a very good
approximation. After having done this, the third bullet above can be easily addressed.

We will first focus on the gluon exchange. The photon exchange is implicitly included
in this discussion, since gluons and photons have the same profiles and KK masses and
thus the two results just differ by a factor. The W- and Z-boson diagrams, which
additionally include a gauge-boson zero-mode, will be investigated afterwards. The
Higgs diagram turns out to be completely negligible and is therefore not included in this
discussion. Moreover, it will be focused on the contributions to C7, in the following. As
we will explain explicitly, almost all results for the contributions to Cg, as well as the

12The case n = 1,2,3 and m = 0 is, however, not included here. This case contributes to the Wilson
coefficient at scale my, where the top quark, the electroweak gauge bosons, and the Higgs are integrated
out.

13For the sake of clarity we refrain from showing all parameter points in Figure 4.6.
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FIGURE 4.6: The real parts of the dimension-five contributions to the Wilson co-
efficients C7g,y and C;’,‘; as a function of the number of modes for five arbitrarily
chosen parameter points. The plots for all other coefficients, the imaginary parts,
and the dimension-six contributions look similar. In each case the fit function reads
f(z) = a+b/x°, with ¢ & O(1) for each parameter set. These plots substantiate the
finiteness of all Wilson coefficients contributing to b — sv.

chirality-flipped Wilson coefficients can then be deduced easily from the contributions
to C7,. An exception is given by the three-gluon vertex, which will be investigated
further in its own subsection. It is supposed to give the main contribution to Cg, and
C’gg [245]. Then the analytical results for the various contributions to all aforementioned
Wilson coeflicients will be presented and we will discuss their orders of magnitude and
the associated importance for observables.

Contributions from Gluon Exchange

In the case of the gluon contribution 077, all possible combinations of n, m contribute
and one finds [184, 230]

1 2 2
08, =3 (2 ) (D) (vt Vo 1 () 4 VeV (45) .
’ (4.114)
where an = Y tim=ts M = ViV, @ 99 = (md/m¥)?, and the overlap integrals
Vngmk and V /.. are given in (2.123). The vev shift s, must be taken into account,
since in the matchmg procedure the Fermi constant (Gp/v/2 \[ = 1/(2v,) at tree-level)

has been extracted out, see (4.106).!* The corrections to C’77 are obtained from the

expressions given above by simply interchanging the overlap integrals Vnmk with Vnmk
Owing to the fact that the functions I4 and Ip appearing in (4.114) link the two
sums over the fermion and boson towers, the latter cannot be treated independently.
However, as already noticed in (4.111), both loop functions are bounded on the interval
€ [0,00). It seems to be appropriate to replace the z-dependent functions I4(z) and
Ip(x) by some constant, e.g. their means I4(x) — c4 = —5/4 and Ig(x) — cp = 13/24.
It will turn out that a more suitable choice is to take the values > 1 for the W and Z
boson and x ~ 1 for the gluon and the photon. The reason is that in the former case the
RS contribution is dominated by the loop with a zero-mode boson and KK fermions (and
hence x = (m#)?/ m%v 4 > 1), whereas in the latter case the dominant contribution stems
from the lowest lying KK fermions and KK bosons (and hence z = (mf/m¥,)? =~ 1).

“When working at leading in v? /M2y, we can however neglect this correction.
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Using this approximation the calculation becomes very easy. Neglecting all prefactors
. . . o G.6
we can rewrite the dimension-6 contribution C’77

G.6 (1
C?'y NZ <mg> VgnnvnmS
/
_27r/ dt/ dt’ Z Xm Xm () ZD M1 DP ()

_ L il 21 ryas 1 (4.115)
_2M12<K/edt/€ dt [Lt< t<2 lnt> t2( 5 —Int') + o~

_ 1 2 o @1 1) 15(3)

where the definitions of the overlap integrals Vng'mk have been used in the second step.
In the third step, we have inserted the result for the infinite sum over the gluon profiles
divided by the KK masses squared (2.127). Moreover, the completeness relation for the
fermion profiles (3.62) has been employed. In the last step, the 1/2L term in the square
bracket gives no contribution due to the orthonormality condition (2.73). Upon taking
into account the prefactor, the complete expression for 6’%’6 finally reads

, QdCFOZSS%u mg
95 ~ cp ( s ) 31 {L(AD)2s — 2AD)x} | (4.116)

where cg = O(1) is a constant and we have neglected terms of order O(v*/My ).t

The matrices A%) have already been encountered in tree-level AF = 1 transitions, see
e.g. [189], and are explicitly given in (2.129). With the help of these easy recasts, we find
that the completeness relation is responsible for a well-defined, finite result. Physically,
this means that the contributions coming from the Zs-even and Zs-odd fermions within
a given KK level approximately cancel each other, similar to the gluon fusion process,
as discussed in [144].

Recall that the dimension-6 contribution has been expected to be finite right from the
beginning. One may ask if one can derive an analogous formula for the more intricate
dimension-5 contribution. Its calculation requires a closer examination. Again, we
concentrate on the overlap integral and consider

/
C'g5w27r/ dt/ dt'Z"m th Zm’Dn) Dy () DY (¢)

1 1
dt | dt' |-Lt2 +¢*(L—-+Int)+t?(L—-+Int —
=i [ [ |- +< 2+n>+< o+t + g

« DPT(6) N md DYV (1) DY (1) DY (1) (4.117)
where we have used t2< = —t2> +t2 4 2. The completeness relation cannot be applied

due to the appearance of mz in the sum. Nevertheless, the last three terms in the square
bracket can be evaluated easily using the orthonormality condition (3.62). While the ¢-

15This is the reason why the vev shift has been dropped.
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and t'-independent contribution to (4.117) vanishes and the t’-dependent contribution
is suppressed by ms/my, the t-dependent correction evaluates to

! 1
! d 2 1 2t (n) (n)t (3)
zMI%KZn:m"/d” (L— 2+lnt> DT DI () [ df DRITE) DR () (4.118)

€ €

S mi [L(AD)y, — (AD),, | =

n

1
C2M2y

my,
2M2

[L (AD)23 - (AID)Q?,] :

The contribution depending on t2> is somewhat more involved. In order to get rid of the
mass ¢, we make use of the EOMs (2.84) (twice) including the BCs (2.87) and get

1 1
/ dt / at' 2 D) Y 24 DfY () DR () DR (¢)

€

1 1
xg/ dn?pg”(t)pg)(wwf”(l)Zpﬁ%)/ dt' DY) DY ()

1
= g/ a2 DT D ) + PP 1) P 1) ~0, (4.119)

where the completeness and the orthonormality relations have been used again. In the
last step, we have neglected mg/my-suppressed terms and made use of the fact that
the boundary term on the right-hand side vanishes [149]. Hence, we end up with the
following result

, QdCFOéSS?U m2
97 ~ CA< 2o M}Z{{L(AD)%— (A'D)zg}, (4.120)

up to v* /MéK and m,/my suppressed terms.'® It shall be stressed that, with the help
of the above recasts, we have shown that also C’?f is suppressed by two orders of the
KK scale and the second question at the beginning of this section is answered. Thus, we
only deal with dimension-6 contributions which will get important for the RG running
discussed in the subsequent section. Note also that at leading order in small parameters
the A’ matrices [189] can be neglected, hence 0%5 and 0%6 only differ in the constants

ca and cp. Consequently, we expect a constant ratio of 0%5 / C’%G ~ ca/cp &~ —2, which
has been verified numerically [184, 230].

Comparing the limit values with the analytic results (4.116) and (4.120) with the
above derived analytical expressions gives an idea of whether the original assumption
of replacing the functions I4 g by constants has been justified. For this, we define the
ratios
Re [CF"] , m leA

Ry = —F—+, (4.121)

Mo = T

Re[cg7]”

where C%n denotes the numerically determined limit value and C%n represents the
analytical formulas derived above. The constants are chosen to be c4 = —1 and cg =
13/24, i.e. the value of I4 p evaluated at z,,, = 1. This reflects the fact the dominant
contribution stems from the diagram with the first KK excitation of both the fermions
and the bosons. Figure 4.7 shows a stunning agreement between the analytical and
numerical approach of this problem. The plots show the distributions for Rﬁ’e‘r’ (left

1611 the following, we will refer to these corrections as “subdominant terms”.
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FIGURE 4.7: Distributions of the ratios Rgf (left) and Rgf (right) for 1000 parameter
points. The constants are chosen to be ¢4 = —1 and ¢ = 13/24. The plots for the
imaginary parts look similar. See text for details.

plot) and Rl%eﬁ (right plot) for 1000 parameter points. We see that the majority of
the numerical limit values can be well described by the analytical formulas (4.116) and
(4.120) with properly chosen constants ¢4 and cg. Consequently, we have been able to
show that the RS gluon contribution to the Wilson coefficient C'7, is suppressed by two
orders of Mgk and finite. The final results for C% and C’7A7 read

2 2
¢ . QaCrassyy miy o /
C7, =~ 2an M2, { (ca+cp) L(Ap)ys — (ca—2¢cp) (AD)y, }

T o Lv?
~———— (A 4.122
10 A 7‘[}2{}{ ( D)23 ) ( )

2

Qd SW My
Ci ~ N M2, { (ca+cp) L(Ap)ys — (ca —2¢cp) (AD)y, }

7 a Lv?
~ 200 YtMiE{K (AD)ys » (4.123)
where in the last lines subdominant terms have been neglected and we have evaluated
all constants except for |\¢| = 0.04. Observe that numerically, C’% is a factor of around
20crs /v &= 200 bigger than C’f‘, so the latter can be safely neglected due to the much
smaller gauge coupling. Furthermore, note that the corrections to C’% and C{}y are
both L-enhanced and proportional to the same flavor-breaking term (A p)e3, which also
appears in the AB = 1 Hamiltonian giving rise to b — s transitions [189]. The results
for the chirality-flipped Wilson coefficients C7 and C7 are obtained from (4.122) and
(4.123), respectively, by the interchange D « d. This implies that to leading order in
the volume L the effects are proportional to (Ag),s. Recall that the matrices Ap g4
scale with the product of two zero-mode profiles, see (2.130). Since |F'(cq,)| > |F(cqas)]
due to the large top-quark mass, the contribution to CMA is more than one order of
magnitude smaller.

Contributions from W and Z Bosons

We now turn to the analysis of the W- and Z-boson contributions which additionally
include the exchange of a gauge-boson zero mode. In the case of the W boson, the
contribution moreover includes the two diagrams (a) and (f) in Figure 4.5. Note that
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the latter fact does not affect the following considerations, since both contributions are
identical despite the functions I;, which are set to a constant in both cases. As stated
above, the numerical approach of summing up the first five modes demonstrates that
both contributions are finite and dominated by the lowest-lying KK modes. We thus
proceed analogously to the gluon case, where we will encounter subtleties which have
not appeared before.

In the following, we only focus on the interesting dimension-5 contributions to the
Wilson coefficients. The dimension-6 contributions can be derived analogously to (4.115),
where we use the solution for the propagator function (3.36). The results will be given
(4.132) and (4.134). Performing the same steps as above, we find for the dimension-5
contribution in the Z-boson case

mé
Z,5 mz ¥
077 ~ § : (mz> mn V2mnVand (4124)

~ — Z/ dt/ dt’ ( QM%K [1_t2])D(LQ)T(t) [9%7)++g§l%73_] D(Ln)(t)

x 22 DU () [gi Py + ghP_ DD ()

o L Nz a4 4 o aye Lm
~ 24 <9L gR) £y -9 <9L 9R> (6p)23 — (91.) 72MIQ(K (AD)3,
where we have defined
++_Z/ at Py P, D (1) DI (1) P D (1), (4.125)

and neglected subleading terms.!” Note that we cannot apply the completeness relation
n (4.125), due to the appearance of the projection operators. For the general case of
three generations, it is not possible to obtain a closed, analytic expression. Therefore, we
calculate it for the special case of one generation, whose bulk mass parameters vanish,
ie. cg = ¢, = cg = 0, and then conjecture that this result can be generalized to the
more general case of three dimensions and non-vanishing bulk mass parameters.'® For
this special case, the EOMs for the profile functions become very easy and are solved
in terms of simple trigonometrical functions, which can be evaluated in the limit e — 0.
The KK masses x,, = mg, /Mxxk are the solutions to the eigenvalue equation [144]

(%

7}/,
V2Myxk

where without loss of generality it is assumed that Y} is real and positive. This equation
can be solved to give

tan’z, = tanh?X,, Xy = (4.126)

-1
r T+, n=13,5,...,
Tn =9 (4.127)
571’—.%1, n=246,...,

1"Besides omitting terms suppressed by v4/Mf§K and ms/mp, we have also neglected terms propor-
tional to (€p,q4)2s. The matrices ep,q are given by the left integral in (2.129), where the projection
operators P+ are inserted between the fermion profiles. In other words, they are defined as the matrices
Ap 4, where the C-profiles are omitted [145].

'8 This idea was used in [144] to conjecture formula (4.25) for the KK contribution to the gluon-fusion
amplitude.
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where 21 = arctan(tanh X,) denotes the mass of the SM quark in units of the KK scale.
The corresponding even and odd profile functions are

2m 2T
22 0@ (@) — (D () 0D =
. Cyo(t) ay, cos(znt) , c — C Y (t) apy + cos(znt) ,

Q) = gin(z,t), 2 S@ () alD = Fsin(z,t),

n

(4.128)

where the upper (lower) signs hold for odd (even) values of n. It is now an easy exercise
to evaluate (4.125) for this special case,

1
2l = > / dt cos(z¢t) cos(zd t) cos(z) sin(z%)
0

1
= cos(x{) sin(x{) {/0 dt cos? )+ 2 Z / dt cos? (24 t) cos(mﬂf)}

= cos(z%) cos?(z?) sin(z?)
1
d

= COS(.’El) H_TM Sln($(1i) y (4129)

where relation (4.126) has been used in the last step. It is reasonable to conjecture
that I f 4 in the more general case of three dimensions and non-vanishing bulk mass
parameters reads

V21 v (D) (@) 1 o () (d)
12, = ¥ 1~
T T M 2 G )1+tanh2Xd Gy (17) ay
V21 v (D) (@) v? t = () (@
= 17) (1- Y)Y +...]Y 1- 4.130
3
= —xg (5D) 23 — 57,7\[ (Agh)23 +.

up to terms suppressed by ms/m;. In the last step, we have employed the ZMA approx-
imation and defined [149]

V202

A~d
I oMy

Ul Fleq) Yo Y YaF(ca) W, (4.131)
with the zero-mode profiles and the diagonalization matrices defined in (2.93) and
(2.106), respectively. This chirally unsuppressed contribution, which arises from the
Z3-0odd Yukawa couplings,'® is the dominant source of flavor violation in the Higgs sec-
tor [149]. It can be assigned to the diagram with KK fermions and the longitudinal
degrees of freedom, i.e. the Goldstone bosons of the Higgs doublet (2.9), running in the
loop, see Figure 1(a) in [245]. Consequentially, this term is missing in the gluon and
photon case (note that the corresponding prefactor in (4.124) vanishes for g¢ = g% =1).

Although this procedure turned out to be successful in the case of the Higgs produc-
tion process via gluon fusion [144], it is not obvious why the quantity (4.125) is supposed
to be independent of the bulk mass parameters. In fact, the 5D fermion propagator has
a complicated structure which depends non-trivially on the bulk masses. One can show
numerically that (4.130) still holds in the case of one generation and cg = ¢4 # 0. In

9Note that for le = Yg’T — 0 this term vanishes.
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the case of cg # ¢4, the conjecture (4.130) is not correct any more. However, we will
see that (4.130) is still a very good approximation for (4.125). A derivation of a formula
including the dependence of cg, 4, is left for future work.

We are now all set to write down the final, approximate results for the Wilson coef-
ficients

75 _ —caQd d\2 LWQZ d d d d\2 SV

Cm AW {(QL) 2M12(K (Ap)a2s +gr(9r — 98)(0p)2s — (97, — QR) me(AQh)%
76 _ —cBQa [, 4.0 LM% d\2 [ dN2

cft =2 (g S Aol + (10 = ) (B0} (4.132)

The results for the W-boson contribution can be directly read off from (4.132), keeping
in mind that in this case g;, = 1, gr = 0. Defining

2
Agud fv

wl = Y2 UL F(eq) Y Y] YaF(cd) Wy, (4.133)
6M2Z,

which accounts for the fact that the term 1/(1 4 tanh? X,) replaces the corresponding
term in (4.130), we find

w5 1 Qu Lm 3v
C7’Y N—T)\t <CA2+CC> { (AD) 3—%(A ) },

2M?2
. o . KK (4.134)
W.,6 u m
8 (cpe A 5 .
Cr, N <CB 5 +CD> {QMI%K( D)23 + ( D)23}

Both contributions from the W-boson exchange diagram (ca, c¢g) and the three-boson
vertex diagram (cc, cp) have been taken into account. Neglecting the chirally-suppressed
terms (Ap)a2s and (dp)23 we arrive at

3Qd dv2 U ~d 1 v ~d
CZ m~ cp22(TH?—(A ~ —(A 4.135
Ty R A 2)\t( 5) mb( 9h)23 65 my (AGh)2s ( )
3 Qu ud 5 ud
o ~ ~u AGih)os ~ — AGH): 4.136
™~ I - (ca +CC) ( )23 6N, mb( h )23, ( )
where we have assumed ¢4 = —1/2 and ¢c = —1/4, i.e. the functions evaluated for values

for Mz > m?,v . The (approximate) results for the chirally-flipped Wilson coefficients
C~’727 and C’% are given by the above results with Agff — (Agfﬁ)T and AgY — (Aguid)f.
The results (4.122), (4.123), (4.135), and (4.136) are the main results of this section.
They provide approximate expressions for the infinite double sum in terms of simple
quantities. Except for Ag}fd all of them have already been encountered in tree-level
FCNCs. In order to validate the above results, we compare these analytical expressions
with the numerical limit values. Figure 4.8 shows a pretty good agreement, so it is
justified to use the results in question for the following analyses. The enhancement in
(4.134) and (4.132) by a factor of v/m; compared to the corrections due to KK gluon
and photon exchange will render the WW-boson contribution the most important one.?’

29The Z-boson contribution is suppressed by the small factor (g% - g}é)Q =1/4.
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FIGURE 4.8: Distribution of the ratios Rg/f’ and RFZ{f, which are defined according to
(4.121) with ¢4 = —0.5. The plots for the imaginary part as well as for the dimension-
six contributions look similar.

Contribution from the Three-Gluon Vertex

So far, we have only investigated contributions to the Wilson coefficients C7, and its
chirality-flipped counterpart and stated that the ones for (g, and C’gg can be simply
obtained by exchanging the prefactors. However, the three-boson vertex differs in both
cases. While it is the emission of the photon by the W boson in the former case (diagram
(f) in Figure 4.5), it is the three-gluon vertex (see Figure D.6 in the appendix) in the
latter. Let us check if the three-boson vertex indeed gives the main contribution to Cy,
and Cg,, as claimed in [245].

The result for the three gluon contribution differs from the one stemming from the
gluon exchange just by the functions I;. While I4 (Ip) are strictly positive (negative),
the situation changes in the present case. The functions Ig and Ir range from

1492 — 1322 4 323 + 8z log()

IE(x) - 2(_1 —|—33)3 € [_1/273/2]7
z — 9922 x® — 1324 — 62 (— x) log(z
Io(a) = 400 =99 +6812(_1lix)4 Go(=6-+50)108(r) 155 1)y
(4.137)

Due to the fact that the sign changes for a certain mass ratio, it is not as nicely motivated
as in the previous cases to replace the functions by a constant. However, doing the same
analysis, we find that the constants can be chosen cg = 5/6 and cp = —5/8. Again,
these values agree with the function values at 1, representing the main contribution
originating from both fermion and boson KK modes (29, ~ 1). Being able to replace
the function by a constant means, on the other hand, that the two contributions from
the gluon exchange and the three-gluon vertex are comparably big. However, the gluon
contribution to both Cg, and C’gg is still negligible compared to the one stemming from
the W-boson exchange, which we will see in the following subsection. This observation

stands in contradiction with the findings of [245].
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Final Results and Relative Magnitudes of the Diagrams

It is now possible to write down the final results for the Wilson coefficients at leading
order in small parameters. They read

1 5 w 1 v s Lv?
KK gud g &
O~ 1 [ 16 m (A9 + 15 - (Agh)2s + 57 3 ( D>zs] :
| - , LKIS (4.138)
~KK v ~udt v ~dft TOg v
~—|-———(A ——(A A
Cry A\t [ 16 mb( Gzt 16 mb( 9 )2+ 10 Mgy ( d)zg] 7
and
113 v 3 w wog Lv?
KK ~ud 2 v ~d il
CKK ~ v [16 o (AgiTas + 15 - (Agh)es + 4777172 (AD)zs] :
KK (4.139)

~ 113 v ~ud 3 v -d mas Lv?
CKK n~ — | = —(Ag™T = (Aglt — (A
8g W [16mb( gy o3t mb( gy ' )23+ 11 MIQ(K( oz »

where the W-boson (Z-boson, gluon) contributions are given by the first (second, third)
terms. These relations also hold for the b — d transition, provided that the indices are
adjusted properly (2 — 1).

Addressing the question about the relative magnitudes of the various contributions
is now any easy task. For this, we evaluate the three contributions in the final results
(4.138) and (4.139) numerically. It turns out that the relative magnitudes are generically

Ciy : C# - Cf ~ 1:0(107") : 0(107?),
Cip 2 C# - CY ~ 1:0(107") : 0(107%), 110
Coy : C4 + C§ ~ 1:001) : 01072,
C’gg : C’gzg : C'Sgg ~ 1:001) : 0(1073).

We see that in all cases the W-boson diagrams give the largest contributions. In the
case of U7, and C~'77, they dominate over the Z-boson contributions due to the larger
prefactor and due to the fact that (AQZdT)Qg turns out to a factor of approximately twice
as large as (AQZT)gg. The gluon contribution only has a minor effect, since (Ap 4),, are
chirally suppressed which cannot be compensated by the enhancement from the larger
gauge coupling. The significance of the Z-boson contribution increases in the case of
Cygy and C’gg, since in that case the three-(WW-)boson vertex diagram is not contributing.
The three-gluon vertex diagram rather increases the gluon contribution by a factor of
roughly 5. Although the W-boson contribution is decreased and the gluon contribution
increased, we see that the latter is still subdominant, which is due to the smallness of
(AD,d)23'

To conclude, we have succeeded in answering all questions at the beginning of this
subsection. For the further analysis, we will use the results (4.138) and (4.139). Before
we can turn to the phenomenological implications in Section 5, we will first discuss the
RG evolution of the Wilson coeflicients.
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FIGURE 4.9: The diagram on the left (in the middle) shows how current-current op-
erators (the dipole operator Ogg) can contribute to O7,, whereas the diagram on the
right shows how 07, mixes into itself.

4.3.4 Renormalization Group Evolution and Final Results

Equipped with final expressions for the Wilson coeflicients at Mgy, we will now inves-
tigate the QCD effects for which the operator mixing of all contributing dimension-6
operators, in particular the four-fermion operators that can be contribute through the
diagram shown on the left-hand side in Figure 4.9, have to be considered. What con-
cerns the neutral current-current operators, this has been done in [247]. Upon taking into
account also the charged current-current operators, the complete effective Lagrangian
reads

Lo=-2SC1 S YA N Y o

\/§ u=u,c,t i=1,2 1=3,..,6,7v,8¢g

+>3 3 S oL, A) + QL A)

1=1,2 A=L,R | q=u,c,t,d,s,b

Jr{C%é,Q%Q,L(—)R}], (4.141)

where all Wilson coefficients are evaluated at Mkyk. The charged current-current opera-
tors QEU) are defined as in the SM, where the corresponding operators with right-left or
left-right chirality do not mix into the other operators and thus do not have to be taken
into account here. The definitions of all neutral current-current operators can be found
in [247] and we have adopted the nomenclature of this reference. One finds that their
effect is negligible in the RS model, so it is not necessary to show them explicitly.

We will now go through the basic steps of how to find the phenomenologically rele-
vant Wilson coefficients at the meson scale up. In order to derive the evolution matrix
U(uy, Mxxk), one has to determine the ADM 4 of the operator basis which has been
already done in [247]. Using these anomalous dimensions, the evolution matrices of the
form U (1, p2) can be derived via the relation

5(0)

Up, ) = V [jﬁm 7L (4.142)

D

with By = (33 — 2f)/3, where f denotes the number of flavors integrated out. The
matrix V. diagonalizes ﬁ/(o)T, while '7(0) represents the vector containing the eigenvalues
of 40T We integrate out the top quark at u; = 172.6 GeV separately, so that the
evolution matrix U (uw, Mkxk) splits into two parts:

U(pw, Mxk) = UY= (1) U= (g, M) - (4.143)
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Mgk | 1 TeV | 2TeV | 5TeV | 10 TeV
ar 0.505 | 0.480 | 0.450 0.430
as 0.120 | 0.123 | 0.126 0.128
bs 0.550 | 0.526 | 0.497 0.478

TABLE 4.2: The coefficients for the Wilson coefficients (4.149) and (4.150) depending
on different KK scales.

Note that not only Sy, but also the ADM depends on f. Arrived at uypy, we add the
zero-mode contributions Ci(o) () stemming from the diagrams with zero-mode of the

fermions and the massive gauge bosons, which can be split into of two parts:
CO(pw) = CM(puw) + O (). (4.144)

The vector C = {C;}, comprises all Wilson coefficients of (4.141). The coefficients
C’Z-R S(O)(uw) include the contributions from the Z-boson zero mode as well as the RS
corrections due the non-unitarity of the CKM matrix and the differences in the masses
ﬁz%v and mlz/v While the SM value is added at the end of the calculation, i.e. at the

scale uyp, we have to let the additional RS contributions
C®S(uw) = U (uw, Mk ) CR¥ (M) + CRSO () (4.145)

run down to the hadron scale p;, via the matrix U(up, gy ). This matrix is obtained in
same way as U(uw, pt). We finally obtain the formula for the RS contributions at p:

C® () = U (pp, ) CF5 ()

. B (4.146)
= U (1, Micxc) C*5 (Micic) + U () €O ()
After adding the SM contribution the final Wilson coefficients read
C™ () = C™(1p) + C™5 (1) , (4.147)
where COM) (1) includes the NNLO SM results for C7y and Cgy [248-250]
C () = —0.353 C8" () = —0.150 . (4.148)
The RS contributions at LO are given by
C%S(Mb) = a7C%S(MKK) + CLSC%S<MKK)
+0.630 O () +0.100 Cgoo @ () — 0.196 > O3 (), (4.149)
CRS (1) = bs CRS (M) + 0.067 Coe (uw) — 0.000 S C5* (). (4.150)

Depending on the KK scale Mgk we get different values for the coefficients a; and b;
shown in Table 4.2, where we have chosen p, = 2.5GeV and p; = 172.6 GeV. These
formulas also hold for 6’%5 as QCD is blind to the fermion chirality.?! We see that,
just as in the SM, the Wilson coefficients of the dipole operators are suppressed by QCD

21 The corresponding SM values for C7,, and Cs, are set to zero due to the already mentioned m. /my-
suppression.
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FIGURE 4.10: Distribution of the absolutes values of the RS contributions to the Wilson
coefficients C7., (upper left), Cr., (upper right), Cg, (lower left), and Cg, (lower right),
evaluated at the scale p, = 2.5 GeV. Note the different scaling of the diagrams on the
left and right-hand side.

effects. Furthermore, contributions can arise from the charged current-current operators

(u,c) N 2rav?

Gy (pw) = 2, (4.151)
which originate from the universal corrections to the W-boson profile and are roughly
in the same order of magnitude as the radiative Wilson coefficients. However, they are
multiplied by —0.196, so they do not give significant effects.

The equations (4.149) and (4.150) together with (4.138) and (4.139) provide the
final results for the RS contributions to the Wilson coefficients C'7., 6'777 Cgg, and C’gg,
including the effects of the RG evolution down to the hadron scale p,. The general
pattern of these corrections is illustrated in Figure 4.10, which shows a distribution of
their absolute values for 5000 parameter points. Comparing the corrections to C7, and
C’?w shown in the first row, we observe that the chirality-flipped operator receives about
one order of magnitude larger contributions. This can be understood by having a closer
look at the dominating quantities (4.131) and (4.133), respectively. Recall that C7,
(C7,) depends on F(cy,) (F(cp,)), where ¢, = cgq and ¢y, = cqy- Consequentially, the
dominance of C7, can be traced back to the fact that |F(cy, )| > |F(cpy)|, which is due
to the large mass difference between the top and bottom quark. The same effect can
be observed in the second row, where the corrections to Cg, and égg are depicted. The
fact that the corrections are of the same order of magnitude stands in contraction to
the findings of [245] claiming that the corrections to Cg, and Cs, are about one order
of magnitude larger due to the three-gluon vertex diagram. Nevertheless, the effects are
still significant, especially for the chirality-flipped Wilson coefficients. Since the phases
are not fixed, there can be large imaginary parts leading to CP-violating effects. The
resulting phenomenological consequences will be examined in the subsequent chapter.






Chapter 5

Phenomenological Implications

A clear indication for models with warped extra dimensions would be the direct detection
of KK modes. Unfortunately, none of these predicted particles have been observed yet,
and the electroweak precision measurements indicate that their masses could be too
large for direct detection at the LHC, as discussed in Sections 2.2.4 and 2.3.3. Indeed,
the current limit on the mass of the lightest KK gluon g(!) via searches for resonances in
the invariant mass spectrum of ¢ production by the ATLAS Collaboration is reported
to be (see Figure 5.1) [251]

Ma) > 2.0TeV  at 95% confidence level (CL). (5.1)

Thus, indirect searches for warped extra dimensions become a more and more attrac-
tive alternative. One possibility is given by precision measurements of the Higgs-boson
couplings to SM particles, which are accessible via studies of both the Higgs produc-
tion cross section and its decay rates. Another viable framework to look for deviations
from the SM predictions is given by the investigation of flavor processes which are loop-
suppressed in the SM and hence allow for NP to be reflected in significant effects. In this
chapter, we will make use of the findings of Chapter 4 and examine their phenomeno-
logical implications on both Higgs and flavor processes. While Section 5.1 is based on
our publications [150, 151, 252], Section 5.2 includes unpublished work.

5.1 Higgs Physics in Warped Extra Dimensions

In this section, we study the phenomenological implication of the findings of Section 4.1
and 4.2. In the context of Higgs physics, new-physics deviations from the SM can be
searched for by the signal rates

(O’ . BR)(pp —h = X)NP o U(pp — h)Np F(h — X)NP F?LM

R = :
YT (@ BR)(pp— h— X)su  o(pp — h)sm D(h — X)su TNP

(5.2)

for the production of the Higgs boson in pp collisions and its subsequent inclusive
decay into an arbitrary final state X. This section includes a detailed discussion of
the signal rates Rx for the Higgs production and the most relevant decays into X =
bb, 77—, WW*, ZZ*, and v at the LHC in different incarnations of the RS model.
From (5.2) we can read off that new physics can show up in three different ways. Firstly,

167
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FIGURE 5.1: Exclusion plot for the mass of the first KK gluon obtained from an analysis
of the invariant mass spectrum of ¢t production by the ATLAS Collaboration [251].

it can lead to deviations in the Higgs production cross section o(pp — h), which can
be decomposed into the Higgs production via gluon fusion, vector-boson fusion, Higgs-
strahlung, and the Higgs production associated with an emission of a tf pair, where
relative contributions read (for m;, = 125 GeV) [253]

o(pp = h) = 0.8720445, + 0.0700y v, + 0.0330w 4, + 0.0200 2, + 0.005047, - (5.3)

Secondly, we can investigate the new-physics contributions to the Higgs decay rates
I'(h — X), and, thirdly, to the total Higgs width I';. Via the latter quantity the
rates are sensitive to non-standard or invisible Higgs decays. The following analysis
will take into account all three possibilities. While the gluon-fusion process has already
been discussed in Section 4.1, we will analyze the effects of the exchange of virtual
KK resonances in the Higgs-strahlung and vector boson-fusion production processes.
Moreover, we will take a closer look at the Higgs decays into pairs of W and Z bosons,
including their subsequent decays into leptons. This allows for a thorough discussion of
the implications of the latest LHC results on the RS parameter space.

In the context of various RS models, the couplings of all tree- and loop-induced
Higgs couplings to fermions and gauge bosons, as well as the Higgs self-couplings will be
summarized and discussed. It has been reported in [254] that the LHC at /s = 14 TeV
and with an integrated luminosity of 300fb~! has the potential to probe deviations of
Higgs couplings to fermions in the range of ~ 30% and to gauge bosons in the range
of ~ 16%, both at 95% confidence level (CL), in a model-independent way. At future
lepton colliders like the International Linear Collider (ILC) [255-258] the sensitivity to
deviations can be improved by almost one order of magnitude (assuming /s = 1 TeV and
an integrated luminosity of 1000 fb~!). In order to explore to which extent it is possible
to obtain evidence for models with warped extra dimensions by indirect measurements, it
will be illustrated which regions of parameter space could be probed at these facilities.
This analysis will be performed for both the minimal and the custodial RS model,
taking into account the distinction between the brane-localized and the narrow bulk-
Higgs scenario. Although the findings of the Sections 3.1.2 and 4.2.2 could be used to
extent parts of the following analysis to the more general case of a bulk Higgs sector,
this is beyond the scope of this thesis and is part of future work [259].
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(a) h = WW*, ZZ* decays (b) Higgs-strahlung (¢) Vector-boson fusion

FIGURE 5.2: 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.

This section is structured as follows: In Section 5.1.1 we will calculate the cross
sections for the Higgs production processes via Higgs-strahlung and vector-boson fusion
as well as the decay rates for the Higgs decay into pairs of electroweak gauge bosons.
Section 5.1.2 will then summarize the main Higgs couplings to fermions and gauge bosons
in the RS model, including the loop-induced couplings to two gluons and photons. All
expressions will be exact at first order in the expansion in v? /MI%K A numerical study
of these couplings will be performed in Section 5.1.3, where a discussion of the CP-
odd couplings and of the anti-correlation between the hgg and h~vyvy couplings will be
included as well. It will moreover be commented on the possibility to detect deviations
from the SM values of the Higgs couplings at the LHC operating at /s = 14 TeV and
with an integrated luminosity of 300fb~!, and an ILC operating at /s = 1 TeV with an
integrated luminosity of 1000 fb~!. In Section 5.1.4 the RS predictions for pp — h — bb,
Trr—, WW*, ZZ*, vy will then be compared with the current data from the LHC,
which can be used to deduce bounds on the relevant parameters of the RS models. An
overview of the bounds coming from all five decay channels will be given at the end of
this section.

5.1.1 Higgs Production and Decay via W, Z Bosons

We begin with the detailed discussion of the structure of new physics effects in the
couplings of the Higgs boson to pair of 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 5.2. All these three 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 AV'V couplings. It will be shown
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 5.1.4. To good approximation, however, we
will find that the main effects can be accounted for by a multiplicative rescaling of the
SM decay rates and production cross sections.
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Higgs Decay into Vector Bosons

We will now study the decay of the Higgs boson to a pair of electroweak gauge bosons,
taking h — WW™* as a concrete example. Since mp < 2myy, this decay is only allowed if
at least one of the W bosons is produced off-shell. We thus need to consider the process
h— W W™ s W~ f; fj’-, where the off-shell boson decays into a pair of light fermions
fi and fj/ with generation indices 4, j. In the SM, the corresponding differential decay
rate is given by [260]

dT’ 1 DW= fif)) m2 A2 (m2,mZ,8) [, 5 512 2 2\, 2
ds — 16m2m; my v2 (m2, — 5)2 [(mh miy)” + 2s(5miy —my) + 57|,
(5.4)
where s is the invariant mass squared of the fermion pair, and \(z,y,2) = (v —y — 2)%? —
4yz. The result has been expressed in terms of the on-shell decay rate for the process

Wt — fz _J/'a
2
LW = f,f)) = Nlmw I \9i5.01° (5.5)
247
where g denotes the SU(2), gauge coupling, the color factor ch = 1 for leptons and 3
for quarks, and g;; 1, = 6;;/ V2 for leptons and Vz?KM /v/2 for quarks. Performing the

remaining integration over s in the interval 0 < s < (mj, —my)? and neglecting fermion-
mass effects, one obtains

N
I'(h— W W™ = W~ fif}) my, TV 1) g(m%) :

2

(5.6)
my,

~ 32102 T™mw
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 3r—1
g(x) = ( — ) arccos <2x32> —3z(1—6x+42) Inz—(1—2)(2—132+4722) .
' (5.7)

The off-shell decay considered here arises if > 1/4. It is common practice to define
the off-shell A - WW* decay rate as

T(h—WW*) =2) T(h—W*fif)), (5.8)
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
I'(h — WW*) has the same form as in (5.6), but with the partial decay rate T(W* —
fi fj’ ) 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

A 9 2 2
D(Z = 1) = Nimz 335 (950 +9m) (5.9)
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for the partial decay rates of the Z boson in the SM, where g; 5 = T3f — 52 Qy and
gr.r = —s2, Qy are the left-handed and right-handed couplings of the various fermion
species, and s,, = sinf,, and ¢,, = cosf,, are the sine and cosine of the weak mixing
angle, see below. In this case the total off-shell decay rate is defined as

T(h—ZZ*)=> T(h— Zff), (5.10)
f

where the sum includes all fermions lighter than myz/2. It follows from this definition
that for the golden channel

T(h— ZZ* = Y147 = T(h — Z2%) [Br(Z — 1117)]%. (5.11)

After the description of the Higgs decay into two gauge bosons in the SM, we now
discuss in detail how the above results must be modified in the context of the minimal
RS model. For the purposes of this discussion it is convenient to define the weak mixing
angle s2 via the structure of the neutral current, which can be studied experimentally
via the Z-pole polarization asymmetries observed at LEP. Alternative definitions are
related to this one through the electroweak precision variables S, T and U; see e.g.
[161] for a detailed discussion. In the context of RS models one has s2 = g&2/(g? + g&)
in terms of the 5D gauge couplings, see also (2.12). 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 (5.5) and (5.9), and due
to the contributions of heavy KK resonances, which change the momentum-dependent
gauge boson propagator. For concreteness the decay h — W~ W™** will be considered
to study the impact of these corrections in the context of the minimal RS model. In the
Feynman diagram in Figure 5.2(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
WHOW - vertex is (with n = 0 for the zero mode and n > 0 for the KK excitations,
see (C.1), diagram b))

. 2imgy, w w
minimal RS: . N 27 Xo (1) xp, (1),
i (5.12)
custodial RS: TQW N 27 X0 ()T Dy WV (1),
k!

where the leading order W-boson masses 1%, and profiles x{ (), X3V (t) are given in
(2.30), (2.169) and (2.31), (2.170). The matrix Dy with the angle 9 defined in (2.146)
can be found in (2.165). As mentioned several times, the vev v in the RS model differs
from the Higgs vev wgy. It is determined by 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 modes of the W boson on the rate for muon decay.! Employing the results
for the 5D boson propagator functions at vanishing momenta, given in (3.36) and (3.40),

Tf one uses instead the shift on the value of the W-boson mass, one finds some additional contributions
not enhanced by a factor of L, which are numerically insignificant [145].
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one obtains

Gr _ in L 05 pe e L :
V2 2U§M 8 2mr oW (©60) 207 |1 T 2M§<K i

cust 1 gLES uUv 1 1 LmW
et o251 ) B 0) () =cg |14+ 4.
3 2m (U O)Bw(660) (0) 207 | ez, T

(5.13)

where the first (second) line holds for the minimal (custodial) RS model. Here and in
the following, the ellipsis stands for terms of order v* /MféK We can combine the above
results via

v Lm¥,

= — t+ ..., 5.14
VSM 4C%M12(K ( )

where 0%9 = 1 in the minimal RS model, while it can take non-trivial values and may
therefore be enhanced in the RS model with custodial symmetry. In particular, the
correction is twice as large if the Ppr symmetry is at work.

Combining the Feynman rule (5.12) with the vev shift, one finds correction factors
for the Higgs coupling to two W-boson zero modes of

2
USM mW W miy 3L 1
CW‘mm v ™ Xo ( )xo (1) 2M12{K < 5 +72L +...,
2
_ Usm mW m 1
Wt = = 2 21 X' ()" Dy %" (1) =1 - QMVI%K <3L—1+2L> +.

(5.15)

These correction factors are just cyy = Ky /Ky, where ky and the vev shift x, are given
in (4.91) and (5.14) respectively. Notice that in the custodial model the dominant term
in the round bracket on the right-hand side involves a factor of 2.

The Feynman rule for the W,j (”)a(j)d%) vertex, where A = L, R is a chirality label
and i, j labels the flavors of the SM quarks, has already been needed in the previous
chapter, when we discussed the b — sv transition. While the corresponding Feynman
rule in the minimal model is given in (C.2), it reads in the custodial model

gLf)m VIR (2 25290) 20 DY) P, (5.16)

with the chirality projector Pg 1 = %(1 + 75) and the matrices

100 00 0
000 100

Q=100 0f, QW=_00 0 (5.17)
00 1 00 0
000 010

Note that for the W boson the leading contribution to the CKM matrix is given by the
(11)-component of ©;. Corrections coming from the non-universality of the KK gauge
bosons as well as from the admixture of the U’ and D’ are chirally suppressed and can
be neglected for the components that couple light fermions [149]. This feature extends
to the case of the KK excitations of the W boson. Effectively this means that only the
universal contribution of the W profiles, which are given by )ZZV(E), need to be kept. It
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turns out that it is an excellent approximation for the light SM quarks to use

Ve x,) (e) Vi§*M A+ P
\fm ’ (5.18)

: g5 1 CKM
custodial RS: — vV2r (1 0 Vij k Py .
V2 V2rr ( ) ( ) Y
Corrections to this result, including the couplings to right-handed fermions, are strongly
chirality suppressed. Note, in particular, that for the zero mode one encounters correc-
tion factors

minimal RS:

1/2

_ for 1/2
CFW‘min NG 79 ™ Xo ( ) =Cry o

1/2 _ 9Ls /o . _1/2
CFW‘Cust = /27_‘_7,9 2m (1 O) X0 ( ) CFW7
relative to the SM, which will affect all decay amplitudes of the W boson into light
fermions. We see that this correction factor is the same for both the minimal and the
custodial RS model and reads

(5.19)

2
1
Y2_q o Two Lo, (5.20)

It follows that, relative to the SM, we must make the following replacements in the
SM decay amplitude for h — WTW~=* — Wtu,d;:

1 min USM my%v Vo (1 95 5 Bio(1. e
7 — 2 ™ X0 ( )\/7 a0 W( ,6,—3),
m2, — s v mW 2mrg (5.21)
cust USM mW T 9L5 UV . <1>
s Vo 2n By, (1,6, —s ,
v m%,vc19 T Xo ( ) V27rg ( ) 0

with the 5D gauge- boson propagators By (t,t'; —p?) and BiyY (t,t'; —p?). Using the
expansions for p? < m#, (3.31) and (3.40), we can now rewrite the right-hand side of
(5.21) in the form

1 /2 1 1 1
—_— — — 1——=4... . 5.22
m¥, — s T W m¥, — s AMZy < Lt >] (5:22)
1/2

This result has an intuitive form. The factor Cry rescales the W-boson decay ampli-
tudes of the SM in a uniform way, the factor ¢y rescales the Higgs-boson coupling to a
WHW ™ pair, and the last term in brackets is the contribution of heavy KK resonances.
Substituting (5.22) into (5.4) and performing the integration over s, we obtain the final
result

3 'sM 2 2 1 2
T(h— WW*) = b Tw_W_ 2 [g<mv;/> e <1>h<mv2v>+}
16mvgy, m™mw mj, 2 My L mj,
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where the new function is given by

203/2

h(z) = —(1 — 4z + 122?) 4z — 1 arccos <3x—1> 5.2

1 1
=51 =6z + 362%) Inz + g (1= 2)(11 =6l + 3822).

The analysis of new physics effects on the h — ZZ* decay rate proceeds analogously.
Instead of ¢y in (5.15) one then finds the correction factors

~ 9 9 9
Usm My 7z z my 1 Lmy,
L= ———52 1 1 =1- L—-14+—)—
Cz‘mln v m2Z ﬂ—XO( )XO( ) 2MIQ<K < + 2L> 1 I%K + ;
~2 2
USM M -7 (1\T 7 m 1
02|t = = mQZVZI% 2 X4 ()T Dy, X5 (1) =1 - 2MVI;(/K <3L +1- 2L> +...  (5.25)

for the hZZ coupling. The fact that the L-enhanced terms in the effective couplings
cw in (5.15) and ¢z in (5.25) in the minimal model 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
(ew — cz) is related to the T' parameter, which receives dangerously large corrections
in the minimal RS model as we have seen in Section 2.2.4. Recall that taming these
effects has been the main motivation for the construction of RS models with a custodial
symmetry in the bulk as discussed in Section 2.3. The custodial protection ensures that
the leading, L-enhanced term is the same for both hWW and hZZ couplings [149], see
(5.15) and (5.25), whereas the subleading terms are different.
Moreover, the Zf f couplings entering (5.9) get replaced by

g i g5
o 9rAs3) == V27 x5 () gralsi),
w

V27T ¢y
cust gL =7 2
- —— V27 (1 O € so.
Tl (1 0) X (e) g,alsy)

Here, we have used the Feynman rule for the couplings of the Z boson and its KK
excitations to quarks, the Z,Sn) ’S)qg) vertex (with A = L, R), shown in (C.2) for the
minimal model, while in the custodial model it reads

(5.26)

y 1
bt 9Ls 1) 925 A\ oZ i p A
V2V 27rrey Je dt V/2m Qi () (QZ 97,5 Z’) Xn (E) V" QY (t) Pa . (5.27)

The couplings are given by

) 2 4 2

97 cos® B, tan* q 3 2 03 tan®0y,

Z2Z — =T — , p =T — Y4 5.28
g% tan?¥ —tan?6,,’ @z =10 =@ @z B tan29 (5.28)

where TE?R denotes the eigenvalue under the third generator of SU(2)r r, Y9 is the
hyper- and @), the electromagnetic charge of the quark. Analogously to the W-boson
vertex we only need to keep the universal contributions so that (5.26) is justified. If the
weak mixing angle now is defined via the structure of the couplings gy, A(s2), then the
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only difference with regard to the SM is a factor

1/2 Von _1/2
‘ry, ‘min = /277”09 T Xo \€ ( ) =Cr, >
1/2 _ 9L5 \ﬁ ~7 1/2 (5.29)
‘cust / 71'7“9 2 (1 0) XO( ) = CFZ )
with ) )
1/2 1/2 m 1
e _cF/W{HLWZW(l—L)JF...]. (5.30)
KK

Thus, also the correction factor for the Z f f coupling remains unchanged in the custodial
RS model.

It then follows that we must make the replacements (5.21), where now W — Z.
The propagator functions By(t,t'; —p?) and B[ZJV (t,t'; —p?) can be easily obtained from
(3.31) and (3.40), making the replacements W — Z and ¥ — ¥z as well as ¢1(¢,t') —
cZ(t,t) = 2mx&(t)xE ('), where xZ(t) denotes the zero mode profile of the Z boson
(2.31). Hence, the final result for the decay width I'(h — ZZ) is given by (5.23) with
W — Z and multiplied with a factor 1/2.

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 5.2(b). 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 the invariant mass squared of the hV pair in the
final state is denoted by s, one immediately obtains from (5.22) (for V =W, 2)

do(pp — hV) m%/ 1 do(pp — hV)sm
—_— = 1 1—— .. . 5.31
5 mervel |17 M2, L))" ds (5:31)

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) ~ ¢t o(pp — hV)sum - (5.32)

This approximation has been frequently used in the literature. In RS models it is
accurate up to small corrections not enhanced by L

Higgs Production in Vector-Boson Fusion

We finally consider the vector-boson fusion process shown in Figure 5.2(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
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effects one must replace

1
(mv pi) (m )

~92 2
min USM mV g5 2 2 2
— 2m)° By (e,1; —p7) By (1, ¢; —
v < Tm"g) ( ) By ( p1) By ( P3)

2
cust USM 103y JL,5 2 uv 2 uv 2 1>
— 2m) (1 0) By " (e,1; —p7) Dy, By (1,¢; —

v m%/g% < /727”9) (2m) ( ) v ( p1) 9y Dy ( P3) (0

2 2 2

_ ry Cv [ 2my, — p1 — D3 ( 1) ]

- 1 1— =) +... (5.33)
(m%/ - p%) (m%/ — p%) 4M12<K L

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,
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 = hq@') = ¢, o(pp — hqd)su (5.34)

which is an approximation often adopted in the literature.

5.1.2 Higgs Couplings in RS Models

In this section, we summarize the RS contributions to the various Higgs couplings. In
order to parameterize them, we use an effective Lagrangian defined at the electroweak
scale 4 =~ wv. For simplicity, the effects of RG running from the new physics scale
u ~ Mgk down to the electroweak scale is neglected, as their numerical impact is
of minor importance. The phenomenologically most relevant Higgs couplings can be
described using the following Lagrangian in the broken electroweak phase:

) 2
Lo = ew mWhW+W “—l—cZ Pinz,zr — S TLhfeptepsin) f
UsM ) UsM Fethr USM
e gy T hG, GO — s hGe, G
QUSM USM 127TUSM 87rvSM
hE,, FH — hF,, FH
+ Cy T — 67TUSM uy Cys - 4 Vs nZ +. (5 35)

It should be emphasized that this is not a complete list of operators. For instance,
we have not included the operators hZ,, fy*f and hz, fy*ysf contributing to the h —
Z7* — Zff decay rate, since as shown in Section 5.1.1 their contribution is subdom-
inant. Furthermore, we will not consider the Higgs decay h — Z~ here. Both the
CP-even couplings ¢; and the CP-odd coefficients c¢;5 are real. In the SM ¢y = ¢z =
cf=c3p=c4p =1l and cp5 =cy = cy5 = ¢y = ¢y5 = 0.

Tree-Level Higgs Couplings to Fermions and Electroweak Gauge Bosons

In the SM, the Higgs boson couples to fermions and electroweak gauge bosons 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.
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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 the SM vev vgyr is used in the
effective Lagrangian (5.35). Note that the ¢; differ from the couplings k; previously used
in this thesis, in (4.36) and (4.91) for example, via
¢ = :— i =t,5,b,05,7,75, W, Z . (5.36)
v

The loop-induced Higgs couplings will be somewhat more involved, since we have to
distinguish between the zero-mode and the KK tower corrections. In the following,
explicit expressions for the various ¢; parameters to (at least) first order in v? /MI%K will
be presented. Wherever possible, the differences between the minimal and the custodial
RS model (from now on we will assume the Prr to be at work) will be parameterized
by means of a parameter £, which equals 1 in the minimal model and 2 in the custodial
model.?

The Higgs couplings to W and Z bosons in RS models have been derived in (5.15)
and (5.25) and read (at order v?/MZy)

m? 3L 1 m2 1
=1—-—W (= _ 14 =1-——W (31, - 14+ —
W o M2, ( > F 2L> ’ W 202, ( - QL) ’
m2 1 Lm? m2 1
=1-—2Z2 (L—-1+—-|—- W =1-—W (30L4+1—-—].
i M2, ( * 2L) AMZ 2o oz, \*" T T ar |
(5.37

With L ~ 3334, the L-enhanced contributions are by far dominant numerically. Future
precise measurements of ¢y and cz would thus provide a direct tool to determine the
ratio MKK/\/Z in the RS model.

The couplings of the Higgs boson to the third-generation fermions have been studied
in detail in Section 4.1, where it was found that flavor-changing couplings are strongly
suppressed. For the CP-even and CP-odd flavor-diagonal couplings, it follows from
(4.36) that (with f =t,b,7 on the left-hand side and f = u, d, e on the right-hand side)

.I.
Lmyy  &* vy,
4M12(K 3M12<K (Yf)33

+...,

t (5.38)
& (YfoYf)33
Cf5 = — m )
3M12{K (Yf)33
where the real-valued quantities e are given by?

(6F)33 + (5f)33 ; minimal RS model,
ef = (5.39)

(<I)F)33 + (<I>f)33 ; custodial RS model.

The matrices dp y and @ ¢ can be found in (4.30) and (4.63), respectively. Recall that
for all practical purposes, one can retain e, = (8y7)33+(8x)33, with (¢ ) given in (4.30),
but 4 ~ (6p)33, (€¢)33 =~ 0, and similarly for the custodial RS model. Numerically, the

*Note that in the formulas for the boson couplings ¢ can be identified with & = 1/c5 = 2, while this
is not true for the Higgs couplings to fermions, which is why we introduce a new variable here.

3In this section we use the subscripts f = u, d, e instead of ¢,b, T in order to be able to summarize
the couplings ¢y as shown in (5.38).
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€ parameters turn out to play a numerically subleading role compared with the “three-
Yukawa terms” in cy.

In contrast to the Higgs couplings to the massive vector bosons, the couplings to the
fermions do not only depend on the KK scale but also in a complicated manner on the
dimensionless 5D Yukawa matrices Y ;. However, it is possible to simplify the Yukawa-
dependent terms using that for a large set of random complex matrices on average

< (Yf Y}Yf ) 33
(Yf )33

where N, = 3 is the number of fermion 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 Mgk /yx. One should add at this
point that in practice relation (5.40) 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 (5.40) is slightly enhanced for the top quark and somewhat reduced
for the bottom quark.?

In the type-IT brane-Higgs scenarios, the Yukawa-dependent terms in (5.40) change
according to (4.42), while the remaining terms are unaffected at leading order in the
expansion in v? /MI%K For the special case Y? = 0, which was sometimes adopted in
the literature, this term vanishes and gives no contribution to the Higgs couplings to
fermions. There is then no contribution to the CP-odd couplings cys.

> = (2N, — 1) 3/23 , (5.40)

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
csn, = cqp, = 1 in (5.35). In RS models these coefficients receive calculable corrections,
which happen to be described by the same formula for the minimal and the custodial
RS models. As long as the Higgs sector is localized on or near the IR brane, one obtains

C3p = L =1 3
3 = =
v 4MKK

B fLm%V ng _1_ fLm%V

+ ..., Cqp = 5 (5.41)
v2 2ME

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. Moving the Higgs field into the bulk would attenuate these deviations and
move the couplings closer to their SM values [259]. 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, it is refrained from presenting a detailed numerical analysis of
the Higgs self-couplings in the subsequent section.

“For y. = 1, one finds numerically that the expectation value (5.40) 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. The neutrino
masses or the PMNS matrix are not considered in this analysis, since this would require the specification
of the neutrino sector, which is both model dependent and of little relevance to Higgs physics.
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Loop-Induced Higgs Couplings to Two Gluons

The loop-induced couplings to gluons and photons have been extensively discussed in
Sections 4.1 and 4.2. We begin with a discussion of 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. In the limit where we neglect O(v?/MZ2y) corrections which in addition are
strongly chirality suppressed, the expressions for the induced Higgs couplings to two
gluons read (see (4.37))°

(5.42)

Trg(X,) + Trg(Xg) + ey +cq; minimal RS model,
Ccg +ices =
! J Trg(v2X,) +3Trg(v2X4) + 4 +€q4;  custodial RS model,

where the quantities X  are defined in (2.78). The functions g(X f) differ for the brane-
localized and narrow bulk-Higgs scenario and are given in (4.25) and (4.26), respectively.
Recall that g(Xy) = F v YfY} + ... so that the effect from the KK tower is

2ME
approximately equal but of opposite sign in the two scenarios. For a large ensemble of

random matrices, one obtains on average

(my,v})=nN22.

I (5.43)

Due to the additional factors v/2 and 3 in the second case in (5.42), the quark KK
tower contribution in the custodial RS model is roughly four times larger than in the
minimal RS model. Note also that with the hermitian matrices X y the traces over the
matrix-valued functions g(X ¢) are real, so that

g5 =0, (5.44)

irrespective of the Higgs localization or the type of RS model (minimal or custodial).
For the type-II brane-Higgs model, the function g(X ) is given by the function (4.41)

starting with the term —ﬁ Y?Y?T 4+ ..., and hence to leading order there is no
difference with the result shown above. In this model, the CP-odd coupling c¢45 receives
contributions starting at O(v*/Mjy), which are however too small to be of any phe-
nomenological significance. In the subsequent sections it will be therefore restricted to
a study of the two cases shown in (4.25) and (4.26).

When the top-quark is integrated out from the effective Lagrangian (5.35), additional
contributions to the effective hgg couplings are induced at one-loop order. They can be
accounted for by using the effective couplings

et Ao et Bym)es 649
I Ag(m) I Ag(m)

where we have normalized such that cgﬁ = 1 in the SM. The explicit expressions for the

top-quark loop functions A, () ~ 1.03 and By(7;) ~ 1.05 (with 7, = 4m?/m2) are given
in (4.38). Both approach 1 for 7 — oo, 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 g,, which in cgﬁ combine to &y [1 — Aq(Tt)],

can be safely neglected. Note also that to a very good approximation cgg R Cr5.

®Since we work at leading order in v? /ME(K the effect of k., does not need to be considered here.
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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 — 77 decay channel, in which the Higgs boson has been
discovered in 2012. Neglecting as before O(v?/MZy) corrections which in addition are
strongly chirality suppressed, the expressions for the induced Higgs couplings to two
photons in the minimal RS model have been derived in Section 4.2 and read (see (4.73)
and (4.89))

. 21
CytiCys = Nch [Trg(Xu)+5u] +NCQ?I [Trg(Xd)"i_Ed] +Qz Trg(Xe)_Z vw , (5.46)
while in the custodial model one obtains (see (4.93) and (4.89))

oy +icys = NeQ2 Trg(vV2X,) + No(Q2 + Q5+ Q3) Trg(vV2X a) + Q2 Trg(X.)

21
+ NeQ eu + NeQgea — - vw - (5.47)

Recall that they receive KK contributions from the quark and lepton loops as well as
from loops of W bosons and scalar Goldstone fields. Here @, 4. denote the electric
charges of the SM fermions, and Q) = g is the charge of a new exotic, heavy fermion
species encountered in the custodial RS model. The infinite tower of the KK excitations
of the W bosons (including the Goldstone fields) contributes (see (4.91))

iy L1+ )+ (5.48)

vy = — — cee .
Va2, 2L

Like in the case of the gluon-fusion channel gg — h, effective coeflicients can be obtained

after the heavy particles ¢, W, and Z of the SM are integrated out. They are related to

the above coefficients by

it _ &+ NeQ Ag(mi) e — 5 Aw (rw) ew o _ Oy + NeQF By(m) s
7 N.Q2 Ag(me) — 2L Aw (tw) 7 T NQ2 Ay(m) — HAw(tw)
(5.49)
where again we have chosen the normalization such that cﬁff in the SM. The W-boson

loop function Ay (with 7y = 4m¥, /m?) can be found in (4.90). From the fact that the
coefficient c,5 in (5.46) and (5.47) vanishes, it follows that to a very good approximation

Sh~ 0285 (5.50)

5.1.3 Numerical Analysis of the 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 RS model with
custodial symmetry, for which the bounds derived from electroweak precision tests allow
for KK masses in the few TeV range. Recall that the tree-level analysis of the S and T’
parameters yields M g > 4.7TeV (at 95% CL) for the mass of the lightest KK gluon
and photon resonances, see (2.189). Somewhat lighter masses are possible for the KK
fermion resonances. We will see that these bounds still allow for sizable effects in the
Higgs sector. On the other hand, the corresponding bound Mg(l) > 12.0TeV (at 95%
CL) obtained in the minimal model, see (2.133), is so high that the resulting corrections
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FIGURE 5.3: Predictions for the Higgs coupling to top quarks as a function of the KK
gluon mass M,u) in the custodial RS model. The green, red, and blue scatter points
correspond to model points obtained using y, = 0.5, 1.5, and 3, respectively. The
overlaid lines in the left plot show fits to the various distributions as explained in the
text. The gray band in the right plot shows the experimental bound on |¢5| derived
from the electron EDM (at 90% CL).

to the Higgs couplings are generally below the sensitivity level of present and planned
collider experiments. In the following analysis we take m; = 125.6 GeV for the Higgs
mass, as well as the pole mass m; = 172.6 GeV. The RS volume is chosen to be L = 33.5.

Tree-Level Higgs Couplings

In the custodial RS model, the corrections to the tree-level Higgs couplings to W and Z
bosons in (5.37) are identical up to very small corrections not enhanced by L. Numeri-

cally, we obtain
2
5 TeV)

e (5.51)

Cyw R Cg =~ 1—0.078(
gD

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%. The corrections to the Higgs
self-couplings in (5.41) are even smaller; the coefficients in front of the correction term
are 0.026 for cgp, and 0.052 for cyy,.

Next we study the corrections to the CP-even and CP-odd Higgs couplings ¢y and cy5
to the third generation fermions, as obtained from (5.38). For the analysis, three sets
of 5000 random and anarchic 5D Yukawa matrices are generated, whose entries satisfy
|(Yg)ij| < yw with y, = 0.5, 1.5, and 3, and which correctly reproduce the Wolfenstein
parameters p and 7 of the unitarity triangle, see Subsection 2.2.3. Furthermore, the
bulk mass parameters are chosen to be in the range cq, 4, < 1 and, together with the
generated Yukawa matrices, to reproduce the correct values for the SM quark masses
evaluated at the scale = 1TeV.% The left plot of Figure 5.3 shows the Higgs coupling
to top quarks as a function of the lightest KK gluon state M u) ~ 2.45Mkxk and for
different values of y,. In accordance with (5.38) we observe that ¢; is reduced compared
to the SM value 1 for almost all parameter points, where the depletion increases with

5 The parameter cq, is restricted to be cg, < 0.5, since otherwise the ZMA approximation (4.63) is
not valid.
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Y« |05 1.5 3 y« | 0.5 1.5 3

at | 3.4 9.0 263 | b | 096 124 1.33
ap | 23 59 16.7| by, | 096 0.89 0.89
ar |21 52 154 b, | 096 0.89 0.89

TABLE 5.1: Fit coefficients ay and by for the Higgs couplings to the third-generation
fermions for different values of y,.

larger values for the Yukawa scale y,. The corresponding plots for ¢; and ¢, look very
similar, with the magnitude of the corrections somewhat reduced. The main differences
are due to the chiral contributions coming from the overlap integrals in (5.38) and due
to the constrained structure of the Yukawa matrices as explained in the text below
(5.40). The solid lines in the left plot show simple polynomial fits of the form ¢y =
1—-0.015af (5 TeV/Mg(1))2 to the scatter points, with coefficients ay = a¢(y,) given in
Table 5.1. At this point, a comment must be added to the case of the type-1I brane Higgs
model. While the effects of the quantities £, and of the Higgs vev shift 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 y, due to the indefinite sign of the three-Yukawa terms. Although
they are not as pronounced as in the conventional brane-Higgs scenarios, significant
effects on the Higgs coupling to the top quark are still possible. For example, with
yx = 3 a modification of ¢; by 20% is possible for KK excitations as heavy as 7.5 TeV.

The CP-odd couplings of the Higgs to two fermions cy5 are given by the second
expression in (5.38). For random complex Yukawa matrices Y y bounded by (|(Y f)i;|) <
UYx, We expect to obtain an approximately Gaussian distribution with zero mean and a
standard deviation

M )

2

5TeV

Oes z0.005bfy3< © ) , (5.52)
g

with by = 1. Due to the constraint that we must obtain realistic values of the quark
masses and CKM mixing angles the actual results differ slightly from this result and we
obtain the value shown in Table 5.1. It has been argued in [261] that present experi-
mental bounds on electric dipole moments (EDMs) of the electron, neutron, and mer-
cury impose non-trivial bounds on the CP-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 dia-
grams. Using the present 90% CL upper limit d. < 8.7 - 1072%e cm [262] and assuming
that the Higgs coupling to electrons is not changed with respect to its SM value, one
obtains |¢;5| < 0.01 [261]. In the RS models considered in this thesis this assumption is
valid to high accuracy, since corrections to the he™e™ coupling are strongly chirality sup-
pressed. This resulting bound is shown by the gray band in the right plot in Figure 5.3.
Interestingly, we find that for y, = 1.5 there are many points in the RS parameter space
for which |¢5| 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.
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FI1GURE 5.4: Predictions for the CP-even effective Higgs coupling to two photons as
a function of the KK gluon mass M ) in the custodial RS model, for the scenarios
with a brane-localized scalar sector (left) and a narrow bulk-Higgs field (right). The
meaning of the colors and lines is the same as in Figure 5.3.

Loop-Induced Higgs Couplings

We move on to study the RS corrections to the loop-induced hgg and h~y~y couplings.
They are of special interest, since they are very sensitive probes of virtual KK excitations.
We concentrate on the CP-even couplings cgﬁ and cf‘;ﬂ, since current measurements are
not sensitive enough to probe the CP-odd couplings.” Using the analytic expressions
for cgﬂ and c?yff given in (5.45) and (5.49), it is straightforward to derive approximate
expressions for these coefficients which help to understand the interplay of the various
contributions. To this end, we expand the fermion KK tower contributions in (5.42),
(5.46), and (5.47) to first order in v?/MZ, and employ (5.40) and (5.43). We also
approximate the top-quark loop function A,(7) by its asymptotic value 1 and neglect
subleading terms not enhanced by L in the bosonic contributions. This yields

2 2 2
off v 10 5 Lmyy v 9
N1+ ——— || F36 - — - ~1+ ——— |(F36.0-33)y; — 3.6
“ 2ME [( 3 ) Yx v? 2ME I s )

of 1 4 v? 1 ( 213 40> o 21(Aw(rw)—1)2Lm3, Lm¥,
cLR — | —r — 4+ — | yi — —
7 2Mgy | ICEM 2 9)7 4|cPM v? v?
’1)2 2
~l4+ ——— [(£21.7+0.9)y; — 5.1] . (5.53)
2MZy

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 Clsy = % — %Aw(Tw) ~ —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 c?;ff). The fermionic
contributions enter the two coefficients with opposite signs and are larger in magnitude

in the case of cgﬁ. Figure 5.4 shows the predictions for the coefficient cgff as a function

"There exist proposals for how to probe c?fé in h — v decays in which both photons undergo
nuclear conversion, by measuring certain kinematic distributions of the electron-positron pairs [263].
Unfortunately, however, the level of sensitivity one can achieve does not allow one to probe the small
effects (5.50) predicted in RS models, where the CP-odd htt coupling is the only source of the effect.



184 Chapter 5. Phenomenological Implications

h custodialiRS model

‘
|
|
1.3} custodial RS model
‘
12} | 12/ R y» = 0.5
|
1.1 ! L1} Iy =15
i Y =3
| e 10—
Q
09
08
0.7
0.6 ‘ ‘
06 07 08 09 10 1.1 12 13 14
eff
Ct Gy

FIGURE 5.5: Correlation between the Higgs couplings ¢; and ¢ (left) and the effective
Higgs couplings ciﬂ and csz (right) in the custodial RS model. All points obey the
constraint M) > 4.7 TeV imposed by the tree-level analysis of the S and 7" parameters
at 95% CL. In the right plot, the orange (red) cross represents the experimental values
(with 1o errors) obtained by ATLAS (CMS).

of M,a) and for different values of y,. We clearly see that large deviations from the
SM prediction are possible, where 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
distribution of scatter points follows the approximate formulas shown in (5.53). The
corresponding information on how CSH depends on M a) 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 gy, 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 5.5, where we display the
predictions in the ¢, —c¢; and cgﬂrfcgﬂc planes. In the right plot, scatter points below
| (lower right plane) correspond to the brane-Higgs scenario, while points above

g

cgﬂ = 1 (upper left plane) refer to the narrow bulk-Higgs scenario. All points included
in these plots obey the constraint M g > 4.7 TeV implied by electroweak precision
tests, see (2.189) derived in Subsection 2.3.3. In the case of the 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
c%ﬂ and c‘;ﬁ, 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 thesis. The orange and red crosses denote the 1o fit values
e _ q 08015 £ — 194015 [964] and TP = 0.83101L ) £hew — g g7+017
[265] reported by the ATLAS and CMS Collaborations. Those fit values have a slight
tendency to values larger (smaller) than 1 for both couplings in case of ATLAS (CMS),
but they are compatible with the predictions within the error bars. Note that we have to
be cautious when comparing the theoretical predictions with the fit values in question,

because they have been obtained by varying cgﬂ and cgﬁ so as to obtain the best fit values
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o W 7 t b
LHC 14TeV,300fb ' | (—0.069,0) (—0.077,0) (—0.154,0.147) (—0.231,0.041)
ILC 1TeV,1000fb~" | (—0.004,0) (—0.006,0) (—0.044,0.035) (—0.003,0.011)

C; T g i
LHC 14 TeV, 300 =T (—0.093,0.132)  (—0.078,0.10)  (—0.096,0.059)
ILC 1TeV, 1000 b=t (—0.013,0.017) (—0.014,0.014) (—0.032,0.035)

TABLE 5.2: Experimental sensitivities on the Higgs couplings expressed as 1o confi-
dence intervals calculated in [254].

to the experimental data assuming that the tree-level Higgs couplings at their SM values.
It would be much preferable - and the clearest way to test any new physics model - to
compare the theoretical predictions with future results from model-independent analyses
of the Higgs couplings, which as of today have not been performed by ATLAS and CMS
due to the limited statistics of the data.

Future Sensitivities on Higgs Couplings of LHC and ILC

In the last part of this subsection, we illustrate the potential for constraining relevant
parameters of the RS models by a future, model-independent couplings analysis. It has
been reported in [254] that the LHC operating at 14 TeV and with an integrated lumi-
nosity of 300fb~! has the potential to probe deviations of Higgs couplings to fermions
in the range of 14% — 46% and to gauge bosons in the range of 14% — 30%, both at 95%
CL. At future lepton colliders like the ILC [255-258] the sensitivity to deviations can be
improved by almost one order of magnitude. In the following analysis, we focus on the
LHC at 14 TeV with 300fb™! and on the ILC at 1 TeV with 1000 fb™".

The goal is to derive exclusion bounds for the first KK gluon mass M q) for each
of the Higgs couplings in the custodial model. To obtain these bounds, we plot the
couplings ¢; as in Figure 5.3, fit a Gaussian distribution to the model points for each
pair of y, and M 4, and determine the mean values ¢; with the standard deviations
oc,. The experimental couplings are assumed to be SM-like ¢;” = 1 with the 1o errors
given in Table 5.2. We then consider the ratio ¢; /c‘;Xp = ¢;, and calculate the corre-
sponding standard deviation by combining the theoretical and experimental errors in
quadrature. Finally, we test at which confidence level ¢; is compatible with 1. The re-
sults are compiled in Figure 5.6 for two representative values of y,. The colored regions
are the 95% CL excluded regions for the mass of the lightest KK gluon resonance. To
obtain exclusion bounds for arbitrary values of y,, one can make use of the fact that the
exclusion limits depend linearly on 7, to good approximation. We see that 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 results imply for the
LHC analysis that M a) > 21TeV x (y./3) (Mya) > 13TeV x (y,/3)) in the brane
(narrow bulk) Higgs scenario. For the ILC one expects to rule out KK gluons of even
Ma) > 43 TeV X (y« /3) in both scenarios.® Note also that, independent of the real-
ization of the Yukawa sector (and hence the parameter y,), the analysis of the Higgs
couplings to W bosons at the ILC is expected to be sensitive to KK gluon masses of up
to M q) ~ 15TeV.

8The different limits in the case of the LHC are due to the asymmetric error margins for ¢4, see
Table 5.2.
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FIGURE 5.6: Summary of the exclusion limits (at 95% CL) on the mass of the first
KK gluon resonance in the custodial RS model, which could be derived from SM-like
measurements of the Higgs couplings at the high-luminosity LHC (left) and the ILC
(right), for two representative values of y,. For the loop-induced couplings cgﬁ and ciﬁ
we distinguish between the brane (green) and the narrow bulk-Higgs (blue) scenarios.
The dashed lines show the lower bounds on M g0 obtained from electroweak precision

measurements.

5.1.4 Analysis of the Signal Rates: h — bb, 7t7—, WW*, ZZ*, v~

Finally, we will investigate the Higgs decays into two b quarks, 7 leptons, W or Z bosons,
and photons. In order to directly compare the predictions with experimental measure-
ments we study the signal rates Ry defined in (5.2), which can be expressed in terms of
the modified couplings ¢; derived in Section 5.1.2 via (X = 7t7= , WW* ZZ* vv)

(c-BR)(pp > h = X)sm cn

Ry = (@ BR)Ep = h > X)ng [(eg™* + Ie55 %) far + ey fvsr] [lex[® + exs ]

(5.54)
The correction to the total Higgs width relative to the SM total width F}SLM =4.14 MeV
[266] (for my, = 125.5 GeV) can be accounted for by the parameter

IS 2 2 f |2 f |2
ch = F;Q’LLM = 0.57 |ep|* + 0.22 |ew [* + 0.09 (| + |c55]?) +0.12, (5.55)
where the corrections to the decays h — 7777, c¢, ZZ*, ... have a numerically insignif-

icant effect and therefore can be neglected (their combined branching ratio is 12% in
the SM). In (5.54) we have taken into account the probabilities to produce a Higgs via
gluon fusion (fgr =~ 0.9) or vector-boson fusion (fypr =~ 0.1) for inclusive decays at
the LHC. Concerning the latter production process, we have implemented the findings
of Section 5.1.1, showing that the significant corrections are given by C%/V in both cases
for W- and Z-boson fusion in both the minimal (for points in the parameter space that
fulfill the constraints from the electroweak precision tests) and the custodial RS model.
Other Higgs production channels, such as the associated Higgs production with a tf pair
or a vector boson, can be neglected to good approximation. The only exception in this
work is the signal rate for X = bb. In this case, Higgs-strahlung is an experimentally



5.1. Higgs Physics in Warped Extra Dimensions 187

20F 2.0 3
minimal RS model ]
brane Higgs

minimal RS model

15k narrow-bulk Higgs

R’Y’Y
5
¥
|
|
|
|
|
|
|
|
R,
5

0518 My, =05 0.5 W v =05
My =15 Mu=15
, W oy.=3 W y.=3
00k .. 1., . . . . . . 004 . . . . . . .
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
Mg(l) [TeV] Mg(1> [TeV]

FIGURE 5.7: Predictions for the ratio R, as a function of the lightest KK gluon mass

M) and for different values of the parameter y, in the minimal RS model, for the

cases of a brane-localized Higgs boson (left) and a narrow bulk-Higgs field (right). The
dashed curves show the approximation (5.56) for y, = 3.

more feasible Higgs production channel than gluon fusion, since the latter suffers from
an overwhelming QCD background [267]. As we have seen in Section 5.1.1, the domi-
nant correction to the Higgs-strahlung production process is also given by c%,V in both
RS models. So, for the signal rate Ry, we just have to set farp = 0 and fygr = 1 in
(5.54). Some further comment has to be given on the Higgs decays into a pair of W
or Z bosons. According to the discussion of Subsection 5.1.1, we have to use the result
IL'(h — VV*)/T(h — VV*)sy derived in (5.23) (instead of ¢f,) for the Higgs decays into
VV* (V =W, Z) with a subsequent decay of the off-shell vector boson into fermions.

Analysis of the Signal Rate R,

We start the discussion with the decay into two photons. Although the main focus is
again put on the custodial RS model, it is worth presenting some of the results in the
minimal model as well, in order to compare the effects in both models. Figure 5.7 shows
the predictions for R, as a function of the lightest KK gluon state M q) and for three
different values for y, obtained in the minimal RS model with a brane-localized Higgs
sector (left plot) and a narrow bulk-Higgs state (right plot). The blue band represents
the 1o error band corresponding to the latest experimental values for R,, given in
Table 5.3, where the naively averaged value has been used. Model points falling outside
these bands are excluded at 68% CL. It is interesting to observe that for relatively large
values for g, the data already disfavor KK gluon masses in the low TeV range. The
tensions between the theoretical predictions and the experimental data are stronger for
the brane-Higgs model due to the mild tendency of an enhanced cross section seen in
the data, which is in conflict with the suppression of the predicted cross section in this
case. It shall be emphasized, however, that using the individual values for R, reported
by ATLAS and CMS one would obtain different conclusions.

The shape of the various bands of scatter points shown in the plots can be understood
as follows. 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 — 7
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Rx bb TT Ww YA ¥y
ATLAS [264] | 0.2707 1.4+05 1.007032  1.447040 1 571033
CMS [265] | 1.092 [268] 0.7879-27 [269] 0.687020 0.92+328 0.77+027
average 0.715:4 0.9270:33 0.771016  1.097023  1.097523

TABLE 5.3: Experimental values for the signal rates measured by the ATLAS and
CMS Collaborations including the 1o errors, where the assumed Higgs masses are mj, =
125.5 GeV in [264], mj = 125.7GeV in [265] and m;, = 125 GeV in [268, 269].

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) of R, in the brane-Higgs (narrow
bulk-Higgs) scenario. To see this more explicitly, we expand the various expressions
in (5.54) in powers of v? /M2, exploiting the anarchy of the 5D Yukawa matrices and
making the same approximations as for cgﬁ and c%ﬁ in (5.53). One then obtains

v2 4 10
R 14— - 18 — — ) 42

%

21[Aw (tw) — 1] \ 2m?, 1
— L—1+— 5.56
(fVBF + Ao 2 +57 (5.56)
Lm3, 10 , 2m? 1 10
— 0.57 — 022 (L—1+-=]-0.09(F18——)y?
2 T 3 Yt 2 < +2L> <¢ 3>y* :

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/ \CIS})/H The third
line shows the corrections to the Higgs vev and total width, as parameterized by ¢, in
(5.55). The upper sign holds for the brane-localized Higgs scenario, while the lower sign
corresponds to the narrow bulk-Higgs case. We explicitly see from the first term on
the right-hand side of (5.56) that the fermionic contributions to the gg — h production
process dominate over those to the h — ~v decay rate and come with opposite sign.

Evaluating all terms in (5.56) yields

,02

Ry 1= o [(£9.7—0.1) y2 +4.1] . (5.57)

KK
For the case where y, = 3 this result is shown by the dashed lines in the figure. Note that
due to the contribution of the production process via vector-boson fusion the observable
R, is bounded from below in the brane-Higgs case. This explains the behavior for very
small KK scales seen in the left plot in Figure 5.7. For y, = 3, the gg — h production
cross section vanishes for M o < 3.5TeV, because the new-physics contribution cancels
the SM amplitude. However, due to the vector-boson fusion production process a non-
zero value of R, remains.

Even at the present level of precision, the existing measurements of the observable
R, already provide some interesting constraints on the parameter space of the RS mod-
els under consideration. Figure 5.8 shows the regions in the M 4(1) ~ Yx Parameter space
that are excluded by the current data at various confidence levels. For instance, for the
particular choice y, = 3 one finds M g > 8.5 TeV at 95% CL for the brane-Higgs model
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FIGURE 5.8: Excluded regions of parameter space derived from the analysis of R,
in the minimal RS model, for the brane-localized Higgs scenario (left) and the narrow
bulk-Higgs model (right). The vertical dashed line denotes the lower bound on M q)
obtained from a tree-level analysis of electroweak precision observables.

and Mya) > 6.4TeV at 68% CL for the narrow bulk-Higgs model. Weaker constraints
are obtained for smaller values for 1,. These bounds can be compared with the bound
from electroweak precision measurements, indicated by the vertical dashed line in the
figure. We see that, at present, this bound is still stronger than the constraints derived
from R,,.

Softening the constraints from electroweak precision observables by means of a sym-
metry has been the main motivation for custodial RS model whose effects on the quantity
R, are studied in Figure 5.9. In analogy with (5.56), it is possible to derive an ap-
proximate formula. For the model with the minimal lepton sector shown in (4.96), one

finds
v? 213 20 4
Ryy m 14— | F | 72far — =gt | %2 — 5 | for — s | 42 (5.58)
i 2MZ |CPM 3 3|CEM| )
21[Aw (tw) — 1] \ 2m%, 1 2Lm},
— 2L — 1+ — | —
(f vBr T gy V2 3L V2
20 2mi, 1 20\ o
5y g 22 2L -1+ —) —0. p R :
+0.57 2yl +0.22 =3 +57 ) —009(F2 -

If instead the extended lepton sector shown in (4.94) is employed, then the coefficient
213 inside the parenthesis in the first term must be replaced by 240. Note that the
individual corrections due to fermion loops are huge, however significant cancellations
take place when one adds the corrections to the gg — h and h — 7~y rates. Altogether,
one obtains for the model with the minimal lepton sector

2

Ry 21— o [(£15.0 — 0.2) y? + 8.3] . (5.59)

KK
In the model with the extended lepton sector the coefficient +=15.0 in the first term must
be replaced by £9.5. Observe that in linearized form the corrections are only moderately
larger than in the minimal model, see (5.57). Once again, for y, = 3 this result is shown

by the dashed lines in the figure, where we show results for the custodial model with
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FIGURE 5.9: Predictions for the ratio R, as a function of the KK gluon mass Mg(l)
in the custodial RS model with minimal lepton sector (4.96), for the cases of a brane-
localized Higgs boson (left) and a narrow bulk-Higgs field (right). See text for details.

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, Figure 5.9 shows 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 ) ~ 3.5TeV and 7TeV, respectively, and the vector-boson fusion
process remains as the only production mechanism. This explains the minimum values
for R, at these points. For even smaller masses the ratio R, increases and can even
exceed 1. In the narrow bulk-Higgs case, on the other hand, the linearized approximation
(5.58) 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 (5.54). It turns out that the negative corrections
to the h — v decay rate are so significant in this model that they compensate the
large 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 a) ~ 3TeV (for y, = 1.5)
and 5.5 TeV (for y, = 3), the di-photon decay rate even vanishes. It is obvious that in
regions of parameter space where such dramatic cancellations occur the RS predictions
are highly model dependent. Given the preliminary pattern of Higgs couplings seen
in experiment, which within errors agree with the SM predictions, it appears unlikely
(but not impossible) that there could be O(1) corrections to the gg — h and h — vy
production and decay rates, which cancel each other in the result for the observable
R,

Figure 5.10 shows the excluded regions of RS parameter space derived from the
analysis of the observable R, in the custodial RS model. In the scenario with a brane-
localized Higgs sector, one can exclude the ranges 6.0TeV < M ) < 13.4TeV and
My < 3.5TeV for y, = 3, while in the narrow bulk-Higgs model the exclusion range
reads 5.1 TeV < My < 8.4TeV, both at 95% CL. Note that there is a small region
in the upper left corner (at small M o and large yx) of the left plot, which is allowed
by both R., and the S parameter constraint (2.189). On the other hand, these plots
allow one to impose bounds on ¥, if one wants to have the first KK gluon resonance to
be in reach for direct production at the LHC. For instance, in the minimal RS model
with a hypothetical KK gluon mass M g =9 TeV, the results imply an upper bound of
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FIGURE 5.10: Excluded regions of parameter space derived from the analysis of R,
in the custodial RS model with minimal lepton sector (4.96), for the brane-localized
Higgs scenario (left) and the narrow bulk-Higgs model (right). The vertical dashed
line denotes the bound obtained from a tree-level analysis of electroweak precision
observables.

yx < 1.5 at 95% CL in the brane-Higgs model, and y, < 2.4 at 68% CL in the narrow
bulk-Higgs scenario. In the custodial RS model, those bounds are tightened to y, < 0.9
for a brane Higgs and y, < 1.7 for a narrow bulk Higgs, both at 95% CL.

Analysis of the Signal Rates Rzz and Rww

The next analysis focuses on the Higgs decay into a pair of electroweak gauge bosons.
The previous analysis has shown that in the minimal (custodial) RS model the bounds
derived from Higgs physics are weaker (stronger) than those from electroweak precision
tests. It turns out that this is not only true for R,,, but also for all other signal rates
(except for Rpyp). In the following analyses, we will therefore restrict ourselves on the RS
model with custodial protection.

The upper row of Figure 5.11 shows the results for the ratio Rz in the custodial
RS model for the scenarios with a brane-localized Higgs boson (left plot) and a narrow
bulk-Higgs field (right plot), in dependence of M, 4 - The scatter points also represent
the results for the observable Ry, since at the level of the L-enhanced terms the Higgs
decays into a pair of W and Z bosons are expressed by the same modification factor
¢t ~ c%, see (5.23) and (5.37).% The effects are stronger than in the case of R,
since in the present case there is no compensation between the production via gluon
fusion and the decay into two electroweak gauge bosons. Recall that the loop-induced
decay into photons is highly affected by the infinite tower of KK fermions, whose effect
works in the opposite direction with respect to the modifications to the gluon fusion,
whereas the tree-level Higgs couplings to massive vector bosons only receive moderate
corrections. Correspondingly, we obtain larger exclusion regions than derived via R.,.
This is shown in the lower two rows of Figure 5.11. In the brane-Higgs scenario, we
obtain the exclusion range 4.6 TeV < M ) < 19.9TeV (from the analysis of Rz7) and
5.0TeV < M 1) < 13.0TeV (from Rww) for y, = 3, while in the narrow bulk-Higgs

9We only show the experimental error band of the observable Rzz and refrain from including the
corresponding error band of Rww for the sake of clarity.
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Predictions for the ratio Rzz (and Rww) (upper row) and excluded

regions of parameter space in the custodial RS model derived from the analysis of Rz 2
(middle row) and Ry w (lower row), for the cases of a brane-localized Higgs boson (left)
and a narrow bulk-Higgs field (right). The meaning of the colors and lines is the same
as in Figures 5.7 and 5.8. See text for details.

model we find the lower bounds M a) > 9.1 TeV (from Rzz) and Ma) > 14.9TeV (from
Rww), both at 95% CL. Note that the allowed region in the upper left corner (at small
M) and large yx) of the first plot in the middle row is one in which the new-physics
contribution to the gluon fusion amplitude is larger than the SM contribution by about
a factor 2 and interferes destructively, which appears somewhat unnatural. Moreover, it
has been argued that most models in which the gluon fusion amplitude has the opposite
sign than in the SM have problems with fine-tuning and vacuum stability [270].
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FIGURE 5.12: Predictions for the signal rates Rzz and R,, in the minimal (left)
and custodial (right) RS model for the cases of a brane-localized Higgs boson and
a narrow bulk-Higgs field. All scatter points fulfill the constraints from electroweak
precision tests. The black dashed lines denote the SM predictions. The cross shows the
experimental 1o-errors for the signal rates measured.

Comparing the bounds shown in Figure 5.11 with those derived from the analysis
of the observable R,,, we observe that the small region in the upper left corner of the
left plot in Figure 5.10 can be excluded by the current measurement of the observable
Rzz. Furthermore, the strongest bounds on the parameter space of the narrow bulk-
Higgs scenario are those coming from the analysis of Ryyy. The constraints implied by
Higgs physics are also much stronger than those derived from the analysis of electroweak
precision observables indicated by the dashed line in the lower row of Figure 5.11. Again,
the bounds on M g(1) can be attenuated for regions in parameter space where vy, is very
small. For example, if one would like to have a KK gluon mass of M 4, = 5TeV, the
bounds on the parameter y, are y, < 0.4 (Rzz) and y. < 0.9 (Rww) in the brane-Higgs
model, and y, < 1.5 (Rzz) and y, < 1.1 (Rww) in the narrow bulk-Higgs scenario
(both at 95% CL).

Correlation between Rzz and R,

We now continue the discussion in Subsection 5.1.3 between the two loop-induced Higgs
couplings to photons and gluons, but now at the level of the corresponding signal rates.
Figure 5.12 shows the predictions in the Rzz — R, plane in the minimal (left plot) and
custodial RS model (right plot) for the brane-localized and narrow bulk-Higgs scenarios.
The SM predicts the values R%I\gjw = 1 denoted by the black 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.'® All scatter
points fulfill the bounds imposed by the measurements of the oblique parameters S and
T. The cross shows the experimental values given in Table 5.3, while the green ellipses
present the 68%, 95%, and 99% confidence regions of the combined measurements. In
the case of the minimal RS model, we observe a strong linear correlation between Rz
and R,,. This can be traced back to the fact that both signal rates are dominated by

10We only show the points for ¢, = 1.5 and 3 here. For the choice y, = 0.5, both Rzz and R, are
reduced in both scenarios, see Figures 5.9 and 5.11.
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FIGURE 5.13: Predictions for R, as a function of the KK gluon mass M, (up-
per row) and the derived excluded regions of the parameter space (lower row) in the
custodial RS model, for the cases of a brane-localized Higgs boson (left) and a narrow
bulk-Higgs field (right).

the Higgs production process of gluon fusion, while the decay only receives moderate
corrections. It is also noteworthy that the parameter space is strongly constrained by
the requirement to pass the electroweak precision measurements. In the custodial RS
model the corrections to the signal rates can be much larger, due to the enlarged fermion
content of the model and due to the reduced bound on Mgk from electroweak precision
tests. We can also see a correlation between both signal rates, but it is not as marked
as in the minimal RS model. This is due to the fact that the KK excitations for the
Higgs decay process h — 77 are enhanced by the factor ~ 71/8 ~ 8.9 compared to the
minimal RS model, while the ones for the gluon-fusion process gg — h are only enhanced
by the factor 4. As explained in Section 5.1.3 both couplings are working in opposite
directions, from which it follows that the shape of the scatter points in the right plot is
characterized by a larger slope. Notice that in both RS models, current experimental
data slightly favor the narrow bulk-Higgs over the brane-localized Higgs scenario.

Analysis of the Signal Rates R, and Ry

Finally, we touch on the predictions for R, and Ry, in the custodial RS model. The
observable R, is shown as a function of M 4 in the upper row of Figure 5.13. As
in the previous cases, the shape of the curves for KK gluon masses larger than 5TeV
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FIGURE 5.14: Predictions for Ry, as a function of the KK gluon mass M ) in the
custodial RS model, for the cases of a brane-localized Higgs boson (left) and a narrow

bulk-Higgs field (right).

are due to the Higgs-boson production process, which is dominated by the gluon-fusion
production channel. Particularly for small KK scales, these effects are quite large and
have the potential to compensate and even exceed the SM contribution, so that only
the vector-boson fusion production channel contributes. This can be clearly seen in the
brane-localized Higgs case, where the observable R, is bounded from below due to finite
fraction of the vector-boson fusion in the production process. For very small KK scales
(M) < 3TeV), on the other hand, it can even drop to zero. This can be traced back
to the vanishing h77 couplings, see Figure 5.3 and the discussion that follows.

The lower row of Figure 5.13 shows the regions in the M 4(1) — Yx parameter space
that are excluded by the current LHC data. We see that in both versions of the custo-
dial RS model portions of the model parameter space can be excluded. Assuming the
conventional choice y, = 3, for example, one finds M 1) > 15.1 TeV for the brane-Higgs
and Mg(l) > 8.9TeV or Mg(l) < 4.0 TeV for the narrow bulk-Higgs model, both at 95%
CL. Weaker constraints are obtained for smaller values for y,. For instance, a mass of
M) = 5TeV leads to an upper bound of y, < 0.9 (yx < 1.6) in the brane-Higgs (narrow
bulk-Higgs) scenario. For larger values the bounds from h — 7777 are stronger than
those from electroweak precision observables, indicated in the lower row of Figure 5.13
by the vertical line. However, they cannot compete with the bounds coming from the
latest measurements of Rzz and Ry, respectively.

Compared to the remaining ratios, the observable Ry, only suffers from moderate
effects in the RS model, since it only includes the minor affected production process via
Higgs-strahlung. This is shown in Figure 5.14. Although there is no need to distinguish
between the brane-localized and narrow bulk-Higgs scenario in the Higgs production
cross section and the decay width, the plots differ due to the effect of h — gg in the
modified Higgs width. This modification leads to suppression which is larger in the
narrow bulk-Higgs scenario, which can be understood with the help of Figure 5.16, dis-
cussed below. Note that it is refrained from showing the exclusion plots derived from the
analysis of Ry, since the current experimental accuracy is worse than for the remaining
channels, as can be seen in Table 5.3.
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FIGURE 5.15: Summary of the bounds on the mass of the lightest KK gluon (left) and
the parameter y, (right) obtained from the exclusion plots in the custodial 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. We have assumed y,, = 3
(Mya) = 5TeV) in the left (right) plot. The dashed line shows the bound obtained
from a tree-level analysis of electroweak precision observables.

Summary of Exclusion Bounds for M u) and y,

In the last part of this section, we summarize the current LHC bounds on the relevant
parameter space of the custodial RS model obtained from all relevant Higgs decays at
95% CL. The derived exclusion limits on the mass of the lightest KK gluon are shown in
the left plot of Figure 5.15. The green (blue) bars stand for the brane-localized (narrow
bulk-Higgs) scenario. The most stringent bounds emerge from the decays into ZZ*
and WW?*. The former yields tighter constraints in the brane-localized Higgs scenario
and the latter in the narrow bulk-Higgs scenario. This is due to the fact that the mild
tendency of the enhanced (suppressed) signal rate seen in the data is in conflict with the
suppression (enhancement) predicted in the case of pp — h — ZZ* (pp — h — WW™).

Taking the most stringent bounds from Figure 5.15, we see that the bounds on the
mass of the first KK excitation of the gluon from Higgs physics read

custodial RS

custodial RS
brane Higgs > 14.9 TeV . (5.60)

Mg(l) | narrow bulk Higgs —

>19.9TeV  and M|
It shall be stressed that, since the bounds in (5.60) are much stronger than those stem-
ming from electroweak precision measurements, there is not much gained by custodial
protection. While it can protect tree-level effects in RS models, it suffers from generically
too large contributions to loop-induced processes. This observation has also been made
in loop-induced flavor processes like b — sy [245], see subsequent section. However, we
will see that the effects found there are less pronounced.

A possible way out, aside from gauge-Higgs unification models [100, 117], where the
Higgs is the fifth component of a 5D gauge field, is to lower the maximum allowed value
of the 5D Yukawa elements y,. The right plot of Figure 5.15 summarizes the upper
bounds on y,, where a KK gluon mass of M o = 5TeV has been assumed. More-
over, the analysis has been restricted to values for g, below the perturbativity bound
Y < Ymax = 3. Again, the most stringent bounds come from the processes h — ZZ*
and h — WW?™ and can be combined to give the constraints

custodial RS
Yxlbrane Higgs

custodial RS
*Inarrow bulk Higgs

<04 and <1.1. (5.61)
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FIGURE 5.16: Predictions for ¢, = F%S/F%M as a function of M ) in the custodial RS
model, for the cases of a brane-localized (left) and a narrow bulk-Higgs field (right).

We see that in particular in the brane-Higgs scenario small values are preferred. How-
ever, too small Yukawa couplings would give rise to enhanced corrections to ex [180]
and hence they would reinforce the RS flavor problem.

The above analysis has shown that Higgs physics provides sensitive probes of the vir-
tual KK excitations in the context of various RS models. In particular the Higgs decays
into two massive gauge bosons, which are dominated by the Higgs-boson production rate
in gluon-fusion, could be used to either explain possible deviations in the corresponding
cross sections or to derive strong bounds on the RS parameter space. These bounds
are complementary to and sometimes stronger than those from electroweak precision
observables and rare flavor-changing processes. In the custodial RS model, the indirect
effect of KK states on the Higgs processes are strongly enhanced compared with the
minimal model, and hence the current experimental Higgs-physics results provide the
strongest constraints in this case. The strongest bounds emerge from h — ZZ* in the
brane-localized Higgs, and h — WW™ in the narrow bulk-Higgs scenario. Even under
the pessimistic assumption that the direct detection of KK excitations is out of reach at
the LHC, one may still see sizable modifications of the pp — h — 77—, WW*, ZZ* v~
cross sections. For example, even for M o =10 TeV or 15 TeV, significant deviations
from the SM predicted value R, ww,zz = 1 are still possible. For R, the effects are
less strong, since a reduction (enhancement) in the Higgs production cross section is
partially compensated by an enhancement (reduction) in the h — v decay rate.

It is noteworthy that, while the signal rate Ry, only implies very weak bounds for the
RS parameter space, the Higgs coupling to bottom quarks ¢, is important, since it is one
of the significant corrections to the Higgs width (5.55), that enters all of the signal rates.
Figure 5.16 shows the total Higgs width normalized to the SM value ¢;, = FES / F%M, de-
fined in (5.55), in the custodial RS model, including the corrections from the Higgs
decays h — bb, WW*, gg. We see that in the brane-Higgs scenario the Higgs width can
be reduced by ~ 30% (15%) for a KK gluon mass M) ~ 5TeV (10 TeV) and maximal
Yukawa value y, = 3. The dominant correction comes from the decay into two bottom
quarks, which leads to an enhancement of all branching ratios. This differs from the
case of the narrow bulk-Higgs scenario, where a large contribution comes from the Higgs
decaying into two gluons, which enhances the Higgs width and counteracts the suppres-
sion through c¢,. This effect dominates for y, 2 1.5 leading to a Higgs width larger than
in the SM and consequentially reducing all branching ratios.
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5.2 B — X,y Decays in Warped Extra Dimensions

In the last section of the main part of this thesis, we will investigate the phenomenological
implications of the RS contributions derived in Section 4.3 on the following physical
observables most directly related to the parton-level transition b — svy: the branching
ratio (BR) Br(B — X,v), the time-dependent CP asymmetry Sk~ in the decay B —
K*v, and the photon polarization parameter Ay, measured via the angular distribution
in the B — K;(K — 7nw)7y decay. Recall that especially the chirality-flipped Wilson
coefficients can receive large corrections and are expected to give rise to significant
deviations from the SM prediction.'! So the latter observables are particularly viable to
look for RS effects. While CP asymmetries were discussed in previous works [176, 177,
245], this section will moreover add a discussion of the photon polarization parameter
Ay, which have gained importance after it has been clarified how it is experimentally
accessible. Note also that the Wilson coefficients related to the b — sy transition affect
observables associated with the semi-leptonic decay B — X, puji [272, 273], which will,
however, not be discussed here. A discussion of this process in the RS model can be
found in [245].

5.2.1 The Branching Ratio B — X,y

We begin with the branching ratio of the inclusive decay B — X,vy. The current
experimental value reads [274, 275]

Br(B — X,v) = (3.43£0.22) x 107,
while the SM prediction at NNLO is [250, 276]
Br(B — X,v) = (3.1540.23) x 1074

Since these two values agree very nicely at the moment, the measured branching ratio
will be used as a constraint on the parameter sets of the RS model. For this, we simply
require the RS corrections to fulfill the constraint

ABr(B — X¢y) = Br(B — X¢Y)exp — Br(B — Xs7)sm = (0.28 £0.64) - 107*, (5.62)

which represents the 20 ranges when combining experimental and theoretical uncertain-
ties in quadrature. The effect of the RS model can be estimated with the help of the
formula of [245]

Br(B — Xy) = Br(B — Xyv)sm + 0.00247 ||CE5|2 + |CFP[? — 0.706 Re(O%S)] ,

(5.63)
where the RS corrections are evaluated at up and all known SM non-perturbative contri-
butions are taken into account. The RS corrections are included only at LO neglecting
uncertainties which is accurate enough to estimate the possible RS effects. Note that a
positive RS correction to Br(B — X,7v)sm is favorable to get a theoretical value which is
closer to the data. With the help of (4.147), (4.148), and (4.149) we derive the branching
ratio in the minimal RS model, which is depicted in Figure 5.17 as a function of the

11Gee [271] for a review of possible measurements of C.,.
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FIGURE 5.17: Branching ratio of the decay B — X,y depending on the mass of the
first KK gluon M) in the minimal RS model. The light blue line denotes a fit function
of the parameter points, while the green (red) band shows the experimental value (SM
prediction). The vertical dashed line denotes the T' parameter bound.

mass of the lightest KK gluon resonance.'? The green (red) band shows the current
experimental value (SM prediction) including the corresponding error margin, while the
blue points represent possible RS scenarios. The light blue line denotes a fit function
of the parameter points. As in the previous section, 5000 parameter sets are generated,
where the Yukawa matrices and bulk mass parameters correctly reproduce the SM quark
masses and Wolfenstein parameters. In order to obtain the maximally possible RS ef-
fects, the upper bound |(Y4);;| < y« = 3 has been imposed. We see that for large values
of the first KK gluon mass the parameter points are centered around the SM value due
to the decoupling of the RS effects, whereas a large enhancement is observed for small
KK scales. This has been expected due to the contribution of the chirality-flipped oper-
ators. Note, however, that the majority of parameter points lies within the experimental
error band and obeys the BR constraint (5.62), in particular those points which obey
the 7" parameter constraint M u) > 12TeV indicated by the vertical dashed line.

5.2.2 The Time-Dependent CP Asymmetry in B — K*vy

Due to the fact that the RS model induces large CP violating phases, it is of great
interest to study CP asymmetries in B decays based on the b — svy transition. One
possible observable is the direct CP asymmetry in the inclusive decay B — Xy [275],
which in principle is highly sensitive to NP contributions [277]. In practice, however,
the perturbative SM prediction is spoilt by large non-perturbative long-distance effects
leaving not much room for new physics [278]. Therefore, a theoretically more clean
observable will be considered, namely the time-dependent CP asymmetry in the exclusive
decay B — K*v. As opposed to the corresponding branching ratio, this CP asymmetry
does not depend on the theoretical uncertainty of the B — K* form factors [279-281].
It is defined by

(B — K*99) —T(B° — K*0)
['(BY — K*0v) + T(BY — K*0v)

= Sk+y sin(AMgt) — Cgey cos(AMgt) ,  (5.64)

12Note that we mix the NLO SM values with the LO RS corrections which is actually somewhat
inconsistent. However, for our goal, i.e. the estimation of the possible effects of the RS model, it is
justified to use the above relation.
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FIGURE 5.18: The time-dependent CP asymmetry S+~ as a function of the KK gluon
mass M, (left) and the branching ratio Br(B — X,7) (right). The experimental 1o
error margins are given by the green bands and black vertical lines (in the right plot),
while the SM predictions are represented by the yellow bars. In the left plot, the blue
(gray) points obey (do not obey) the BR constraint and the vertical line represents the
bound from electroweak precision tests. In the right plot, all points fulfill both the BR
constraint and the T parameter bound. See text for details.

where Sk~ at leading order is given by [280, 282]

2

~— 2 mmleic., ¢ ] 5.65
|Cra |2 + |Cry 2 e (569)

Sk

The Wilson coefficients are given in (4.147) and contain both SM and RS contributions.
The angle ¢4 is the phase of BY — B® mixing and has been measured in B — J/1 Kg
decays to be sin ¢4 = 0.67 +0.02 [275] . Due to the occurrence of the Wilson coefficient
077 in the numerator, the SM prediction for Sk~ is m,/my-suppressed and reads

S = (—23+£1.6)%. (5.66)
The current experimental value [275, 283, 284]
Sk, = (=16 £22)% (5.67)

has the potential to reveal possible NP effects, but still suffers from large uncertainties,
so that more precise measurements would be desirable. Figure 5.18 shows the RS con-
tributions to Sk«, depending on KK gluon mass Ma) (left plot) and the branching
ratio Br(B — Xy7) (right plot). The green bands denote the experimental 1o error
margin for Sk« and the yellow bars include the corresponding SM predictions. In the
left plot, the blue (gray) parameter points fulfill the BR constraint (5.62) and the dashed
gray line represents the 1" parameter bound. In the right plot, all points are compatible
with both the BR constraint and the bounds stemming from electroweak precision tests.
The black dashed lines represent the 1o error margin of the current measurement of
Br(B — X4v). Note that due to the uncertainty in the SM prediction, all points on
the left and on the right-hand side of the dashed lines are still compatible with the BR
constraint. We observe that large deviations from the SM prediction for Sg«, are still
possible for very heavy KK gluon excitations. 33% of the parameter points can lead to
deviations by |ASk«y| = |Sk+y — S%l\f,ﬂ > 5%. It is reported in [285] that the expected
sensitivity on Sk, at the SuperB-factories is about 2%, so a precise measurement of
this observable could give us a first indication of the RS model in the future.



5.2. B — X,y Decays in Warped Extra Dimensions 201

_20, =T —60F
—40F =70t
< =
é —-60F i -80r
< <
-80F -90p
T : : BT s TS T
5 10 15 20 3.0 3.2 3.4 3.6 3.8 4.0
M,a) [TeV] Br(B — X,v) [1071]

FIGURE 5.19: The photon polarization parameter A, as a function of M ) (left) and
Br(B — Xsv) (right). The meaning of the colors, lines, bars, and dots is the same as
in Figure 5.18. The gray band represents the future sensitivity at LHCb. See text for
details.

5.2.3 The Photon Polarization Parameter A\,

Finally, we discuss the polarization of the emitted photon. This observable allows us
to disentangle the relative contributions to b — sy from the operators ()7, and QW-
A detailed consideration of how to measure the photon polarization can be found in
[286-288]. Here, the proposal of [287] will be considered, which suggests to study the
angular distribution of the decay products in the B — K;(— K7r)y decay and extract
the polarization parameter

|A(f? - f:(WR)\Z - |A(f? - f:fWL)|2 _ |G, 2 = |Coy 2
|A(B = Ki1vg)|? + |A(B = Kiv)?  |Cry|2 + |Cry |2

Ay = (5.68)

via a measurement of the observable of the so-called up-down asymmetry.'> The indices
L and R in the matrix elements denote the polarization of the external photon. The
SM prediction for this quantity is )\gM ~ —1, where small deviations are caused by the
ms/mp-suppression and hadronization effects. As stressed several times, it is possible in
the RS model to have a very large coefficient C~'77. One expects to observe this fact in the
polarization parameter resulting in values far above A\, = —1. We can indeed find such
scenarios, illustrated in Figure 5.19, where A, is shown as a function of M s (left plot)
and Br(B — Xsv) (right plot). The yellow bars show the SM predictions, which are
approached by the parameter points for large choices of the KK scale. Note that even for
these, it is possible to get significant effects from the RS model. Precision measurements
of this quantity could therefore give rise to a clear indication for new physics. On the
other hand, the future sensitivities are reported to be ~ 20% (with integrated luminosity
of 75ab™ 1) at the B-factories and ~ 10% at LHCb (with integrated luminosity of only
2fb~1) [271, 288], represented by the gray bands in Figure 5.19. Since only 3% of the
parameter points can give rise to contributions larger than 10%, the future experiments
are probably not sensitive enough to verify the deviations induced by the minimal RS
model.

131t is also possible and even more feasible (since it increases the experimental sensitivity on A,) to
measure A\, via a method which takes into account information on the Dalitz distribution, see [288] for
details.
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Summary

The above analysis has shown that also B decays mediated by the loop-induced parton-
level transition b — sy can provide sensitive probes of virtual effects of KK excitations.
The time-dependent CP asymmetry Sk« and the polarization parameter A, generically
receive large corrections, even under the assumption that the bounds from the branching
ratio of B — X,v and the electroweak precision measurements are fulfilled. In the former
case, the corrections are in the ballpark of the expected future experimental sensitivities.
Hence, in the context of the minimal RS model it is possible that a deviation of the SM
prediction for Sg«, might be seen in the future experiments. One may ask what order
of magnitude one can expect for the effects in the RS model with custodial protection.
According to analysis performed in [245] the contributions to the Wilson coefficients are
supposed to be larger than in the minimal model due to the much richer fermion content
which was introduced to reconcile the model with the Zbb constraint. This can lead to
modifications of the CP asymmetry Sk« and also of the polarization parameter A,
which are more pronounced than in the minimal model. Moreover, the relatively low
S and T parameter bound of M g > 4.7TeV in the custodial model allows for many
more parameter points in the left plots of Figures 5.18 and 5.19 to be considered. Note,
however, that the BR, constraint is likely to exclude more parameter points due to the
larger corrections to the Wilson coefficients. In any case, it will be interesting to observe
what the future measurements will tell us about the radiative Wilson coefficients and in
particular (:“77.



Conclusions

The first run of the LHC was both a success and a disappointment. On the one hand, it
verified the existence of the Higgs boson, the last missing piece of the SM, which made
the question of what stabilizes the Higgs mass around the electroweak scale more press-
ing than ever. On the other hand, it did not reveal any evidence for new physics which
could answer that question. This in turn has kept alive plenty of new-physics models,
few of which have been introduced in Chapter 1. One possibility with promising char-
acteristics is given by Randall-Sundrum models. Not only can these models explain the
hierarchy problem, but they, moreover, provide the currently best explanation for the
hierarchies in the flavor sector of the SM. However, the predicted particles are probably
too heavy for direct detection at the LHC, as explained extensively in Chapter 2. For
this reason, the intention of this thesis has been to point out possibilities how to look for
the heavy KK partners of the SM particles indirectly, in particular via measurements
of observables which are loop-suppressed and hence very sensitive to additional virtual
degrees of freedom in the loop. Chapters 4 and 5, which have formed the core of this
thesis, have focused on the Higgs production channel via gluon fusion, the Higgs decay
into two photons, and the flavor-changing neutral current b — s+ in various incarnations
of the RS model, in which the Higgs sector is localized on or near the IR brane.

In the case of the loop-induced Higgs processes, it has been achieved to derive exact
expressions for the gg — h and h — 7~ amplitudes in terms of integrals of the 5D
fermion and boson propagators with the Higgs-boson profile along the extra dimension
has been derived. Both expressions can be used to calculate the effective CP-even and
CP-odd ggh and hvyy couplings, as long as one succeeds in deriving an explicit expression
for the respective 5D propagator. The advantage of this approach is that one avoids
the notion of KK modes from the beginning, since the infinite sum over KK modes is
performed implicitly. In Chapter 3, we have derived both the warped-space 5D fermion
propagator with the full three-generation flavor structure and the gauge-boson propa-
gators in the minimal and custodial model, which are valid to all orders in v?/MZ. In
contrast to the procedure commonly used in the literature, all calculations have been
performed by keeping the exact dependence on the Higgs-boson mass. At the end of the
calculation the contributions of the SM particles and the fermion and boson KK towers
to the effective ggh and h~vvy couplings have been identified.

The 5D analysis of the ggh amplitude has pointed the relevance of different mass
scales. While in models with a brane-localized Higgs sector the gluon fusion amplitude
receives the dominant new-physics contributions from states with masses of order several
times Mkxk, in a narrow bulk-Higgs scenario there is another equally important contri-
bution arising from (fermionic) states with masses of order v/n, which can resolve the
“bulky nature” of the Higgs boson. The various versions of RS models according to the
parametric relation of the characteristic width n of the Higgs-boson profile with respect
to the two ratios v|Yy|/ Mgk and v|Yy|/Atey, where Aty is the value of the inherent
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UV cutoff near the IR brane, have been classified in Table 4.1.

An important outcome of this thesis is that there is no controllable interpolation
between bulk-Higgs and brane-Higgs models. In RS models in which the scalar sector is
localized on the IR brane, we have found that the gluon fusion cross section is reduced
compared with its SM value, whereas in models in which the Higgs-boson is described
in terms of a narrow bulk field localized near the IR brane, the cross section is generally
enhanced. The results have confirmed the contradictory calculations of [149] and [222].
It has been demonstrated that when trying to interpolate between the bulk-Higgs and
brane-Higgs scenarios, i.e. taking the limit n — 0 in a bulk-Higgs model, one enters a
transition region with n ~ v|Yy|/ATey, in which the contributions from certain higher-
dimensional operators involving additional derivatives of the Zs-odd fermion profiles
become unsuppressed, so that the effective field-theory approach breaks down. Such an
operator is not present for the bosonic degrees of freedom, so that one obtains no res-
onance contribution from bosons and the W-boson contribution to the hy~vy amplitude
in unambiguous. Furthermore, we have addressed the question of the numerical impact
of power-suppressed ]<I>|2(GZ,/)2 operators, which contribute to the gg — h amplitude at
tree level. It has been 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. The analogous argumentation holds for |®|?(F},)? operators
contributing to the hy~y amplitude.

While most of the calculations have been performed in the minimal RS model, we
have also generalized the findings to the RS model with custodial symmetry. Analytical
expressions for the effective ggh and h~vyvy couplings in terms of the same input parame-
ters that appear in the minimal model have been derived. Due to the higher multiplicity
of particles running in the loop, the contribution from the infinite KK tower of virtual
quark states to the ggh (h7yy) amplitude has turned out to be four (68/5) times larger
than in the minimal model. The boson contribution is only twice as large.

In the phenomenological section, we have first studied the tree-level processes of Higgs
decays into two electroweak gauge bosons as well as the Higgs production processes via
Higgs-strahlung and vector-boson fusion. The analysis has included the effects from the
virtual KK gauge bosons, which have been found to be subleading with respect to the
L-enhanced contributions stemming from the modified AV'V couplings.

The analysis of all tree- and loop-induced Higgs couplings has shown that the cor-
rections of the custodial RS model to the hff coupling scale like ~ y2v? /MI%K and can
be affected by O(10%) for small KK scales (M, < 5TeV) and not too small values

~

for the maximal Yukawa value y, = 1. It has further been pointed out that the CP-odd
coupling of the top quark ¢;5 receives corrections that are already in the ballpark of
the measurements of the electric dipole moment of the electron. The largest RS correc-
tions appear in the loop-induced Higgs couplings to gluons and photons due to the high
multiplicity of virtual KK particles running in the loop. Even for a KK gluon mass of
M) = 10TeV, modifications of the Higgs couplings to gluons and photons in the cus-
todial model can reach up to 53 % and 32 %, respectively. In order to show the potential
of future measurements in the Higgs sector for the search after warped extra dimensions
all relevant couplings have been compared with the sensitivities that can be reached by
the LHC operating at /s = 14 TeV (with integrated luminosity 300fb~!) and the ILC
operating at /s = 1 TeV (with 1000 fb=1). We have derived strong exclusion bounds at
95% CL in the custodial RS model, which are summarized in Figure 5.6. Particularly the
ILC has turned out to be very sensitive to KK gluons, being able to rule out KK gluon
masses of M ) > 43TeV x (y./3) TeV deduced from an analysis of the loop-induced
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Higgs couplings to gluons. The analysis of the Higgs couplings to W bosons at the ILC
has been used to expect a sensitivity on KK gluon masses of M, o ~ 15.0TeV, which is
independent of the realization of the Yukawa sector and hence the parameter ;.

We have finally compared the predictions of the measured signal rates for the pro-
cesses pp — h — bb, 7H7—, WW*, ZZ* ~v with the latest experimental data from
the LHC. The strongest exclusion bounds originate from the Higgs decay into a pair
of electroweak gauge bosons. In the custodial RS model KK gluon masses lighter than
19.9 TeV X (y,/3) in the brane-Higgs and 14.9 TeV X (y,/3) in the narrow bulk-Higgs sce-
nario are excluded at 95% CL, which has been illustrated in the left plots of Figure 5.15.
These bounds derived from Higgs physics are already much stronger than those obtained
from electroweak precision tests. A possible way to lower these bounds is to reduce the
values for the maximal Yukawa matrix entry y,. Assuming a KK gluon with mass of
M,a) = 5TeV in the custodial RS model would require values of y, < 0.4 in the brane-
localized and 3, < 1.1 in the narrow bulk-Higgs scenario, shown in the right plot in
Figure 5.15. As too small values for 1y, would create a tension with other observables,
such as the parameter ex in the kaon system, this analysis has shown that the direct
detection of KK particles of the custodial RS model is disfavored by the current LHC
data.

This thesis has also provided an analysis of the FCNC b — s in the minimal Randall-
Sundrum model. We have argued that the relevant contributions to the b — sy ampli-
tude from the bosonic degree of freedom add up to a gauge-invariant result and that
the summation of the first five modes leads to a finite result. We have achieved to
derive approximate analytic formulas for the radiative Wilson coefficients. Importantly,
it has been observed that the completeness relation for the fermion profiles is responsi-
ble for the elimination of one infinite sum, from which one can deduce that systematic
cancellations within every KK mode leads to the finite result. It has been shown that
in particular the chirality-flipped Wilson coefficients receive large corrections from the
minimal RS model.

In the phenomenological analysis, we have investigated the impact of the potentially
large corrections to the chirality-flipped Wilson coefficients. While the well-measured
branching ratio of the decay B — X,v has been used as an additional constraint besides
the T" parameter bound, we have focused on observables which are more sensitive on
C’?w namely the time-dependent CP asymmetry Sk, in the decay B — K*y and the
polarization parameter A, in the decay B — Ki7v. We have pointed out the fact the
latter observable can receive up to 10% —20% corrections, but suffers from a limited sen-
sitivity of future experiments. On the other hand, the time-dependent CP asymmetry
can receive corrections of larger than 5% (even for parameter points that obey both the
BR constraint and the 7" parameter bound), which the future experiments are expected
to be sensitive to. The effect of the custodial RS model is expected to be even more
pronounced, but has not been addressed in the analysis of b — sv and is left for future
work.

It will be exciting to compare the predictions derived in this thesis with future, more
precise experimental results. Even if no KK particles are to be discovered at the LHC,
we might hope that the measurements of the Higgs couplings and the time-dependent
CP asymmetry in B — K*v either at the LHC or at a future linear collider could provide
a hint of the possible existence of warped extra dimensions.






Appendix A

Compendium of Results for the

Propagator Functions

Here the results for the propagator functions A‘z 1, and Aj; ;, for smzﬁﬂl, but finite Higgs

width 7 are shown. The corresponding results for the A%, and A?
with the help of the replacements shown at the end of Section 3.2.3. The limit n — 0
has been discussed in Section 3.2.4. Keeping the n dependency, the propagator solutions

depend on the region where t and t' take their values. We use a subscript b (s) for ¢, ¢’

can be obtained

when the fifth coordinate lives in the bulk (sliver) region. The final results read
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The propagator functions have been written down in such a way that one can immedi-
ately notice their continuity at point 1 — n for both ¢ and ¢'. Using

Li(ply pply) = %1, S(1,) = sinh g, SW=CW =0, 5
L§3(ﬁE1naﬁE1n) =0, C(1,) = cosh Sz,

the continuity becomes obvious in almost all cases. For the (11)- and (22)-clements of
the propagator function AL 1> one moreover needs the relations (3.90).



Appendix B

The Yukawa Perturbativity
Bound

In this appendix, we will discuss the Yukawa perturbativity bound. As pointed out in
Section 2.2.2, the Yukawa matrix elements Y';; are expected to be anarchic, complex
O(1) numbers, i.e. they are assumed not to be too small and too large, respectively.
In fact, we must impose an upper bound on the size of the 5D Yukawa couplings,
since they otherwise do not remain perturbative up to the cutoff of the RS models under
consideration. Here we will first recall the NDA estimates for the Yukawa perturbativity
bound in RS models with a brane-localized and a bulk-Higgs sector. These estimates will
be somewhat more refined than those done in the literature, e.g. in [160, 180], taking into
account the dependence on the number of generations IV,. After that, the perturbativity
bound will be calculated explicitly using the exact 5D fermion propagators derived in
Section 3.2. We will find that the explicit calculation leads to stronger bounds than the
conventional NDA estimates. The first part of this appendix is based on Appendix D of
our publication [150], while the second part is unpublished work.

B.1 NDA Estimates

We begin with the NDA estimates, which build the basis for what is the upper bound
for the Yukawa matrix elements (Y ¢);j| < yx is usually adopted in the literature. As we
will see, they will depend on whether the scalar sector is a bulk or an IR-localized field.
We will also derive the value of 3, for which the NDA estimate for the bulk scenario has
to be replaced by the corresponding one for the brane-Higgs scenario.

Brane-Localized Higgs Scenario

In an RS model with a brane-localized Higgs sector, we have to take into account the
fact that the scalar field is localized on a brane (fixed by the §-function). This in turn
implies that the momentum is not conserved in certain directions due to the breaking of
translational invariance and hence some of the dps integrals coming from the [ dp...
representation of the propagators cannot be eliminated and remain part of the loop
integration. Neglecting external momenta as well as the scalar and fermion masses, one
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finds the following the NDA estimate for the one-loop correction to the Yukawa coupling
[111, 150], 1

3 3
_____ o) e [ Yo /d%/dp’ DL (Y e
: g \/i (27‘(‘)5 2T p pQ g \/i lg Pl>»

B.1
where I; = 1672 and 5 = 2473 are the 4D and 5D loop factors defined in (1.58) and( Mp>1
is the physical UV cutoff Ayy of the RS model. The coefficient ¢, = 2N, — 1 accounts
for the multiplicity of fermion generations and is determined by the relation (5.40). The
corresponding typical size of an element of the anarchic 5D Yukawa matrices is given
by [YP| = 2|Y,|/k, where |Yy| is related to the maximal value y, via (4.53). Requiring
that the above one-loop correction is smaller than the tree-level Yukawa coupling yields

the condition 5
YOPIN " la o cglVel? (Atev)” !
— Mg = L1 - <1 B.2
o ( V2 ] 2PN agat \ Mgk ’ (B-2)

where we have used that Apey = Mpe and Mxkg = ke. A similar estimate can be
obtained in the KK picture, where the quadratic behavior on the cutoff arises from a
double sum over Nkx levels of states with masses below the cutoff Arey [180]. We then

find ’Y’ 31 C|Y|2 Atev 2,

cq (\é) 3 NEy ~ ;2;4 <MKK> <1, (B.3)
where it has been used that the masses of the KK modes are determined by the zeroes
of some Bessel functions, see (2.29). This in turn means that the states in the N*h KK
level have masses approximately given by NwMgg (valid for large N), and therefore
Nk ~ Atev/(mMkk). Note that the two estimates (B.2) and (B.3) are equivalent up
to a harmless O(1) factor. Employing (4.53) and solving for y,, we find the condition
Vs < Ymax, With the upper bounds ymax = (6772/\/@) Mxk /Atey derived from (B.2) and
Ymax = (Gﬂz/\/@) Mgk /Atev derived from (B.3). Assuming Arey & 10 Mgk, which
reflects the proper balance between several KK modes below the UV cutoff without
reintroducing a large hierarchy, one finds that 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 (since the dependence on the number of generations Ny is
included), but they are compatible with the conventional choice ymax = 3 adopted in
most phenomenological analyses of RS models.

Bulk-Higgs Scenario

For a bulk scalar we do not need to account for brane-localized vertices and the one-loop
corrections to the Yukawa interaction can be estimated as

! PN r @y (1)\2 1 Y2\ 1
----- S () () (25 b
(B.4)

!Note that the factor of v/2 in the denominator has been included, as this factor appears in the
Feynman rule (2.126).
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It follows in this case that

2
YR\ 1 ¢l Yol 2+ 5)* Arey !
—L__ | —Mp =21 2 1 B.5
Cg(ﬂ T s T4 B My (B3

where we have used relation (2.98) for the dimensionless Yukawa matrix. This translates
into Y < Ymax With Ymax = /9673 /¢4 g V Mxx /Atev. Note that in the bulk-Higgs
case the suppression in the ratio Mgk /Atey is parametrically weaker than in the case
of a brane-localized Higgs field. In practice, with Atey ~ 10Mkxk, this effect is not too
important, 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 a narrow bulk-Higgs
scenario, for which n = 1/8 < 1 is a small parameter (see Table 4.1), one can simplify
Ymax = \/ 9673/ Cq \/ NMkx [ Atev = 7.7,/n. This formula can only be trusted as long as
n 2 Mgk/Atev = 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.

B.2 Calculation Using the Exact 5D Fermion Propagator

Let us now derive the Yukawa perturbativity bound at one-loop order by a calculation
via the exact 5D fermion propagator in the minimal RS model. The calculation for
the custodial model can be performed analogously. We consider the diagram shown
n (B.1), where the incoming momentum are denoted by k, while k1 and ko are the
outgoing momenta for the two quarks, i.e. k, = ki, + ko,. The Lagrangian of the
Yukawa interactions can be generally written as

Lyuz)=— 3 / dt / at' §1(t — 1) h(z) QL(t,x)\}?<YOqST 1;5)

q=u,d (B6)

x [5(15 — ') + I(ky, ko, t, t')} Qr(t',z) + h.c.,
where the integral I(ky,ks,t,t") represents the one-loop correction and we distinguish

between the Yukawa matrices for the Zs-even and Zs-odd fermion profiles. Considering
the amplitude for an outgoing left-handed and an incoming right-handed quark, we find

, St —1)61(t' —1) 6] (t" — 1)
A / /dt/ dt/ dt" B.7
e 2f@ ot b —m? B

x a\" (k >QL T(t) My Sq(t, 8" p) MI Sy (1", 15 p+ k) My QU7 () uly (k) |

where Q(Lng% are the fermion profiles in the vector representation (2.71), Sy is the fermion
propagatdr derived in Section 3.2 and M, denotes the 6 x 6 Yukawa matrix shown in
the first line of (B.6) (with an additional factor of ¢ = v/(v/2Mxk)). Matching the
amplitude on the effective Lagrangian (B.6), we obtain

I(ky, ko, t,t') = (B.8)

i / dlp pPp+E) [Th(p.p+kt,t) +T]p(p,p+ k1))
2/ (2m)d (p+Fk1)? —mj ’
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where

1
St — 1)/ dt” 5]t — DAL, (" —pP) ML AL, (' 1 —*) M,

T?L}B(p7 Q7 t? t/) = Q
(B.9)

is the interesting quantity to be calculated. We now distinguish between the brane-
localized and the bulk-Higgs scenario.

In the former case, the solutions for the propagator functions are shown in Sec-
tion 3.2.4. Evaluating them at t = ¢ = 17, we find

_ 2W , Y‘ YS'|‘ W 7 YC
T (p,q,17,1) 1 ( PWp )Y, YT oWylp,q) Y |
q

T ppan M \ e W ) Y Y T Wi, Y] B0
= (S5 gz "
KK Y, ¢ D, q) Yqu Y, Vq(l% q) Z, Yq
with the defined quantities
W(p.q) = Zq(p%)z ! <1Xq = YS}}T> T ——
1+ Z4(py) Ro(pp) \ 0* tanh X, 1 1+ Zy(q3) (B.11)
Valed) = 177 025 (?quCT i ZZq(p%)Y‘f 9117() 1+ Zlq(q]%) ‘

The integral (B.8) could in principle be evaluated in order to obtain the correction to
the Yukawa coupling. However, it turns out to be more appropriate to first expand the
terms in (’)(v2/M12<K). Working at leading order in v2/MI2<K, we can send o — 0 for the
propagator solutions, in which case they drastically simplify to

o Ro(hE) (1 0) L Ry(pr) (0 0
Aq 1 71 5T 2 = - @ ) Aq 1 ) 1 ) 2 = - 4 ’
(B.12)

while A% (17,175 —p%) = 0 = A% ,(17,17; —p?) completely vanish. Consequentially,
it is Tpr(p,q,17,17) ~ 0 in this limit and

1 0 0
Th(pig:17,17) = ———— ) ] ' o
rr(Pq ) 5 aE My (0 Rq(pE)YgTRQ(qE)YqC) (19

Note that pgggp is not meant to be a euclidean scalar product, but as the product

vV —p? v/ —¢>. Inserting (B.13) into (B.8) gives

1 1 [® L, Rp)YS R+ k) E)YS (0 0
0

I(ky, ko, t,t) =
(1, B, ) (pE + F1p)? +m3 01

My

Notice the appearance of the loop factor I4 = (47)?. Note further that the correction is
exact up to higher orders in v* /ME{K At this step, another simplification is necessary,
since the integrand is quite complicated and the momentum integral cannot be performed
easily. Being interested in large momenta kg 2r < pr S Atev, we can approximate the
integrand using the expansion R, ~ 1. In this limit, the corrections to the Yukawa
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sector are given by (sending d — 4)

1 Atey 0 0 1 [Arev\? /0 0
L~ —— dp = _— ¢ B.15
' 2M12<Kl4/0 Pe (0 Y§TY§> 2,4 <MKK 0 yetyc): | )

and we recover the quadratic sensitivity on the UV cutoff already shown up in the NDA
estimate. Thus, the Yukawa coupling is indeed quadratically divergent in the RS model.
Employing (5.40), we find that the leading correction only affects ch by

, (B.16)

2
) (2N, — DIY,

1 ( ATeV

1 N
+ 214 \ Mgk

and with the help of (4.53) this translates into maximal value when the Yukawa sector
gets strongly coupled

li Mgk
__4 TTRK 91, B.1
2N, — 1 Aoy (B17)

y* < ymax < 2
As before, it has been used in the second step that practically Atey =~ 10 Mkg. We
see that this bound is very tight and much stronger than the NDA estimate. However,
the actual value for y, has to be determined by measurement of observables that are
sensitive on the value of y,, like the loop-induced Higgs processes analyzed in the previous
sections. In fact, as shown in Section 5.1, the current LHC data prefer small values for y,
to be compatible with KK boson mass that are in reach of direct detection at the LHC.
Nevertheless, the value for y,.x derived above should be kept in mind when discussing
possible ranges of allowed Yukawa matrix elements. Note also that y, is the upper bound
imposed for the elements of the Yukawa matrices. A typical element is |Y,| ~ y./v/2
according to (4.53) and hence even smaller.

In the bulk-Higgs scenario, the exact solution for the 5D fermion propagator has not
been derived yet and it is therefore necessary to work at leading order in the expansion
of v? /MI2{K right from the beginning. However, one does not even need the propagator
solutions at v? /MI%K, since the corrections to (B.6) at that order come from the Yukawa
matrices My, see (B.7). Thus, one can make use of the solutions for the free 5D fermion
propagator, which can be deduced from the results in Section 3.2.4 in the limit Y, — 0.
Provided with these solutions and the Higgs profile (2.63) one could in principle calculate
the function T'4p (B.9). The result is exact in v2/MZ,. However, for a generic bulk-
Higgs profile it is not possible to get a compact, analytical result after the integration
over the extra dimension. For the case of a very localized Higgs profile (8 > 1), on the
other hand, some simplifications can be made allowing us to show that the brane result
is recovered in the limit 8 — oco. As the Higgs profile is IR-localized and the localization
increases for larger 3, only values for ¢, ', and ¢” that are O(1) have to be considered. If
one furthermore takes into account that the propagator functions fall off exponentially
for values t,',t"” # 1 and high momenta (see (3.118)), the functions T' can be written
as

Tri(p g, t,t) = 6 <O C5DO C5D) /ldt" X6 (t") (B.18)
s @y by TpEQEM}Q(K 0 Yq, TYq’ . 0
Upon evaluating the integral over ¢’ and redefining the Yukawas via (2.98), we finally
get
s —1) (0 0
TRL b, q7t>t/ =-h >~ __—2 ( > ) B.19
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where 5}11/5@ —1) = (2 + B) '8 has been used, see (2.97). This is equivalent to the
corresponding formula in the brane-localized Higgs case (B.13) and consequently, con-
cerning the Yukawa perturbativity bound, there exists no difference between the two
cases.



Appendix C

Feynman Rules in the 4D
Effective Theory

Couplings within the Boson Sector

ptp/ , QOi(n) W/it(n) h ~ . Wf(m)
e o
Ph -
F(m) wFm oM ALO)
(d) (e) (f)
AT N A NN
I — < ::f\/\/\, AY
o= (m) W, AL o™
(9) (h) (4)
oo ew o AY SRR
AY f\/V\/{LL ,2{ A AY
Fo) m A0 o)

k
o) +(n) p
Cr w, N\ +p’y
h===-=- 3 A
e Wy

Here the Feynman rules needed for the calculation of the one-loop gauge-boson, scalar,
and ghost contributions to the h — v decay amplitude in the KK-decomposed version
of the minimal RS model are listed. We work in a general R gauge and use mass
eigenstates of all SM particles and their KK excitations. The Feynman rules for the
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vertices shown above are:

m%/V w W 2iml2/V w w
(a): W 27 Xm (1) Xn (1) (pSO - ph)V ) (b) 2m Xm (1) Xn (1) nlU/ ’
vm,, v
rh%,v —zm,% 2rmiyy W

() eI 2m (1) (1) 7 ()

n m n
(e):  —ie® (20 M — Mru Mow = Maw o) O s ()2 i€ (P — D) O
(9): =Le mnVZ Nuw O » (h): 2ie? Nuw Omm
. . . W W W
(i):  Eiepy bmn, (j): —¢ 2 x,n (1), (1),

(k) 1€ Omn Vp,ucr(p—i-)p'yap—) ,

(C.1)
where v is the Higgs vev in the RS model, the parameter my has been defined in (2.30),
and the structure V), of the three-boson vertex has been given in the text after (4.80).

Fermion Coupling to Bosons

The Feynman rules for the fermion coupling to vector bosons have been derived in
[184, 230] and can be summarized as

iM = igey® (Vi PL+ Vil Pr) (C2)

where « denotes the boson polarization and the gg’s are the respective couplings, i.e.
g/V/2 for the W~ and W+, g,t® for the gluon, eQy for the photon, and g/ cos#,, for
the Z boson exchange. The subscripts denote the outgoing (n) and the incoming (k)
fermion modes, whereas the boson mode is represented by m. The specific form of the
overlap integrals can be found in (2.123) - (2.125).

The couplings to the scalar bosons are given by

iM = g5 (VEBPL+ V5 Pr) - (C.3)
While gp is just the same as above, the coupling to the Higgs is chosen to be gy = 1,
with Vi = gnk given in (2.126). The overlap integrals Vfﬁk and Vn‘pnfk can be written

as (B=7, 3, Z)

d d d d
chsk:mnVBk_mk~Bk VgoBk:mnf/Bk_mkVBk
nm B "nm B "nmk> nm B nm B nm

M Mn M, m
and 4 J
u u
V‘P% - EVW+ _ ﬂf/W+ f/%OJvrv _ My owt ﬂvmﬁ
nmk W Y nmk w Ynmk > nmk — w Ynmk w Ynmk >
m m My, My,
_ d u _ d u
VW my, W my v VW — my W My vwo
nmk W ' nmk W Vnmk > nmk w ' nmk w Ynmk -
m M, M, m



Appendix D

Results for the b — s~ and
b — sg Amplitudes

In this appendix, the results for the amplitudes of the diagrams shown in Figure 4.5 and
the corresponding ones for b — sg are shown. The radiative Wilson coefficients can be
read off with the help of (4.106). Only the sums of scalar and vector-boson contributions
are presented for reasons of gauge invariance. The underlying Feynman rules can be
found in Appendix C. The functions from the integrals over Feynman parameters are
given by

3 — 4z + 2? + 2log(x)

13(:1;) - 2(5[? — 1)3 )
2+ 3z — 622 + 23 + 62 log(x)
—4 + 32 + 23 — 6xlog()
IA(x) = = 2(.T — 1)3 )
8 — 38z +392? — 143 + 52" — 182% log(x)
IB(‘T) - 12(2? — 1)4 ’
1 — 122 + 1522 — 423 — 62 log(x)
4 — 49x + 7822 — 4323 + 10z* — 18z log(7)
In(z) = 14 9z — 1322 + 323 + 8z log()
B\ = 2(—1 + ) ’
4+ 40z — 9922 + 6823 — 132* — 62(—6 + 52) log(z)
Ip(z) = :

12(—1 + z)*
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Results for the b — sy Amplitude

FIGURE D.1: Gauge-boson exchange. It is ¢ = u and 248, = (m%)?/(m!V)2 for B=W

and ¢ = d and 298 = (m%)2/(mZ)? for the neutral bosons.

. =2 mw \2rms
iAp = ZUTKB ; (7) [EIA(‘TCIB )‘/anvnmS + IB($qB )VvanVnm?)] <Q7’7>

The values for kg read: Ky = Qu/2, kz = Qa/c2, ka = Qgsfu, and kg = QuCrass? /a.

8ma mp

=2 3 (T (S [y 0+ 1 VAV
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Results for the b —+ sg Amplitude

FIGURE D.4: Gauge-boson exchange. It is ¢ = u and 248, = (m%)?/(m!V)2 for B=W

and ¢ = d and 298 = (m%)2/(mZ)? for the neutral bosons.

. —2 H/ 'I;;’LW 2 mq B
iAp = 20753 > (W> [ﬁnIA(qu VWi Vens + 1 (280, )‘/vanVnm3j| (Qsg)
9 nm m b
The values for x5 read: ky, = kw, Ky = Kz, Ky = K4, and K, = —Qqass2 /2aN.,.

dh _

FIGURE D.5: Higgs exchange, 23" = (md)2/(my)? .

mp, Sra mp

=2 3 (T () [t 4, 7 + 1V Q)

n=1

FIGURE D.6: Three-gluon vertex, 299, = (m¥,)?/(md)? .

mn

_ 2 d
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