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Abstract

In this thesis, the phenomenology of the Randall-Sundrum setup is investigated. In this context
models with and without an enlarged SU(2), x SU(2)g x U(1)x X PLg gauge symmetry, which
removes corrections to the 7' parameter and to the Zbyb;, coupling, are compared with each
other. The Kaluza-Klein decomposition is formulated within the mass basis, which allows for
a clear understanding of various model-specific features. A complete discussion of tree-level
flavor-changing effects is presented. Exact expressions for five dimensional propagators are
derived, including Yukawa interactions that mediate flavor-off-diagonal transitions.

The symmetry that reduces the corrections to the left-handed Zbb coupling is analyzed in
detail. In the literature, Randall-Sundrum models have been used to address the measured
anomaly in the ¢t forward-backward asymmetry. However, it will be shown that this is not
possible within a natural approach to flavor. The rare decays t — ¢Z and t — ch are
investigated, where in particular the latter could be observed at the LHC. A calculation of
' in the presence of new physics is presented. It is shown that the Randall-Sundrum setup
allows for an improved agreement with measurements of Ag; , Sye, and Al's. For the first time,
a complete one-loop calculation of all relevant Higgs-boson production and decay channels in

the custodial Randall-Sundrum setup is performed, revealing a sensitivity to large new-physics
scales at the LHC.

Zusammenfassung

Gegenstand dieser Arbeit ist die Untersuchung der Phanomenologie von Randall-Sundrum-
Modellen. Es werden Modelle, bei denen Beitrige zum T-Parameter und zur Zb;b;-Kopplung
durch eine erweiterte SU(2), x SU(2)gr x U(1)x x Ppr Eich-Symmetrie verboten sind und
solche ohne diese Symmetrie gegeniibergestellt. Die Kaluza-Klein-Zerlegung wird direkt in der
Massenbasis vorgenommen, wodurch ein vertieftes Verstandnis verschiedener Eigenschaften
der Modelle ermoglicht wird. Eine vollstandige Analyse flavor-andernder Prozesse auf Born-
Niveau wird préasentiert. Es werden exakte Ausdriicke fiir fiinf-dimensionale Propagatoren
hergeleitet, unter Beriicksichtigung flavor-andernder Yukawa Kopplungen.

Die Unterdriickung der Korrekturen zum Zb; by -Vertex wird detailliert analysiert. Randall-
Sundrum-Modelle wurden in der Literatur herangezogen, um die gemessene Erhchung in der ¢t
Vorwarts-Riickwarts-Asymmetrie zu erklaren. Es wird gezeigt, dass dies in einem natiirlichen
Ansatz beziiglich der Flavor-Struktur nicht moglich ist. Die seltenen Zerfélle ¢ — ¢Z und
t — ch werden untersucht, wobei insbesondere der letztere eine Groflenordnung erreichen
kann, die am LHC messbar ist. Es wird eine Berechnung von T'Y unter Beriicksichtigung
von Beitragen neuer Physik durchgefithrt und gezeigt, dass in Randall-Sundrum-Modellen
eine bessere Uberemstlmmung mit den gemessenen Werten fiir A, Sye und AI'y erreicht
werden kann. In dieser Arbeit wird die erste vollstandige Ein-Schleifen-Rechnung fiir alle
relevanten Produktions- und Zerfallskanale des Higgs-Bosons in Randall-Sundrum-Modellen

prasentiert. Dabei wird eine Sensitivitat auf grofle Skalen, jenseits der direkten Reichweite
des LHC, festgestellt.
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Preface

The Randall-Sundrum (RS) setup provides promising possibilities to address several puzzles
in particle physics. The aim of this thesis is to study the phenomenology of RS models with
bulk gauge and matter fields in an anarchic approach to flavor. We formulate the Kaluza-Klein
(KK) decomposition of the theory directly in the mass basis. The couplings to a brane-localized
Higgs sector are included in an exact way via boundary conditions. This avoids the truncation
of the KK towers, which is in contrast to the usual approach of treating these couplings as
a perturbation. In consequence, a clear and analytical understanding of important model-
specific features is possible. For gauge fields, we present the decomposition in a covariant
R gauge. In the case of the fermion sector, the flavor mixing is included in a completely
general way. We show how the hierarchies of the quark sector are generated naturally in
warped models, starting from anarchical 5D Yukawa matrices (featuring neither symmetries
nor hierarchies). To this end, the analogy to the Froggatt-Nielsen mechanism is demonstrated.
We present a detailed discussion of the interactions of the model, including a complete survey
of tree-level flavor-changing effects.

A first look at electroweak precision observables reveals that the minimal RS model gener-
ically induces sizable contributions to the T" parameter. However, we show that a heavy Higgs
boson m;, <1 TeV cancels part of the corrections. This allows for new-physics scales as low
as a few TeV. At the same time, this option potentially improves the agreement between the-
ory and experiment in the Z — bb pseudo observables. Nevertheless, the minimal RS model
features sizable corrections to these observables. Extending the gauge group to the custodial
group SU(2), x SU(2)rxU (1) x X Prg and including an appropriate embedding of the fermions,
allows to remove the problematic contributions. In addition, the 7" parameter is then protected
by a symmetry. We explore the custodial RS model in detail. The approach of treating elec-
troweak symmetry breaking exactly allows for a clear analysis of the model specific features
and protection mechanisms. As we formulate the KK decomposition of the fermion sector of
the minimal model in a general way, allowing for additional fermion representations, the appli-
cation to the extended fermion sector of the custodial model can be performed conveniently. In
turn, it is straightforward to address questions about the model-dependence of the resulting
gauge- as well as Higgs-boson interactions with the Standard-Model fermions. We demon-
strate explicitly the protection of the T" parameter and of the left-handed Zbb couplings. In
particular, we work out, which contributions are protected and which terms inevitably escape
protection. We identify them with the irreducible sources of custodial symmetry breaking.

Due to the presence of the towers of KK excitation one often encounters infinite sums
over gauge boson profiles. We show how to perform these complete sums for towers with
massless as well as massive zero modes, by using completeness relations for the profiles. As a
first application, these results are used to study effective four-quark interactions in both RS
variants. We pay special attention to the interactions with the Higgs sector and to the correct
inclusion of Yukawa interactions that couple Zs-odd fermions. In the perturbative approach
these contributions would be naively lost. This formal part of the thesis, already including
some phenomenological considerations is presented in Chapter

A promising method to treat fields in five dimensions that appear as internal states in
Feynman diagrams is to use five dimensional propagators. This avoids the KK decomposition
and the need to sum up the contributions afterwards again. Especially for the case of sums
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involving several fermion generations, performing the KK sum turns out to be impractical. In
Chapter [4] we obtain exact expressions for the five dimensional propagators of massive gauge
bosons. Beyond that, analytic results for five-dimensional fermion-propagators, including a
generic flavor structure with off-diagonal Yukawa couplings, are presented for the first time.
These expressions are useful for studying loop mediated flavor-changing neutral currents, like
B — X,v, in warped extra dimensions.

The phenomenological survey of this thesis in Chapter [5|starts with an analysis of precision
tests. After exploring the modification of Standard Model parameters in the presence of
warped extra dimensions, aspects of the electroweak precision parameters will be treated again.
Since the anarchic RS setup predicts modified couplings especially for the third generation of
quarks, the focus will be on this sector. A detailed analysis of the Z — bb pseudo observables
is presented. To a great extend, we will pay attention to the comparison of the results in the
custodial RS model with those of the minimal model. The ¢t forward-backward asymmetry,
measured at Tevatron, shows a deviation from the Standard Model prediction of about 2 0.
We analyze if this discrepancy could be caused by the Randall-Sundrum setup calculating
the corresponding prediction at next-to-leading order in the strong coupling constant. The
results presented are valid for a broader class of new physics models. Then we study the flavor
(changing) sector of the model. After an analysis of the non-unitarity of the CKM matrix, the
flavor-changing rare decays t — ¢Z and t — ch will be examined. We will apply the formalism
of five dimensional propagators to study the anomalous magnetic moment of the muon in the
RS setup. Another focus is on CP violating observables in the B%-system, where recently some
anomalies have been reported. We perform a calculation of the absorptive part of the BB
mixing amplitude in the presence of new physics and explore, if warped extra dimensions can
lead to an improved agreement between theory and experiment in several observables.

One of the main questions which the CERN Large Hadron Collider (LHC) is supposed
to answer is how the electroweak symmetry is broken in nature. In consequence, one focus
of the phenomenological part is a detailed discussion of Higgs physics at Tevatron and the
LHC. For the first time, we present a complete one-loop calculation for all relevant Higgs-
boson production and decay channels in the Randall-Sundrum setup, incorporating the effects
stemming from the extended electroweak gauge-boson and fermion sectors. We discuss the
impact on physics at the LHC and demonstrate that the Higgs sector could be very viable for
finding physics beyond the Standard Model.

As this thesis is about extensions of the Standard Model of particle physics, it is mandatory
to explore the motivations to go beyond this successful model. Therefore, important aspects of
the Standard Model are reviewed in Chapter[I], starting from an effective field theory approach.
The fact that this minimal model works extremely well at low energies poses tight challenges
on theories that are meant to complete it. In this context, it is important to explore the
peculiarities of the Standard Model that lead to its successful agreement with experiment.
Such considerations gave rise to several extensions of the original Randall-Sundrum proposal,
which finally brought up the custodial Randall-Sundrum model with bulk-gauge and -matter
fields. In the first chapter we also review the evidence that causes the notion that the Standard
Model will have to be replaced by another theory above a certain scale. This discussion will
lead to the gauge hierarchy problem, which is finally examined, together with the puzzle of
fermion hierarchies. Models with (warped) extra dimensions that can address these problems
are introduced in Chapter [2 and at the beginning of Chapter [3
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The chapters[3}{] contain the main results of this thesis. Chapter[3] besides the introductory
part at the very beginning, and Chapter |5 are based on my publications [Il, 2, 3, 4]. Chapter
on propagators of massive gauge and fermion fields in five dimensions as well as Section [5.1.5
on the anomalous magnetic moment of the muon contain unpublished results.

A conclusion is presented in Chapter [6] Supplementary calculations and useful formulae
can be found in the appendices.



Chapter 1

Introduction: The Standard Model
and Hierarchies in Nature

The first chapter is meant to introduce aspects of the Standard Model (SM) of particle physics
and of effective field theories, with a focus on those topics which will be important for the fol-
lowing chapters. We will present the merits of the SM, which suggest that it is the right theory
to describe nature up to (at least) the weak scale. Beyond that, we will illustrate its short-
comings which bring us to the conclusion that it is, however, not the final theory of nature and
we will expound our expectations on the theory to complete it. In particular, we will discuss
several puzzling hierarchies that we observe in particle physics. These represent a convincing
motivation to study warped extensions of the SM, which will be the focus of this thesis.

1.1 Aspects of the SM and Effective Field Theories

As the SM has been extremely successful up to present collider energies of several hundred
GeV, it is a good starting point for studying new ideas in particle physics. Its extensions should
always have a SM-like theory as a low energy limit. Coming from an effective field theory
approach, we will go into the main building blocks and tests of the model. When exploring
warped setups, we will start from and refer to the structure of the SM, which represents the low
energy tail of the KK decomposition of these setups. Since the phenomenological part of this
thesis is mainly related to the Higgs and the flavor sector, as well as to precision tests, we will
focus on these fields. During this introduction we will meet problems of the SM that provide
a motivation to go beyond it. However, we will also see that the SM leads to a multitude
of non-trivial well-tested predictions. Many of those will be jeopardized, when extending the
minimal model of particle physics. For a successful model building it is thus important to be
aware of the features that have lead to these predictions.

1.1.1 The SM of Particle Physics and Symmetries of Nature

The dream of having a consistent, anomaly free, and renormalizable theory that describes
nature down to length scales of ~ (1—10) TeV ™!, beyond the weak scale, has become true with
the advent of the Standard Model of Particle Physics. These scales correspond to the energy
frontier currently probed directly by mankind at large collider experiments. The success story
of the SM started in the 1960s with the Glashow-Weinberg-Salam (GWS) theory of electroweak

1



2 CHAPTER 1. INTRODUCTION: THE SM AND HIERARCHIES IN NATURE

unification [5l [0l [7] (Nobel Prize in Physics 1979). Other milestones were the inclusion of the
theory of strong interactions, as a gauge theory of elementary particles carrying color charge,
the discovery of asymptotic freedom by Gross, Politzer, and Wileszek [8, @], [10] (Nobel Prize
in Physics 2004), and the prove of renormalizability of the SM by 't Hooft and Veltman [11]
(Nobel Prize in Physics 1999). The SM incarnates the idea of combining special relativity and
quantum mechanics into a quantum field theory that describes the world around us.E] It has
been tested at the quantum level in a plethora of experiments and so far resisted every attempt
to refute its validity. Moreover, it lead to many successful predictions of phenomena and
particles, before their experimental discovery, like the existence of neutral currents and of the
massive W+ and Z gauge bosons, including the corresponding mass ratio. The experimental
observation of jets in the mid-1970s, in particular three-jet events at PETRA in 1979 [13],
provided a striking confirmation of quantum chromodynamics (QCD), the theory of strong
interactions. The experimental evidence for quarks, some years before, confirmed that the
quark model, introduced by Gell-Mann and Zweig, is not only a mathematical model [14] [15],
but is realized in nature. Beyond that, the prediction of the tau neutrino, the charm quark,
and the third generation of quarks, before their experimental discovery (in particular the
indirect determination of the approximate top mass), is to be assigned to the SM.

Before looking at the model in more detail, let us recapitulate a general guiding principle
for constructing theories, that will finally lead us to the SM. The most fundamental properties
of nature, and thus also of a theory that shall describe it, are probably symmetries. From
Noether’s theorem, we know that continuous symmetries lead to conservation laws. Without
symmetries, the universe (if it would exist) would behave much more randomly and it would
be very hard to derive meaningful predictions. The dynamics of a system in quantum field
theory (QFT), which we will assume to be the right framework to describe particle physics, is
given by its Lagrangian (including a quantization rule). Thus, one should write down the most
general Lagrangian that corresponds to an experimentally given particle content and exhibits
the symmetries of the system. Every combination of fields of the theory, whose absence
can not be explained in terms of a symmetry, should appear. Certainly, a well established
symmetry of nature is Poincaré invariance. The particles of a theory should correspond to
irreducible representations of the Poincaré group. Beyond this space-time symmetry, internal
local symmetries seem to be important, so-called (local) gauge symmetries.

The known matter fields of the universe (leptons and quarks) transform according to
fundamental representations of a given gauge-symmetry group, if they are charged with respect
to that group, and thus their appearance is related to these symmetries. Global invariance
under such transformations corresponds to the freedom of redefining multiplets of matter fields
with the same transformation parameter at every space-time point

U — Ty (1.1)

Here, a® € R and T* are the generators of the gauge group, in generalization of U(1) phase
rotations, where 7% = @ (a = 1) is the charge. For SU(2), for example, the Pauli matrices

!Note that the SM does not incorporate a (quantum) theory of gravity, which is expected to become
important at the Planck scale Mp; = \/hc/Gn ~ 1.22 - 10! GeV/c? [12] at the latest. Here G is the
gravitational constant, 7 is the reduced Planck constant and c is the speed of light in the vacuum. From now
on we will work in natural units, setting i = ¢ = 1. For the discussion of the first chapter we will not consider
gravitational interactions explicitly.
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T* = 0%/2 (a = 1,...,3) can be used and ¥ = (¥;(x), Uy(x))?, whereas the Gell-Mann
matrices are generators of SU(3), T® = A\"/2 (a = 1,...,8) , see Appendix [A.1] Throughout
this thesis, a summation over repeated indices is understood. If the symmetry transformations
shall be local, i.e., depending on space-time coordinates

a’ — a(z), (1.2)

one has to introduce corresponding gauge fields in order for the kinetic terms of the matter
fields, containing derivatives, to be invariant. Without kinetic terms there would not be any
physical propagating fields. Explicitly, these terms become invariant by replacing the ordinary
derivative with the covariant derivative

0, — D, = 8, —igA°T*, (1.3)

where A}, are (gauge) vector fields, belonging to the generators T of the corresponding gauge
group with coupling constant g. These fields have to transform according to the adjoint
representation of the gauge group. In summary, the local symmetry transformations read

V() = V() U(z), V()=e @,

Ae a a a i 1 (14)
L) — V() | Ay(2)T —1—53” Vi(z).

Also from a geometrical perspective, the need for local gauge invariance of the kinetic terms
can be understood, if one wants to introduce local gauge transformations for the matter fields.
One requires a connection to define the derivative properly, which compares fields at different
space-time point, where they transform differently. This gauge connection is provided by the
gauge fields, together with their transformation properties, which are interpreted as physical,
propagating degrees of freedom. These bosonic fields then act as force carriers. For more
details see e.g. [16]. Local invariance under a certain gauge group induces and restricts the
interactions of the fields (via gauge bosons) just how they are discovered in nature and prevents
the theory from being possibly trivial. It is a defining criterion for a theory and, as we will see
below, also essential from a formal point of view for constructing a consistent, sensible theory
containing vector bosons. There is compelling experimental evidence (see Section that
the gauge group of nature contains the structure

GSM = SU(S)C X SU(?)L X U(l)y. (15)

The corresponding gauge bosons, induced by local gauge invariance, are the gluons, mediating
the strong interactions, and the W® and B bosons, responsible for the electroweak interactions,
see below. Having identified this gauge invariance as an appropriate symmetry to describe
interactions of matter fields, it should be imposed on the whole Lagrangian (in agreement with
observation). Note however that a part of will have to be hidden in a certain way, in
order to obtain massive gauge bosons. This “encryption” of the symmetries also corresponds
to a fundamental property of nature which has to be accounted for. The fact that we do
not see the full gauge group in the form at low energies, made it a demanding task to
find the correct gauge theory. After the gauge group of the theory has been identified, the
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matter content can be assigned to certain representations of the gauge group, according to
experimental observations. These representations determine the interactions between matter
and gauge fields, as explained above. For the known matter fields, the representations will be
given in Table [1.1] below.

In addition to these symmetry constraints, remember that a Lagrangian should be hermi-
tian in order to lead to a unitary scattering matrix (S-matrix) that conserves probabilities. It
should preserve causality, which is achieved by including proper anti-particle operators in ad-
dition to particle operators and brings about the necessity of field operators [16]. Furthermore,
to obtain a stable theory with a well-defined ground state, the spectrum of the corresponding
Hamiltonian has to be bounded from below. With these conditions in mind, it seems sensible
to write down the most general, translation-invariant, Lorentz scalar which contains spinor
fields for the observed matter representations and is (locally) invariant with respect to the
gauge group Ggps - inducing the gauge fields - and call it the Standard Model. If one
counts the number of terms that are allowed under these restrictions, one ends up with the
rather large number of infinity, which would spoil the predictivity of the model. Luckily, it
turns out that the situation is not as hopeless as it seems.

It is instructive to sort the terms in the Lagrangian according to the mass dimensions of
the products of field operators that they contain. The naive mass dimension of a field operator
can be read off from its standard kinetic term of its free theory (bilinear in the fields), by using
the fact that a derivative has the mass dimension of a momentum (D = 1) and that the action
has to be dimensionless in natural units. As in four space-time dimensions the Lagrangian
needs to have mass dimension D = 4, terms that have a mass dimension smaller (bigger) than
four have to appear with (inverse) powers of some yet unspecified mass scaleﬂ M

L L

L=Letrtamt . (1.6)
The subscripts in denote the mass dimension of the corresponding sub-Lagrangians. Note
that L<, contains all terms with mass dimensions equal to or less than four, including the
possibly dimensionful coefficients. These are expected to scale like powers of M, if there is no
second scale generated in the theory. The terms with D < 4 are generically problematic, see
sections [1.1.6] and [1.2.1] Accordingly, all dimensionless coefficients present in the Lagrangian
are expected to be of O(1), if there are no symmetries present, that would explain other values.
For the moment, let us not assume that it is possible to construct the final theory of nature,
valid up to arbitrary high energy scales, with just the particle content observed below the
TeV scale. Let us rather assume that we see the low energy tail of a more complete theory.
However, without direct hints for new particles, we would like to set up a theory, which is
based on the observed particle content and symmetries, and is valid up to some fixed energy
scale. This is assumed to lie above the scales at which we have already looked for new degrees
of freedom. Considering the Lagrangian above as belonging to such a theory, this cutoff scale
can now be identified with the scale M, see Appendix For example, M could be the
mass of a new heavy particle, not present in our low energy theory. If we are interested in
energies ¥ < M, a description without this heavy particle as a propagating degree of freedom
is perfectly fine.

2 A more rigorous treatment of the idea of effective field theories (EFTs), used here, is given in Appendix
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Crucially, the terms o £;, with ¢ > 4, will be suppressed by powers of E/M < 1. As a
consequence the most important part of the Lagrangian at low energies is given by L4, while
the additional terms can be neglected to more or less good approximation (depending on the
ratio £//M). Thus, one ends up with a finite number of terms,; depending on the truncation
of (L.6). The part with D < 4 is called the Standard Model of Particle Physics (with one
ingredient related to the masses of the particles still missing, see below). Experiments can
give a handle on the cutoff scale M by measuring effects of higher dimensional terms. As
mentioned, all this holds, if we assume to observe the low energy part of a more fundamental
theory with a scale M (the cutoff of our theory). The existence of a final ultraviolet (UV)
completion guarantees the suppression of higher dimensional (D > 4) terms just by this
new physics (NP) scale. This is the modern point of view of seeing the SM, see Section .
Historically, the SM was not introduced as part of a more general Lagrangian, but rather as the
Lagrangian of nature. The concept that singled out the terms with D < 4 will be introduced
in Section [I.1.5] From the SM Lagrangian one obtains the corresponding SM-Feynman rules
to compute S-matrix elements perturbatively (as a sum over all possible Feynman diagrams)
via standard textbook techniques [16], [17].

From the previous discussion one expects L<4 to be explored first in particle collisions.
Having identified gauge invariance as a crucial concept, it is thus no wonder that the SM
works so well (up to a certain energy). It just corresponds to the most important part of the
most general gauge invariant Lagrangian that one can write down, given the observed particle
content | It does not mean that there is no NP, it rather means that the NP should be rather
heavy. Nevertheless, the construction of the SM as a gauge theory with the appropriate (gauge)
symmetries was a tremendous success. This is even more the case, given the fact that when the
GWS model was constructed, not all gauge particles of the SM had been observed, yet. Their
existence has been deduced from measuring fermion interactions. Along the lines discussed
above, NP should already show up below being directly produced in terms of new particles,
due to suppressed terms with D > 4. Measuring deviations from SM expectations can give
a handle on the scale M, as mentioned before. It will turn out that in some sectors the SM
works so well that the expected NP scale is much higher than currently accessible scales. Note
that it is in principle not excluded that there exist unobserved particles which are very light,
perhaps with masses much below our designated cutoff for the SM. These particles then have
to posses very suppressed couplings to the known particles in order to have escaped detection.
As an example, consider the so called dark photon, which appears as a force mediator in some
models of Dark Matter. This could be rather light, e.g. m., ~ 1GeV, and have couplings to
the SM via kinetic mixings with a strongly suppressed coefficient € < 1, see e.g. [18].

Let us finally write down the SM Lagrangian

‘cSM = £§4. (17)

It readdd
Lsm = Lterm + Lw B,G + Liiges + Lyukawa + Lar + Lrp . (1.8)

This is the Lagrangian that we will study in the next pages, and, for the time being, we will

3By gauge invariance we mean invariance with respect to the local symmetry transformations corresponding
to (1.5), unless stated otherwise.
*For a review on QFT and the SM see e.g. [16] 17, 19} 20} 21].
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not consider the possible higher dimensional terms. The first term in ([1.8)) contains kinetic
terms for the matter fields (fermions) that we have observed in nature so far. The different
fermion flavors present in the SM are grouped into three-component vectors (each component
corresponding to a quark or lepton family) of up-type quark flavors u = (u,c, )T, down-
type quarks d = (d,s,b)”, charged leptons e = (e, u,7), and neutral leptons (neutrinos)
v = (Ve, v, v,)T. We end up with

»Cferm = QLZZDQL —f- fLRZlDUR —|— CZRZlDdR —I— ELZDEL + €RZ'¢€R s (19)

where F = Ffy°, F = Q,u,d, E, e. The left-handed and right-handed components of the field
operators belong to the two irreducible spin-1/2 representations of the Poincaré group in four
dimensions (4D), respectively, and are projected out as Fr, p = Pr g F', where P, g = (1F7°)/2.
The Dirac-gamma matrices are defined in Appendx [A.1] In order for the kinetic terms of the
matter fields to be gauge invariant, the spatial derivative 0, has been replaced by the covariant
derivative (in analogy to (1.3))) corresponding to the full SM gauge group

A
p="Du - (1.10)
D, =0, —ig'Y B, —igT'W, —ig, t"G},.
This induces local interactions, i.e., terms which contain more than two fields at the same
space-time point, with the (spin-1) B, W*, and G gauge fields, in agreement with observation.
Here, Y, T = ¢'/2 (i = 1,...,3), and t* = \*/2 (a = 1,...,8) correspond to the standard
generators of U(1)y (hypercharge), SU(2). (weak isospin), and SU(3). (color), as introduced
before. The corresponding coupling constants are denoted by ¢’, g, and g;. Through quantum
(loop) corrections, these couplings are running couplings, depending on the renormalization
scale p, see e.g. [16]. Their values at the Z-pole, u = mz ~ 91.2 GeV, read [12]

g'(mz)~ 036, g(myz)~0.65, gsmzg)~122. (1.11)

Note that the non-abelian SU(3). gauge theory of QCD becomes strongly coupled at low
energies p ~ 1 GeV, explicitly as(Agep) = ¢2(Agep)/(4m) 2 O(1), where Agep =~ 200 MeV.
This calls for non-perturbative methods. On the other hand, it becomes asymptotically free
for high energies (which holds for less than 17 participating flavors) [8, 9 [10].
Experimentally, it turns out that the left-handed fermions form doublets under SU(2),

Q) = “ ), B = L 1.12
r (dlL> k (eL) ( )

while all quarks are triplets under SU(3)., which is not made explicit in (1.9). The repre-
sentations of the SM fields with respect to the SM gauge group, including the hypercharge
quantum numbers, i.e., eigenvalues of the generator Y, are summarized in Table which
provides an overview of the particle content of the SM. Here, singlets (which do not transform
under the corresponding gauge transformation) are denoted by 1, doublets by 2, etc. This
field content, together with the corresponding representations/quantum numbers, guarantees
that the SM is anomaly free, i.e., that no symmetries of the classical Lagrangian are broken
at the quantum level.
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spin | field | representation (SU(3)., SU(2)1)u(1),
Q1 (3,2)1/6
B (1,2) 1
1/2 | uf (3,1)ay3
dZR (3,1) 13
e (1,1),
B, (1,1)
1 W, (1,3)
G}, (8,1)
0 P (1,2)1)9

Table 1.1: Representations of the different fields in the SM. Right handed neutrinos
have not been included, as they are not present in the original formulation of the SM.
They are singlets under the SM gauge group, i.e., transform as (1,1),. The Higgs field
® will be introduced further below.

As gauge invariance called for the existence of gauge fields, we should now look for further
gauge invariant Lorentz scalars that can be constructed out of them. In addition to the
interaction terms above, we end up with kinetic terms for the gauge fields, which allow them
to propagate. They read

1

1 1
Lwpc = —ZB,WB‘“’ - ZW;VW[‘” - =G, G (1.13)

4

and contain the field-strength tensors, defined as

B,, =0,B, — 0,B,
Wi, =0,W, — 8,W, + g 7" WIW} (1.14)
G, =0.Gy — 0,G5 + gs [ GG
Here, €% and f®¢ are the structure constants of SU(2) and SU(3), respectively, where
[T",T7] = ie?*T" (1.15)

for the generators of SU(2) and a similar relation holds for SU(3). Before detailing the
remaining parts of the Lagrangian, several comments are in order.

In its original formulation, the SM does not contain right handed neutrinos which corre-
spond to the only possibility to account for massive neutrinos at the level of gauge invariant
D < 4 terms. We know that neutrinos have non-zero masses from the observation of neutrino
oscillations. Neutrino masses could be interpreted as the first evidence for physics beyond the
SM (BSM). However, it is straightforward to extend the SM by adding right handed neutri-
nos (though without being able to explain the tininess of neutrino masses, see Section .
Furthermore, the allowed term Ogcp g2/ (64#2)6“VP‘TGZVGZU is not included in the SM, as ex-
periments tell us that it seems not to be present. This term would violate the combined
charge-conjugation and parity (CP) invariance, i.e., the invariance with respect to the substi-
tution of a particle by its anti-particle in combination with a reflection at the origin ¥ — —Z,
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in the sector of strong interactions (see e.g. [16]). Its unexplained absence or the extreme
and unnatural smallness of its coefficient Ogcp is called the strong CP problem. A possible
solution is provided by the Peccei-Quinn theory, introducing a new particle, called the axion
[22]. Note that analogous terms for the U(1) and SU(2) field strengths have no observable
effects [16]. Most important, with just the fields introduced so far, corresponding to particles
which been observed in nature, all fields of the SM would be massless, which is clearly in
conflict with observation. The particles introduced so far thus still do not quite match those
we observe in experiments. Given just these fields and no additional structure, it is simply not
possible to write down gauge invariant mass terms for the (non-abelian) vector bosons and
chiral fermions. However, no additional particles have been observed yet, so the mechanism
that gives masses to the SM particles is still experimentally unobserved. We certainly do not
want to abandon gauge invariance as a concept, as it was a key in constructing the SM with
the correct interactions and results in non trivial relations between couplings, which are well
tested. We will discuss some of these relations in Section Moreover, note that breaking
gauge invariance leads to big problems in the high energy behavior of the theory. This is
already the case, if it is just broken in mass terms for the observed massive gauge bosons,
while keeping the gauge connection for the fermion fields as well as internal gauge interactions
as they are (motivated by phenomenology). Although gauge invariance in the massless gauge
sector can be seen as a redundancy in the description of a spin-1 particle with two degrees of
freedom by a four-component Lorentz vector, it guarantees that the SM is renormalizable and
does not lose its validity at the TeV scale, see below. If we want to construct a decent theory
for the TeV scale, gauge invariance should better not be broken in an uncontrolled way.

1.1.2 The Higgs Sector, Custodial Symmetry and Precision Tests

The most famous possibility to break the electroweak gauge symmetry in order to obtain
massive SM particles while keeping the fundamental Lagrangian gauge invariant is the Higgs
mechanism (which is a part of the SM) due to Brout, Englert, Higgs, Guralnik, Hagen and
Kibble [23] 24, 25]. We will study the phenomenology of the corresponding sector in the
context of RS models in detail in Section [5.3] The mechanism works as follows. A complex
scalar doublet under SU(2), (with hypercharge Y = 1/2)

b(z) = (ﬁgg;) , (1.16)

is included in the SM, with a potential, that results in a vacuum expectation value (VEV) for
this doublet. Given the aforementioned appropriate charges for the Higgs field, the VEV

(@) = = (0) (1.17)

will break the electroweak part of the gauge symmetry spontaneously (i.e., in the ground state
of the theory, not at the fundamental Lagrangian level), according to the pattern
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which we observe in nature, and thus will generate masses for three electroweak gauge bosons.
The photon, corresponding to the unbroken U(1)g), symmetry of quantum electrodynamics
(QED) will remain massless, as the gluon does. The (gauge invariant) Higgs Lagrangian reads

Liiges = (D, @) (D'®) —V(®),  V(®) = —p*dTd + % (dTd)” . (1.19)

Note the negative sign of the mass term (u? > 0) in the Higgs potential. This sign is responsible
for the so-called mexican hat form of the potential, which allows for a nontrivial VEV (|®[) > 0.
The Higgs quartic coupling A > 0 has to be positive in order for the Higgs potential V(®) to
be bounded from below and thus for the vacuum to be stable, see below. After electroweak
symmetry breaking (EWSB), i.e., after acquiring the VEV , we parametrize the Higgs
doublet in terms of fluctuations around that VEV via the four real scalar fields ¢*, i = 1,2, 3

and A as
_ 1 —iv2 ¢t ()
o(x) = 75 (v + h(z) + 2'303(3:)) ' (1.20)

Here, we have defined p* = (¢! Fip?)/v/2. The field h corresponds to the famous Higgs
particle. It is the last missing particle that is needed to complete the SM, after the discovery
of the predicted SU(2), partner of the tau, the tau neutrino, through the DONUT experiment
at Fermilab in 2000 [26]. It corresponds to the residual physical scalar degree of freedom after
EWSB and parametrizes massive fluctuations around v, whereas the unphysical Goldstone
bosons p*, ¢? correspond to flat directions in the potential. According to the Goldstone the-
orem, every spontaneously broken generator of a continuous symmetry results in a Goldstone
boson. The breaking pattern thus results in three Goldstone bosons. By a gauge trans-
formation leading to the unitary gauge, they can be formally removed from the theory. Their
degrees of freedom are absorbed by the electroweak gauge bosons, which now are massive and
thus need a third polarization degree of freedom.

Let us have a look at how these masses are generated. After EWSB, contains -
besides interaction terms, kinetic terms, and the Higgs potential - the following quadratic
terms in the fields

2 /2
+
EHiggs > ,02 g g

2
g _
ZuZMrv?ZWjW ” (1.21)

where we have used the charges of the Higgs doublet given in Table and the definition of
the covariant derivative ([1.10). Moreover, we have already performed a transformation to the
mass basis, i.e., the basis in which the gauge boson mass matrix is diagonal, via the orthogonal

transformation ;
Zy\ [ Cw —Sw Wu
(Au)_(sw Cw) (Bu) ' (1.22)

Here, the sine and cosine of the weak mixing angle, s,, and ¢, are given by

/

g 9

Sw =sinf, = ——— Cow = €080y = ——— | (1.23)
/g2 +g/2 g2 +gl2
and 1
Wr=— (W, FiW}) . (1.24)

YoV2
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Thus, the physical W* and Z bosons get masses

mwzvg, my =v—+—"—"— (1.25)

while the photon A corresponds to a combination of symmetry generators which is left unbro-
ken and remains massless. Furthermore the Higgs boson receives a mass my, = v/2u = vV v.
In the mass basis the covariant derivative ((1.10) becomes

g
cos 6,

D, =8, —i (T® = sin0,Q) Z,, — ie QA, — i-= (T*W}F + T"W;) —igt°G%, (1.26)

V2

where we have defined the generators
T = (T" +4iT?%), (1.27)
as well as the U(1) gy generator of electromagnetism and the electric charge
Q=T>+Y, e=gsinb,. (1.28)

Due to the gauge invariant mechanism of giving masses to the electroweak gauge bosons via
the Higgs doublet, we arrive from ((1.25]) at the SM (tree-level) prediction

My = Mz cos Oy, . (1.29)

Thus, at tree level, the properties of electroweak gauge bosons can be fully specified by the
three parameters e, 6,,, and my. Clearly, one can also trade one of these inputs for another
quantity which provides the same information like e.g. the Fermi coupling Gy = g*/ (4\/§m12,v)
(see Appendix. From measuring the gauge-boson masses one can deduce v = 246 GeV as
the scale of EWSB. The experimental results for these masses can be found in Appendix
The here described GWS model merged the electromagnetic and weak interactions to-
gether in the framework of a compact gauge theory. This was a big step towards having a
more and more unified and simple picture of nature. It was developed some time before the
direct experimental discovery of several of its ingredients. Due to the chosen gauge symmetry
group , which is broken according to the pattern , it predicted the existence of
neutral weak currents, in addition to the well known charged currents. These neutral currents
have been discovered by the Gargamelle experiment some years later in 1973. The profound
knowledge about the charged current interactions, like the maximally P violating structure
and Cabibbo universality of the couplings, was very helpful in finding the correct theory. The
apparent weakness of the weak force with respect to the electromagnetic force at low momen-
tum transfer is not due to a small coupling constant (see ) but due to the suppression
of the corresponding propagators by the large W*- and Z-boson masses. This suppression
is lifted above the electroweak scale Mgw ~ 100 GeV (~ my ~ myz). This feature of elec-
troweak unification has been tested successfully at HERA. In Figure the measured e®p
neutral-current and charged-current differential cross sections with respect to the virtuality
Q? of the exchanged gauge boson are shown in blue and red, respectively. At low @2, the
neutral-current cross section is dominated by photon exchange and the charged-current cross
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Figure 1.1: Neutral current (blue) and charged current (red) differential cross sections
in e*p collisions with respect to the virtuality Q2. Figure from [27] (with permission).
Electroweak unification happens above Mgw ~ 100 GeV, see text for details.

section is strongly suppressed by the large W*-boson mass. At high Q* ~ m3,, however,
the exchange of massive gauge bosons becomes comparably important and the neutral and
charged cross sections become similar, indicating electroweak unification.

The non-trivial relations of the GWS model discussed above, related to the special way of
breaking electroweak symmetry spontaneously (without destroying the gauge invariance of the
Lagrangian explicitly), diminish the number of parameters in the gauge sector and provide the
possibility to test the given mechanism of symmetry breaking. For example, the SM prediction

for the parameter
0 =m?/(m%cos?by), (1.30)

encoding the relation between gauge couplings and masses (c.f. ), is osp = 1, at the tree
level. Quantum corrections within the SM will alter this relation, as will NP contributions
to the electroweak gauge boson masses. A measurement of the o parameter can thus test the
SM and constrain BSM physics, see Section Note that the massive W+ and Z bosons,
predicted within the SM, have only been discovered experimentally in 1983 by the UA1 [28, 29]
and UA2 [30, B1] collaborations at the CERN Super Proton Synchrotron, which had been
upgraded to a two-beam collider in order to reach sufficient center of mass energies (Nobel Prize
in Physics 1984 for Rubbia and van der Meer). Their masses were found to lie just in the region
suggested by the relation (1.29)), which provides a nontrivial experimental confirmation that
some mechanism like described above is at work. The reference values compiled in Appendix D]
lead to gerp ~ 1.01, where the one per cent deviation could be due to loop corrections to
the relation . The fact that a single value of the weak mixing angle accounts for all
kinds of different observables of the electroweak theory (including interactions with different
fermions), provides strong evidence for the existence of an underlying, spontaneously broken,
gauge symmetry in nature [16].

The SU(2);, x U(1)y gauge structure of the SM has been successfully tested at the Large
Electron-Positron Collider (LEP) in trilinear gauge-boson couplings as well as in couplings to
fermions in ete™ — WTW ™. Several Feynman graphs contributing to this process (neutrino
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Figure 1.2: Cross section o(ete™ — WTIW ™), measured at LEP2. The ZW W -vertex
contribution, with exactly the relative strength as dictated by gauge invariance, is
needed in order to preserve perturbative unitarity. Figure from [32] (with permission).
See text for details.

exchange, Z-boson exchange, photon exchange) have to add up in a certain way, not to lead
to a cross section that raises proportional to the squared center of mass energy s and violates
(perturbative) unitarity at around /s = 1TeV. In the SM, the necessary cancellation is
guaranteed by Ward identities, following just from gauge invariance with respect to the SM
gauge group. The resulting, well behaved, SM cross section agrees very well with experiment,
see Figure [1.2] In fact, the only theories of massive vector bosons that do not have a violent
high-energy behavior are those arising from a spontaneously broken gauge symmetry [33].

Custodial Symmetry and the W*-Boson Mass

In summary, we can be quite certain that the W=+ and Z bosons arise from a spontaneously
broken SU(2) x U(1) gauge symmetry with masses fulfilling the relation to good ac-
curacy. One can ask the question, if this already provides evidence for the existence of the
SM Higgs mechanism, i.e., if this relation is unique to the symmetry breaking by a scalar
SM-Higgs doublet, or if other mechanisms are possible that feature the same breaking pattern
including the relation . Being well tested, any model of NP should reproduce this mass
relation to reasonable accuracy.

As a consequence, we will have a closer look on how this relation comes about and how much
it depends on the mechanism that breaks SU(2);, x U(1)y. For that purpose, we construct
the most general mass matrix for the electroweak gauge bosons, consistent with the breaking
pattern SU(2)p x U(1)y — U(1)py. In the basis corresponding to (W, W2 W32, B,), we
make the ansatz

mZ 0 0 0

2 [ 0mZ 0 o0
M 00 mm? | (1.31)

2 2

Note that due to the U(1) gy gauge invariance, the coefficients of the quadratic terms VV;VV”1
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and VVjVV“2 must be identical m} = m3 = mj,. Electromagnetic gauge invariance together

with hermiticity is also responsible for the zero entries in ([{1.31]). The lower-right block repre-
sents the most general symmetric (squared) mass matrix for the corresponding two-component
system. Its entries can be further specified by demanding one eigenvalue to be zero, corre-
sponding to the massless photon, and a non-vanishing eigenvalue, denoted by m%. It turns
out that, in order to arrive at the sought mass relation , one needs m3 = m3,, see

Appendix [A.2] Thus, the mass matrix (1.31) has to fulfill
mi =m3 =mj =mi . (1.32)

This relation holds for the SM Higgs mechanism due to the fact that the Higgs boson is a
scalar SU(2)y, doublet. It is related to an accidental global SU(2); x SU(2)r symmetry in
the Higgs Lagrangian, broken by the Higgs VEV according to

SU(2);, x SU(2)r — SU(2)v, (1.33)

which leaves its imprint in the gauge boson mass matrix, see Appendix [A.2] The residual
SU(2)y symmetry guarantees that the mass relation (1.32)) is fulfilled. Any sector that breaks
the SM gauge group according to and exhibits this so-called custodial symmetry [34]
thus has the potential to lead to a viable phenomenology in the gauge boson sector. For a more
detailed discussion see Appendix and [16], 35]. In Section , a version of this symmetry
will be used to protect the RS setup from large corrections to the T" parameter, related to a
breaking of the relation ([1.29)) (see the end of this section). Expressing this relation through
a symmetry has the additional advantage that one can easily identify corrections to it, arising
e.g. through symmetry breaking interactions at the quantum level. In the SM, the custodial
symmetry is broken at the loop level through Yukawa interactions and interactions with the
U(1)y gauge boson and thus ggy # 1 beyond the tree level, as mentioned before. Analysing
these interactions can give a handle on the size of the effect. On the other hand, measuring o
very accuratly could also reveal (small) deviations from the SM prediction.

Another possibility to test the SM is to extract my indirectly from a measurement of
e, 0, and the Fermi coupling GGr, measured in muon decay. According to the SM relations
(assuming no BSM physics in muon decay) one arrives at

62

4y/2sin%0, Gr

(1.34)

(m%/[/)indirect =

This extraction can be compared to the direct reconstruction of the W*-boson mass. The
results are shown in Figure [1.3|in the my, — m; plane, where m; is the mass of the top quark.
The colored ellipses indicate the regions of 68%, 95%, and 99% confidence level (CL), following
from the direct measurements at LEP2 [30] and the Tevatron [12]. The results obtained from
depend, due to loop effect, significantly on the Higgs mass and are shown by the green
(gray) band for mj; € [60,1000] GeV. The central values and 1o errors of the direct and
indirect WW*-mass determinations are given by

my = (80.399 £ 0.023) GeV, (M )indireet = (80.348 & 0.015) GeV . (1.35)
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Figure 1.3: Regions in the m;—my, plane following from the direct and indirect deter-
mination of my,. The colored ellipses correspond to 68%, 95%, and 99% probability,
and are obtained from the direct measurements of my and m; at LEP2 and the Teva-
tron. The black dot shows the SM prediction based on G for our reference SM input,
whereas the green (gray) shaded band shows the SM expectation for values of the
Higgs-boson mass my, € [60,1000] GeV. See text for details.

The value of (mw )indirect has been derived with the help of ZFITTER [37, 38] and we have used

the SM reference values for Aaflz)d(mz), as(myz), my, and my, as well as m;, = 150 GeV, as
given in Appendix [D] The 2o shift of around 50 MeV between the two measurements, which
are expected to coincide within the SM, could be just a statistical fluctuation or already a
hint for NP, like e.g. for the RS model, as we will discuss in Section [5.1.1].

Fermion Masses and Theoretical Constraints on the Higgs-Boson Mass

Besides giving masses to gauge bosons, the Higgs mechanism can also provide gauge invariant
mass terms for the fermion fields via Yukawa couplings. The corresponding Lagrangian reads

EYukawa = —QL(I)C YuuR — QL(I) Yd dR — ELCI) Ye ER + h.C. y (136)

where the Yukawa couplings Y, 4. are 3 x 3 matrices in flavor space. The left-handed fermion-
doublets and the Higgs doublet combine to SU(2) singlets, which makes Lyyiawa gauge invari-
ant. After EWSB, will contain mass terms for the charged SM fermions, see Sec-
tion [L.1.3] Note that in the SM it is possible to give masses to up- and down- type quarks
with a single Higgs doublet by defining ®¢ = 10o®*, whereas this is not the case for models of
supersymmetry (SUSY), which will be briefly reviewed later. Here, at least two SU(2) doublet
scalars are needed. Let us stress again that the SM Lagrangian including Luiges and Lyukawa 15
still gauge invariant under the full gauge group . The gauge invariance of the full theory is
just encrypted, looking at the ground state. So it would be more correct to say that the sym-
metry is hidden, rather than broken. While symmetries are very interesting, spontaneously
broken symmetries are even more exciting, as they allow for a richer phenomenology, while still
possessing an underlying symmetry, as we have seen above. For additional details on the Higgs
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mechanism see e.g. the literature cited at the beginning of this section and [39] as well the one
on QFT and the SM given in the last footnote. The construction of such a mechanism was
quite remarkable, since what we observe in nature are solutions following from a Lagrangian
in the broken phase and not the Lagrangian itself. Since the SM Higgs mechanism of giving
masses to gauge bosons and fermions seems to be quite promising, we should try to discover
the Higgs boson and to test this sector of the SM directly. This is one of the main tasks of
the LHC which started operation in 2008. However, already at LEP and at the Tevatron,
searches for the Higgs boson have been performed, excluding several ranges for the mass of a
SM Higgs, see below. Before introducing briefly the main production channels for Tevatron
and the LHC, as well as the relevant decay channels, let us have a look at theoretical bounds
on the Higgs-boson mass within the SM (see e.g. [39] and references therein). To this end, we
start with constraints from unitarity of longitudinal W=*-boson scattering W, W, — W}W, .
As indicated before, it turns out that the presence of a Higgs sector, keeping the SM with
massive gauge bosons gauge invariant, is essential for an appropriate high energy behavior of
the theory. Without such (or a similar) sector, perturbative unitarity will also be violated in
W/ W, — W/ W, around the TeV scale, due to a growth of the scattering amplitude with
the center of mass energy /s. This process puts an upper bound on the mass of the physical
scalar of the Higgs sector, which contributes to this process as a virtual particle, meaning
that it has to complete the SM below a certain maximal scale [40]. Performing a partial wave
analysis of the scattering amplitude and using the optical theorem, see Appendix [A.3] one
arrives at

my, < 870 GeV . (1.37)

This limit becomes slightly stronger if additional scattering channels of massive bosons are
included, decreasing to a value slightly above 700 GeV [39] . Note that the tree-level derivation
presented in Appendix relies on perturbativity of the theory. For large Higgs masses the
Higgs self coupling A becomes strong and higher order corrections could in principle restore
unitarity for a Higgs mass slightly above the TeV scale, at the cost of ending up with a strongly
coupled theory and loss of the predictive power of the SM.

Additional constraints on the Higgs mass can be obtained by studying the Higgs potential
in directly. The quartic coupling A depends due to quantum corrections on the energy
scale p, see Appendix [A.3] The requirement for A not to exhibit a Landau pole nor to become
negative below a scale p. leads to the constraint [39, [41]

e > 10" GeV = 130GeV < my < 180 GeV

~

(1.38)
e 2 1TeV = 50GeV < my < 800GeV,

where the idea of Grand Unification set the first cutoff scale above (see below). The corre-
sponding leading order (LO) calculations are performed explicitly in Appendix[A.3] The upper
bound on the Higgs mass in , resulting from the requirement to avoid a Landau pole,
is called triviality bound. If this pole would appear in the range of validity of the theory, one
would have to set A = 0 in order to avoid this pole, rendering the Higgs sector non-interacting
and thus trivial. The lower bound, coming from demanding A > 0, is called vacuum stability
bound since it has to be fulfilled in order for the Higgs potential to be bounded from below, as
needed for the vacuum to be stable, see . For more details see Appendix . Requiring
the Higgs sector of the SM to be well behaved for the whole possible energy range of the
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Figure 1.4: Bounds on the Higgs-boson mass from triviality and vacuum stability,
as well as from electroweak precision tests (EWP) and the direct searches at LEP
(@ 95% CL). The colored regions are excluded. Recent bounds from Tevatron and the
LHC are not shown for presentation purposes. See text for details.

theory, up to the Planck scale u. ~ Mp, cuts the allowed region for m;, to a small stripe,
corresponding to a light Higgs boson. However, allowing for a low Landau pole at around
a TeV, meaning that the SM only makes sensible predictions below that scale, allows for a
heavy Higgs boson mj ~ 800 GeV.

Again, this has to be taken with caution, since if the quartic coupling becomes large,
higher order terms can alter the running and possibly avoid the emergence of a Landau pole.
However, non-perturbative calculations on the lattice also lead to a bound of m; < 640 GeV
[42] in a pure scalar theory (assuming a SM cutoff at 27 my,), which shows a reasonable
agreement with the perturbative estimations. Further note that the bounds from vacuum
stability can be relaxed if the vacuum turns out to be metastable [43]. The emerging picture
is presented in Figure [1.4] which shows the constraints from triviality and vacuum stability
considerations, following from the calculations presented in Appendix[A.3] together with those
from electroweak precision measurements and the direct searches at LEP, see below. It is
mandatory to emphasize that all the constraints derived above hold for the SM. Within BSM
models, they can be altered. For example in RS models with a SM-type Higgs sector, studied in
the main part of this thesis, it could be possible that unitarity can be preserved for higher values
of my, than 870 GeV due to an exchange of light Kaluza Klein gravitons [44]. Moreover, NP
could alter the running of the Higgs quartic coupling and thus the corresponding triviality and
vacuum stability bounds within BSM models can be different. Studying theoretical constraints
on the Higgs mass within the RS setup (with bulk fields) in more detail, beyond a rough
estimation of an upper bound of m; < 1 TeV, would be interesting but is beyond the scope of
this thesis. Nevertheless, in the light of the discussion of bounds in dependence on the cutoff
of the theory, one should already mention that the cutoff of this model for processes involving
couplings to the Higgs sector will be Ayy ~ O(some TeV), see (3.31)).

In summary, if we do not find a Higgs in the mass range of 130 GeV < m;, < 180GeV
this means that the SM is probably not valid up to the scale of Grand Unification and
that at least new phenomena are expected to appear well below that scale. Also if we find
an Higgs in the mass range suggested by the SM, it is still important to test, whether the
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Figure 1.5: Leading-order contribution to Higgs-boson production via gluon fusion.

scalar sector really behaves exactly like the SM Higgs sector. For that purpose, one has to
determine further properties of the Higgs boson, like e.g. its branching fractions, or look at
the production cross section. One main purpose of this thesis is to study these observables in
the context of RS models, to have an idea what to expect in this BSM scenario. We will find
that large corrections with respect to the SM are possible even for high NP scales, see Section
These results help in discriminating between different models, should one see deviations
from the SM expectations in the Higgs sector, and exhibit an (indirect) sensitivity to large
scales within this sector. Furthermore they show that, although if one does not find a Higgs
boson with some years of LHC data, this does not mean that there is no standard-type Higgs
sector but merely could indicate that there is BSM physics that alters this sector such that
the Higgs boson is much more difficult to discover.

Higgs-Boson Production and Decay in the SM

The couplings of the physical Higgs boson h to gauge bosons and fermions can easily be
obtained from the covariant derivative and the Yukawa couplings . We will work
out the Higgs couplings in more detail in the context of RS models in Section[3.7] Nevertheless,
we already want to give a brief overview of the main production cross sections and branching
fractions in the SM at this point. Due to the particular mechanism of giving masses to
the SM fields, the couplings of h to these fields within the SM are directly proportional to
their masses. This means also that there are no flavor-changing tree-level couplings to the
Higgs boson - a fact which, however, can change, if additional contributions to the fermion
masses arise (see Section . In the SM, Higgs decays to heavy particles are generically
enhanced. For the same reason, the direct production due to couplings to the light quark
content of protons or due to electrons in the initial state are suppressed. The main production
mechanisms at hadron colliders such as the Tevatron and the LHC is gluon fusion, which
receives the main contribution from a heavy top-quark loop, see Figure[I.5] It can be described
by the D = 5 operator h/v G, ,G** (see Section and Appendix , which interestingly
remains valid for my, > my, see e.g. [45]. Subleading production channels are associated W*-
boson production, q¢" — W* — Wh, which is the only channel that could allow for a Higgs
discovery at the Tevatron, as well as weak gauge-boson fusion, ¢¢") — ¢¢"’V*V* — q¢" h with
V =W, Z, which is known to be quite useful for a potential Higgs discovery at the LHC. An
overview of the relevant formulae to compute the corresponding cross sections and the Higgs
branching fractions within the SM can be found in [39].

The SM results for the Higgs-boson production cross sections at the Tevatron and LHC for
center-of-mass energies of /s = 1.96 TeV and /s = 10 TeV are shown in Figure . For the
gluon-fusion channel, results from [46] are used, which combines the next-to-next-to-leading
order (NNLO) corrections [47, 48] [49] in fixed order perturbation theory with a resummation
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Figure 1.6: Main Higgs-boson production cross sections at the Tevatron (left) and
the LHC (right) for center-of-mass energies of /s = 1.96TeV and /s = 10TeV,
respectively. For the Tevatron the plot displays gluon-gluon fusion (red) and associated
W*-boson production (blue), while for the LHC gluon-gluon (red) and weak gauge-
boson fusion (blue) are shown.

of both threshold logarithms from soft-gluon emission [50} 51, (2] 53, 54] and terms of the
form (N.ma)™ [55], where N. is the number of colors. Moreover, the MRST2006NNLO parton
distribution functions [56] and the associated normalization ag(mz) = 0.1191 for the strong
coupling constant have been employed. The SM predictions for the subleading production
channels have been obtained from [57]. The branching fractions of the Higgs boson within
the SM are depicted in Figure[I.7] The plot confirms the expectation that couplings to heavy
particles are most important (for h — gg corresponding to the top quark in the loop). The
shown results have been calculated with the help of HDECAY [58]E] We will compare these
results to the predictions of the RS setup in Section [5.3]

The Higgs boson has been searched in various channels at the Tevatron and LEP. Currently
the LHC is the main machine trying to discover the Higgs. A direct lower bound on my has
been obtained from the LEP searches. It reads [59]

mp > 114.4 GeV @95% CL. (1.39)
Lately, Tevatron excluded a region [60)]
my & [156,177) GeV @95% CL . (1.40)

A very recent exclusion window has been given by the LHC. The ATLAS results, obtained
from ~ 2fb™" of pp collisions at /s = 7TeV, are shown in Figure . In that plot, the ratio
of the limit on the Higgs boson production cross section to the expected SM cross section is
plotted in dependence on the Higgs-boson mass. Values below 1 indicate that a SM Higgs

5Expect for the parameters listed in Appendix @], the original input file of HDECAY version 3.51 has been
used.
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Figure 1.7: Branching fractions for h — f as functions of the Higgs-boson mass.
Channels with fractions of less than 10~* are not shown.

boson is excluded in the corresponding mass region at 95% CL. However, for all these limits
it is important to recall that, if the production cross sections and/or branching fractions are
changed with respect to the SM, the corresponding exclusion plots will also change. The
ATLAS exclusion for the SM reads [61]

my, & [149,222] U [276,470] GeV @ 95% CL . (1.41)

Beyond that, the plot shows a 2 o excess in the low mass region m;, € [120,140] GeV. However,
the significance is not big enough to already speak of an evidence for the Higgs boson. More
statistics will be needed to clarify the situation.

Electroweak Precision Tests

In addition to these direct limits, one can get a handle on the Higgs-boson mass indirectly
from precision measurements. The Higgs boson (if it exists) will enter many processes as
a virtual particle and thus potentially leaves an imprint in various observables, which thus
depend on my, (see e.g. Figure . The situation is summarized in Figure , which shows
the Ax? of the SM-fit, obtained from high-Q? precision electroweak measurements, performed
at LEP and by SLD, CDF, and D@, as a function of the Higgs-boson mass [36, [62]. The best
fit (Ax? = 0) and the corresponding 68%/,CL region are given by my, = 92735 GeV, without
taking into account the theoretical uncertainty. Moreover, alternative fits for a different value
of Aaﬁ?d as well as for an inclusion of low-Q? data are shown. The maximal possible value of
the Higgs-boson mass in the SM, suggested by electroweak precision measurements, reads

my, < 161 GeV @95% CL, (1.42)
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Figure 1.8: Higgs search at the LHC. The solid line shows the combined upper limit
on the SM Higgs boson production cross section divided the expected cross section in
the SM as a function of my,. The limit corresponds to 95% CL. The median expected

limit in the absence of a signal is shown by the dotted line, while the green and yellow
bands indicate the corresponding 68% and 95% regions. Figure from [61].

without taking into account direct exclusions. Thus, all considerations within the SM (the-
oretical as well as experimental) suggest that the Higgs boson is light, just around the LEP
limit. Note that this picture will change in the minimal RS model, studied in chapters [3}5}
Seen from another point of view, electroweak precision measurements together with the LEP
exclusion hint to the fact that the SM could be valid up to very high energies, as reflected in
Figure by the fact that the experimentally allowed region matches with the closing throat
of theoretical constraints at large cutoff. This perception is supported by the fact that the
SM is a renormalizable theory.

Let us finally mention that there are several alternatives to the SM Higgs mechanism.
The simplest extension is just a model of two Higgs doublets, one giving masses to the up
type and one to the down type quarks, like used in models of SUSY. Furthermore, there are
various ways of realizing a Higgs boson. It does not even have to correspond to an elementary
particle, but could also be composite in the spirit of technicolor models, see Section [1.2.]
and Chapter [3. Another possibility to arrive at massive SM particles is to break the gauge
invariance by boundary conditions in Higgsless models, see Chapter [3]

In order to get a feeling for the overall agreement of the SM with data at the mass scale
of the weak gauge bosons, we will have a detailed look at the fit of the Z-pole (pseudo)
observables, studied at LEP. For a detailed descriptions of these variables see [36]. These
depend through quantum corrections on the masses of the top quark and the Higgs-boson
which were not accessible directly at LEP with a center of mass energy of /s ~ 91 for LEP1.
Including loop corrections, the SM input parameters relevant for the Z-pole observables are
the electromagnetic and the strong coupling constants a(my) = e*(myz)/(47) and a,(my),
evaluated at the scale my, as well as the masses of the top-quark, the Z-boson and the
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Figure 1.9: Ax? of the SM-fit, obtained from precision electroweak measurements,
as a function of the Higgs-boson mass. The direct exclusion limits from LEP and the
Tevatron are indicated by the yellow regions. Figure from [62] (with permission) . See
text for details.

Higgs-boson. Note that the masses of all fermions, besides the top quark, are small compared
to myz and their values are known to sufficient accuracy, such that their impact on Z-pole
observables can be neglected. They are assumed to be fixed, which also holds for Gp =
1.16637(1) x 107° GeV~2 which is known to excellent accuracy through muon decay. The
values of the input parameters are now fitted to agree best with the measurements of the
Z-pole observables together with the (five-flavor) hadronic vacuum polarization Aaﬁ:)d(mz).
The resulting predictions for these observables are shown in Figure [1.10

In total, the SM predictions agree well with the direct measurements of the corresponding
observables. This means that the input parameters, introduced above, are able to describe
the Z-pole consistently, which provides a test of the SM at the quantum level. The only
discrepancy well above the level of 2 ¢ is found in the forward-backward asymmetry for bottom
quarks A%’%. While this could still be a statistical fluctuation, it might also be interpreted as
a hint for BSM physics. We will study this possibility in Section Note that, before its
direct discovery at Tevatron, the electroweak precision fit at the Z-pole predicted the mass of
the top quark to be approximately equal to 170 GeV (see [16]), in remarkable agreement with
the direct measurement, see Appendix [D] Moreover, from measuring the width of the Z-boson
it was possible to exclude the existence of a fourth neutrino with standard-model couplings
and a mass below myz/2. Comparing the measured invisible width with the SM prediction,
depending on the number of light neutrinos N,, one concludes N, = 2.9840 + 0.0082 [36],
in agreement with the three leptonic doublets of the SM. This provides another remarkable
confirmation of the consistency of the SM.

Another important test of the SM is provided by the electroweak precision observables S,
T, and U, the Peskin-Takeuchi parameters. They parametrize (universal) deviations from the
expected electroweak radiative corrections in the SM, entering through vacuum polarization
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Figure 1.10: Comparison of a direct measurement of the Z-pole observables with the
values obtained from the SM-fit. Figure from [62] (with permission). See text for
details.

diagrams [16, [63] 64, 65], 66, 67, [68, 69]. Thus, at a SM reference point, they are normalized
to zero. In terms of vacuum polarization amplitudes involving electroweak gauge bosons and
their derivatives, evaluated at zero momentum, they read

167s%c? $2 — 2
5= 10T 0+ Sy, 0) - W4,0)
4
T = ey [HWW(O) — 2 z2(0) — 25,c, 1z4(0) — 52 HAA(O)] , (1.43)
w''"Z
16752
U= ;Sw [H;VW(O) — 2 11,(0) — 25,6, 115 4(0) — 52, HAA(O)} _

The parameter T is sensitive to the difference between the corrections to the W*- and Z-
boson vacuum-polarization amplitudes and thus measures isospin violation. It is thus directly
related to the p parameter introduced before. The experimental central values and 68% CL
bounds on the S and T" parameters, corrected to the world average of the top-quark mass [70],
as well as their correlation matrix are given by [30]

S =0.07 +0.10 : :
: _ (1 00 085) ' (1.44)

T =0.16 +0.10, 0.85 1.00
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In the global fit to the SLC and LEP measurements, the parameter U is set to zero. The
subtraction point corresponds to the SM reference values as given in Appendix [D| The ex-
perimental values in (1.44]) are in rather good agreement with zero, indicating that there are
no unexpectedly large electroweak corrections from BSM physics. The corresponding regions
of 68%, 95%, and 99% probability in the S—T plane are shown in Figure in Section [3.3]
where we will discuss corrections to the electroweak precision parameters in the RS setup. Fi-
nally, an important test of the QED part of the SM deeply at the quantum level (> 4 loops) is
provided by studies of the anomalous magnetic moment of the electron a.. The experimental
result agrees with the SM calculation at the level of 1072 (one part per billion) [7T} [72]!

ah®® = 0.00115965218113(84),

i (1.45)
a®® = 0.00115965218073(28).

This agreement between theory and experiment in one of the most precisely measured quan-
tities in whole science is an impressing confirmation of QED.

1.1.3 Flavor and CP Violation

The Yukawa Lagrangian of the SM gives rise to a rich phenomenology in the flavor sector, i.e.,
the sector that differentiates between different fermion flavors. For an introduction see e.g.
[73, [74], [75]. After EWSB, the Lagrangian leads to (non-diagonal) mass terms for the
SM fermions which are proportional to the Higgs VEV v and entries of the Yukawa matrices

1
my,=—vY;,, f=u,de. 1.46
f \/§ f f ( )
These are the only terms in the SM that distinguish between different fermion flavors of the
same electromagnetic charge and break the SU(3)g x SU(3), x SU(3)s x SU(3)g x SU(3).
flavor symmetry that the SM would have otherwise. In order to end up in the physical basis
of propagating mass eigenstates, we diagonalize these terms by bi-unitary transformations

m, = U, diag (m, m., m;) WL (1.47)

and analogously for down-type quarks and charged leptons. The fermion mass eigenstates are
thus obtained from the flavor eigenstates as u"** = ULu L, U™ = WLu R, etc. Experimental
results for the quark and lepton masses can be found in [I2]. Besides the Yukawa terms and
those involving charged current interactions with the W *-bosons, all remaining terms in the
Lagrangian are invariant under this change of basis. Furthermore, as neutrinos are massless
within the SM, it is always possible to go to a basis in which the charged current interactions
in the lepton sector, as well as the mass matrix of the charged leptons are diagonal. The

charged current interactions of quarks however become

Lo 3 =" T W Vosen d° + hc., (1.48)

V2

where

Vexn = Ul U, (1.49)
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and the superscript of the quark fields signals that they are now in the mass basis. In the
following, we will omit this superscript, unless it is necessary for clarity. Due to the misalign-
ment of the up-type and down-type Yukawa matrices, encoded in the off-diagonal entries of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix

Vud Vus ‘/;Lb
Vekn = Vea Ves Vb ) (1-50)
Via Vis Vi

there are family-changing interactions at tree level in the charged current sector of the SM.
However, due to the observed hierarchies in the CKM matrix, these are suppressed compared
to interactions within the same family, see Section [I.2.2l Moreover, due to the unitarity of
U; and Wy, there are no flavor-changing neutral currents (FCNCs) at tree level in the SM.
This agrees nicely with the observed tininess of FCNCs in nature, which on the other hand
leads to tight constraints on BSM physics, see Section Due to this unitarity (leading to
a unitary CKM matrix) FCNCs in the SM are also suppressed on the loop level. In fact, the
sum over internal fermions in loop mediated FCNCs leads to combinations of CKM-matrix
elements such as

VaudVy + VeaVy + ViaViy, =0, (1.51)

C

which are zero due to the unitarity of Voky. Such relations, corresponding to the off-diagonal
entries in VCKMVgKM = 1343, can be interpreted as triangle equations in the complex plane,
corresponding to so-called unitarity triangles. However, if the fermion masses are not de-
generate, there are also terms, where each factor in is multiplied by a corresponding
(different) quark mass, spoiling the cancellation. If the masses are small compared to the elec-
troweak scale (or the mass differences are small), the effect will be suppressed. Only the large
top quark mass will lead to significant corrections, see e.g. [76]. This suppression of FCNCs
within the SM is known under the name of Glashow-Iliopoulos-Maiani (GIM) mechanism [77].
Note that these authors used this mechanism to explain the smallness of the branching ratio of
the decay K° — 77 ~. In this context, the prediction of the charm quark is usually assigned
to them. Back in 1970, this quark had not been discovered yet. However, this fourth quark was
needed in order to explain the smallness of the FCNC-Kaon-decay via the (2 generation) GIM
mechanism, in addition to the need of an equal numbers of quarks and leptons for anomaly
cancellation [78]. This shows how (precise) measurements in flavor physics can be sensitive to
new physics. Since FCNCs are in general rather constrained by experiment, having a type of
suppression as described above also in BSM models would be very useful. For up-type quark
decays the GIM mechanism is generally extremely effective (since not broken by internal top
quarks), leading to the tiny SM prediction for the branching fraction of a top quark decaying
into a charm quark and a Z-boson [79] 80]

B(t —cZ)~1x 10" (1.52)

A suppression of phenomenological dangerous flavor changing processes for generic models can
be achieved by assuming the only source of flavor violation, i.e., breaking of the SU(3)? global
flavor symmetry of the Lagrangian, to be the SM-Yukawa matrices. This assumption is called
minimal flavor violation (MFV) [81], 82].
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The CKM matrix, being a unitary 3 x 3 matrix, is described by nine parameters, out of
which six are phases. However, by redefining the phases of the fermion fields, five of these six
phases can be eliminated (corresponding to five independent phase differences between up-
and down-type quark fields). So we end up with three mixing angles and one physical phase,
which results in CP violation in weak interaction. It is the only source of CP violation in
the SM. As a general unitary n x n matrix has n(n + 1)/2 phases, out of which 2n — 1 can
be eliminated, n = 3 is the minimum number of generations that allow for a CP-violating
phase in the SM, however, see Section [3.2.3] As CP was known to be violated in Kaon decays,
Kobayashi and Maskawa conjectured the existence of a third generation of quarks before their
experimental discovery, which was another triumph of the SM [83]. In 2008 they received the
Nobel Prize in Physics “for the discovery of the origin of the broken symmetry which predicts
the existence of at least three families of quarks in nature”. Another requirement for having
a CP violating phase in the SM are Yukawa couplings with a non-vanishing imaginary part.
More precisely, the necessary and sufficient condition for obtaining CP violation in the SM
reads [84]

Im{det[Y, Y, YaYI]} #0. (1.53)

The fact that complex Yukawa couplings in the Lagrangian lead to CP violation can be un-
derstood intuitively as follows. For example, if we look at the down-type part of the Yukawa
Lagrangian, and write down the hermitian conjugation explicitly, we end up with

LYukawa > — (Y;i)l] Q_Liq)de - (Yd); JRj(I)TQLia (154)

where ¢ and j are flavor indices. A CP transformation on this Lagrangian interchanges the
operators ) Li®dR; and JR]-CDTQ i, but leaves their coefficients unchanged. Thus, only if the
Yukawa matrices above are complex, it is in general not CP-invariant. CP violation has been
experimentally well established in the neutral Kaon and BY-meson systems, see e.g. [73].
Since CP violation is one of the Sakharov criteria [85] (together with C violation, baryon-
number non-conservation and interactions out of thermal equilibrium) it is necessary for baryo-
genesis. While the SM could in principle fulfill the additional Sakharov criteria - baryon-
number violation via unsuppressed non-perturbative (sphaleron) effects at high temperatures
and a departure from thermal equilibrium during phase transitions in the expanding universe
- the CP violation in the SM is orders of magnitude too small to account for the observed
baryon asymmetry. Thus, CP violation beyond the SM seems to be necessary for baryogenisis
to work. Furthermore, within the SM, the LEP bound m;, > 114.4 GeV seems to exclude
the first order phase transition needed for a viable model of electroweak baryogenesis. For a
review on the subject see e.g. [86]. We have seen that the number of physical parameters in
the flavor sector turned out to be smaller than the number of parameters we started with.
Some of them could be rotated to zero in a certain basis. Let us now recall a general strategy
which is useful for determining the number of physical parameters due to the flavor sector of
a theory. We will use this method in Section to count the parameters of the RS setup.
Consider a theory with gauge invariant kinetic terms. In addition to the gauge symmetry,
the theory in general also has a certain additional global symmetry group G with Ng gener-
ators. When adding a gauge invariant potential with Ngeneral parameters (in a general basis)
to the theory, the global symmetry might be broken down to a smaller symmetry H with Ng
generators. Due to this breaking there is a freedom of rotating away unphysical parameters,
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i.€., choosing a certain “direction”, which leaves the theory invariant under the residual global
symmetry, see e.g. [74]. Denoting the difference in the number of symmetry generators of G
and H by Nproken = Ng — Ny, the number of physical parameters, affecting measurements, is
given by

Nphys — {Vgeneral — Nbroken ) (155)

which holds separately for real and imaginary parameters. Let us apply this rule to the flavor
sector of the SM. The kinetic terms of the quarks have the global symmetry
G=U@B3)gxU3)y xU(3)4, (1.56)

which corresponds to Ng = (9, 18) real and imaginary generators. The Yukawa matrices Y, 4,
being general 3 x 3 complex matrices, possess Ngeneral = Ny = (18, 18) real moduli and CP-odd
phases (in a general basis). They break down the global symmetry G down to

H=UQ1)g, (1.57)

see Section [1.1.4] which has Ny = (0, 1) generators, resulting in Nyyoken = (9, 17). The number
of physical parameters, which cannot be rotated to zero, is thus given by

Npnys = (18,18) — (9,17) = (9,1).. (1.58)

These parameters can be identified with the six quark masses and the three mixing angles and
the CP violating phase of the CKM matrix.

A useful parametrization of the CKM matrix has been given to Wolfenstein. In terms of
the four parameters (\, A, p,7), it can be written as

1-2 A AN (p — i) )
Vokum = - -2 AN? +O(\), (1.59)
AN (1 — p— i) —AN? 1

where A ~ 0.23 < 1 plays the role of an expansion parameter and exhibits the diagonal-
dominant, hierarchical, structure of the matrix. The Wolfenstein parameters are related to
the entries of the CKM matrix as

1
P A=

[ 2 1 12 A
|Vud|2 + |Vu5|2

Their experimental values are given in Appendix [D} A phase-convention invariant measure
(independent of phase redefinitions of the fermion fields) of CP violation in Vg is given by
the Jarlskog invariant Joxy [84], which is defined via

Vo
Vu S

_ . _ V*dvub
i = —ud b 1.60
. p—if Vel (1.60)

3
Im [(Vexa) i (Verm) (Vi) it (Ve kil = Jerm Z €ikmEiin (1,5, k,1=1,2,3), (1.61)

m,n=1

where €, is the Levi-Civita tensor. It corresponds to two times the area of any of the
unitarity triangles. Note that Joky is not small due to a small CP violating phase but due to
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small mixing angles in the CKM matrix The fact that it is not < O(1), but
Joxm ~ MA%) ~ 1075 (1.62)

quantifies the statement that CP violation is small within the SM. As mentioned before, flavor
physics is sensitive (indirectly) to undiscovered particles. Beyond being known approximately
from electroweak precision tests, the top-quark mass could also be determined from studies
of B mesons, since the rates for rare FCNC processes such as B — X,y and those for B—
B-mixing are strongly sensitive on it. Moreover, many other properties of the top quark,
like its flavor-changing couplings and CP-violating interactions, are known from Kaon and
B-meson physics [87]. This approach of probing new physics indirectly is complementary to
direct searches and often sensitive to much higher scales. It will be applied in many of the
phenomenological studies in Chapter [5

An important task in flavor physics is to overconstrain the flavor parameters (e.g. in terms
of an unitarity triangle) by various measurements, in order to test the CKM mechanism. In
particular, the fact that CP violation in the SM is induced by a single CP violating phase
results in relations between different CP violating observables, which provide stringent tests
for the model. Despite some tensions, the experimental situation provides evidence that the
CKM mechanism is the dominant source of flavor violation as well as of CP violation in flavor-
changing processes at low energies [73, [74, [88]. We will come back to CP violation and the
corresponding observables as well as related tensions in Section [5.2.3] BSM physics generically
introduces new sources of CP violation. In this section we will study in detail the impact of
the RS proposal on certain CP violating observables.

1.1.4 Symmetries and Parameters of the SM Lagrangian

After having discussed aspects of the SM (and beyond), a final look at its complete Lagrangian,
its symmetries and the parameters contained is instructive. So far we have discussed all
ingredients of the SM Lagrangian ([1.8)), besides one sector which shall be shortly touched on
before continuing. In order to eliminate unphysical degrees of freedom, related to the gauge
redundancies in the description of the spin-1 gauge bosons by 4D Lorentz vectors, we have
to introduce a gauge fixing Lagrangian Lgp. Otherwise the equivalence classes of physical
undistinguishable fields will lead to singularities in the quantized theory. However, we do not
want to destroy symmetries, but merely rewrite the theory in a way to avoid these singularities.
Thus, in the course of fixing the gauge, we also end up with a Lagrangian of Faddeev-Popov
ghost fields Lpp (which are necessary to preserve unitarity). The rigorous way of quantizing
a (non-abelian) gauge theory along the lines discussed above is called BRST quantization
[89, 00]. The final Lagrangian is invariant under BRST transformations which generalize the
concept of gauge transformations. We choose the (SM) gauge fixing

1 1
Lor = BT; (0"A,)° — 2% (0"Z, — Emypz)?

el

which also has the convenient feature of eliminating mixed terms between gauge fields and
Goldstone bosons in the Lagrangian. A later generalization of Lgr to the RS model will be

(1.63)
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straightforward. The parameter £ interpolates between different so-called R, (renormalizable)
gauges and drops out in physical observables. The Faddeev-Popov Lagrangian is not needed
for the calculations performed throughout this thesis. We refer the reader to the literature for
more details [I6]. Now we have collected all terms of the SM Lagrangian which are necessary
to calculate scattering amplitudes and cross sections within the SM by means of standard
techniques [16), [17].

The Lagrangian (|1.8)) exhibits several symmetries, of which two - BRST invariance and
Poincaré invariance - have already been mentioned. Furthermore, the Lagrangian has ac-
cidental global symmetries. It is invariant under a global phase rotation of all quark fields
U(1)p (see Section which corresponds via Noether’s theorem to the conservation of
baryon number (B). As the SM Lagrangian does not include mass terms for the neutrino
fields, it is furthermore invariant under separate phase rotations of the three lepton families
U(1).xU(1),xU(1),, which corresponds to a conservation of the lepton-family number. If one
includes Dirac mass terms for the neutrinos, this symmetry breaks down to the total lepton
number (L). The conservation of lepton number can further be broken by including Majorana
mass terms for the neutrinos, see Section [[.1.6] These symmetries are called accidental, since
they do not have to be put in by hand, but rather follow from the particle content of the gauge
theory and the restriction to D < 4 terms in the SM Lagrangian. This matches nicely with the
experimental non-observation of the B-violating proton decay (7,_¢+q0 > 8.2 x 10 yr [91]).

The SM is not only in good agreement with experiment at the places, where it was designed
to be, but also in many other accidental details. On the other hand, the non-observation of
proton decay poses a problem for the simplest Grand Unified Theories (GUTs) [92], which allow
for a unification of coupling constants but generically induce B violation (e.g. p — e™7%) at a
too large rate [93]. At the quantum level however, L and B are broken inevitably already in
the SM, due to the chiral anomaly. Non-perturbative sphaleron processes violate B 4+ L (but
respect B — L). These processes are just important for very high temperatures 7' > 100 GeV,
e.g. during the early universe. However, if a symmetry shall be fundamental, it seems that
it has to be realized locally (c.f. general relativity). Further discrete symmetries that are
for example present in electromagnetism, are violated in the SM. P is violated maximally in
charged-current interactions which just couple left-handed fermions. It is furthermore violated
in neutral-current interactions with the Z-boson. Moreover, the Yukawa Lagrangian
leads to a violation of CP, as discussed in Section [1.1.3] Due to the small (non-maximal) CP
violation, also C is violated within the weak sector of the SM. However, CPT is a symmetry
of the SM, as it is for every local and Lorentz invariant QFT. At the end it is our task to
take a model, determine the parameters present in the Lagrangian and see if this Lagrangian
consistently describes nature. Therefore we have to perform more independent measurements
than there are independent parameters in the theory in order to overconstrain and thus test
the model. If we find tensions, we should think about a modification of our Lagrangian, see
Section [L.I1.6]

The SM has 18 parameters, which can be chosen to be

e 3 gauge couplings: ¢, ¢, gs
e 15 parameters in the Higgs/flavor sector:

— Mp, U
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— 6 quark masses: (1M, M, my), (Mg, Mg, M)
— 3 lepton masses: (M, m,,m;)

— 3 mixing angles and one phase of Vg -

Note that we did not count 0gcp = 0 as a free parameter of the SM. Furthermore, allowing for
neutrino masses increases the number of parameters, in dependence on the possible assumption
of lepton number conservation (Dirac- vs. Majorana-mass terms). Note also that the choice of
the parameters above is not unique. As discussed in Section we can e.g. trade g and ¢’
for the experimentally more common e and sin#,,. In contrast to the gauge sector of the SM,
which, due to gauge invariance has only a few parameters, there are many free parameters in
the flavor sector. This suggests that we have not yet completely understood the fundamental
characteristics of matter. Moreover, in contrast to O(1) gauge couplings, the flavor sector
exhibits non understood hierarchies. We will come back to this point in Section [1.2.2]

1.1.5 Effective Field Theories, Renormalizability and the TeV Scale

We have so far introduced the SM as the leading L£<4 term in . Thus we assume, that
it is the right theory at low energies - the theory we have studied in the last sections - but
at the same time we allow for more than this theory, encoded in the terms with higher mass
dimensions and suppressed by powers of the cutoff. That is the modern way of thinking about
the SM.

Historically, its genesis was different. The SM was constructed on the purpose of providing
an elegant and quite minimalistic gauge theory in order to describe electrodynamics as well as
charged current interactions without limitations, which lead to the GWS theory, and later also
included QCD. One of the paradigms was renormalizability. If a theory involves couplings with
negative mass dimensions, it is not (power-counting) renormalizable (see e.g. [I7]). Calculating
Feynman diagrams containing closed loops of virtual particles often leads to divergent results,
since one has to integrate over undetermined internal four-momenta. These results can be
regularized by e.g. introducing a cutoff A in the (euclidean absolute) momentum integration.
A theory is renormalizable, if all cutoff-dependent terms that appear can be canceled by
introducing a finite number of counterterms in the Lagrangian. This corresponds to absorbing
the terms which would diverge in the limit of removing the regularization (A — oo) into
a redefinition of the (finite number of) fundamental parameters of the theory and is called
renormalization. However, if a theory involves couplings with negative mass dimension, such
a procedure is not possible. In the course of renormalization one would end up with an
infinite number of counterterms of all possible mass dimensions, increasing with the order of
the perturbative series. These can no longer be absorbed into redefinitions of a finite number
of parameters of the theory. This means that the theory (foreseen as a theory valid up to
arbitrary scales) would lose its predictivity as it is impossible to measure an infinite number
of unknown couplings. As a consequence, it was argued that no terms in the Lagrangian
should be allowed to have mass dimensions bigger than four, as otherwise their coefficients
(coupling constants) would need to have a negative mass dimension. Renormalizability was
the concept that singled out L<4 out of and is a useful method of constraining the
possible form of a theory. Note that for a theory to be renormalizable it is also important
that the counterterms are compatible with the defining symmetries of the model. In the early
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days of the SM, theories that contained terms with mass dimensions bigger than four were
considered unsatisfactory and unpredictive at the level of quantum corrections. The SM was
defined as the most general, renormalizable (i.e. D < 4) theory, consistent with the symmetries
of nature, which exactly corresponds to the term L£<,. Higher dimensional operators have not
been included. Complemented by a concept of treating gravity, like asymptotic safe general
relativity [94], the renormalizable SM including the Higgs mechanism could in principle be
a UV complete theory of nature. This makes the SM very attractive and outstanding with
respect to ideas like the (non renormalizable) Fermi theory of weak interactions, which is
known to break down at scales of the order of my,, see Appendix [A.4] The fact that the
electroweak gauge bosons get their masses through spontaneous symmetry breaking is essential
for the renormalizability of the SM. It guarantees a gentle high energy behavior of processes
involving massive gauge bosons (as we have seen before), which would otherwise violate the
line of reasoning with naive mass dimensions above [11]. As a consequence, the SM can make
exact predictions at a certain level of perturbation theory, with no unknown cutoff effects.
Importantly, the SM is anomaly free which means that its gauge symmetries also hold at the
quantum level.

However, although the SM is very successful up to energies of O(100GeV), this does
not mean that it has to be at higher scales and indeed there is a bunch of evidence that
the SM is not the final answer. For the time being, let us just mention the lack of a Dark
Matter candidate and of unification of the coupling constants as well as the absence of a
quantum theory of gravity. We will discuss more shortcomings of the SM in Section [1.1.6]
Today, theories with higher dimensional operators are considered perfectly fine as effective field
theories, valid up to a cutoff. If the expansion of the Lagrangian is stopped at a certain level
of precision (i.e., mass dimension), there is by definition just a finite number of parameters
present in the theory which thus is automatically renormalizable (in the “modern” sense) and
predictive up to suppressed terms. Indeed, also the RS proposal will turn out to be an EFT.
With the model not being valid until arbitrary high energy scales, there is no reason not to
include higher dimensional operators. In Appendix we will treat this concept, which we
have already sketched at the beginning of this chapter. The content is assumed to be known
in the following. It also demonstrates how our theory with the particle content of the SM
(i.e., the SM including higher dimensional operators) could arise from a more complete, and
possibly renormalizable, theory. This low energy EFT is the theory we see today and, being
the most general one, should work with. The effects of its UV completion will be present in the
coupling constants of the EFT - the Wilson coefficients. As suggested by the shortcomings of
the SM, we should construct a theory that completes the SM at high energies. Considering the
SM as an EFT, i.e., allowing for higher dimensional operators and trying to determine their
coefficients, is a first step on this way. The final theory, valid up to arbitrary high energies (if
it exists and is a QFT), should however be renormalizable in the sense that it just contains
operators with mass dimensions less or equal than four.

In Appendix we review an important virtue of the concept of EFTs. If a theory
involves several widely separated scales, e.g. two scales m < M, loop calculations will gener-
ically feature large logarithms of these scales which can spoil the perturbative expansion. By
integrating out physics at the larger scale, i.e., by removing the corresponding dynamical de-
grees of freedom and constructing a theory just valid below the scale M, one can circumvent
this problem and it is possible to resum the large logarithms. This is done with the help
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of renormalization group (RG) equations, which evolve the Wilson coefficients between one
scale and another. Effective theories provide the possibility to separate high energy physics
(residing in the Wilson coefficients) from low energy physics (residing in the EFT matrix el-
ements). We will use these techniques in sections [5.1.4| and [5.2.3] EFTs are often used for
so-called model-independent studies (see Section . This corresponds just to writing down
a general low-energy Lagrangian, including higher dimensional operators (respecting appro-
priate symmetries) and deriving predictions in terms of the undetermined coefficients of this
Lagrangian. It avoids specifying a certain BSM model and resembles just the way in which
we have introduced the SM in (|1.6)).

We have seen that the Higgs sector is important for the renormalizability of the SM. Let
us stress that in the EFT picture of the SM, the Higgs boson remains relevant for the high
energy behavior of the theory. It guarantees at least that the SM does not necessarily break
down already at the TeV scale, due to uncontrolled high energy behavior such as unitarity
violation in longitudinal W®*-boson scattering, but could have a much higher cutoff. One
can see the Higgs sector as the UV completion of the SM without the Higgs, which provides
the longitudinal components of the massive gauge bosons in a renormalizable way. This (or
another) sector has to complete the SM at scales < 1 TeV, which is a convincing argument
to build a collider just for that energy range. If there is no Higgs-boson significantly below a
TeV, the SM breaks down at a TeV.

Moreover, the mass of such a Higgs boson should also be stabilized with respect to quan-
tum corrections which might result in further interesting physics around the TeV scale, see
Section [I.2.1] In the following, we will assume the existence of a Higgs-like scalar sector that
provides masses for the electroweak gauge bosons and fermions, given all its successful prop-
erties, and the virtues due to the resulting gauge invariance. We assume that the possible
new physics will complete the SM without making a (sub) TeV scale Higgs sector unnecessary
for the proper behavior of the theory. It is mandatory trying to explore this important sector
of particle physics. As mentioned, it is possible that BSM physics relies on a standard Higgs
sector, but changes its properties quite dramatically. Thus, it is very important to study Higgs
physics also in BSM scenarios, to be prepared for those changes.

1.1.6 Problems and Open Questions in the SM - the SM as an EFT

Up to now we have discussed many successful predictions of the SM and the gauge principle. It
describes nature extremely well up to current collider energies. Despite all these agreements,
there are compelling arguments suggesting that there is physics beyond the SM. Some of these
we have already sketched before. First of all, the SM does not include a quantum theory of
gravity, which is expected to become important at the Planck scale Mp; ~ 10! GeV, and thus
seems not to be valid in the very early universe. However, if e.g. a scenario of fixed point
gravity leads to a harmless high energy behavior of gravity, the SM, augmented with such a
theory of gravity, could be in principle UV complete without the need of new particles (if the
Higgs boson will be found in the appropriate mass range, see Section [I.1.2).

A striking argument for the existence of BSM physics is given by cosmology. There is
evidence for the existence of non baryonic Dark Matter which cannot be explained within the
SM and triggered a lot of model building, see e.g. [I§]. Moreover, the running of the coupling
constants implies that the SM gauge group could emerge from a single larger gauge group



32 CHAPTER 1. INTRODUCTION: THE SM AND HIERARCHIES IN NATURE

which is broken down to Ggj; below the scale of Grand Unification Mgyt ~ 10" GeV. How-
ever, in the SM the coupling constants slightly miss each other at that scale. The mere fact
that they come so close to each other suggests nevertheless the existence of such a GUT. In
consequence, NP below Mgyt is needed for an appropriate renormalization group running for
the couplings to match. In general, the many parameters in the SM (> 18), especially within
the flavor sector, call for a more unified description. In addition to the already mentioned
strong CP problem there is another even more severe problem with a parameter (of gravity)
being unnaturally close to zero, which cannot be understood within the framework of a com-
bined theory of general relativity and the SM. The so-called cosmological constant problem is
caused by vacuum fluctuation corrections in quantum field theory, which drive the coefficient
of the allowed renormalizable D = 0 operator in Lgy to values of at least py = go ~ m;}, about
55 orders of magnitude above the experimental value, which is in the range of some meVﬂﬂ
Furthermore, as stated in Section [I.1.3] the SM is not able to account for the right amount
of CP violation in order for baryogenesis to work. The isotropy, homogenity and flatness of
the visible universe also calls for an explanation, like inflation, triggered by a BSM field - the
inflaton. For a review see [05]. However, there are also ideas to generate inflation with the
help of the SM Higgs boson [90], restricting its possible mass to m,, € [126,194] GeV [97]. Let
us finish this first collection of theoretical and cosmological arguments with some fundamental
questions, not answered within the SM.

What causes the representations of the fields to be like given in the SM?

Why are there three generations of fermions, just distinguishable by their masses?

Why is the gauge symmetry group given by Gy and broken by a scalar SU(2);, doublet?
Why are the charges quantized in a certain way (see in this context [98])?

What causes the mass parameter —pu? in the Higgs Potential in to become negative?
There exist many more questions like that and even more fundamental ones, e.g. about space
time. There is a class of theories that has the ambition to solve all these puzzles, see Sec-
tion 2.1} However, these theories have little predictive power at low energies. The existence of
non-zero neutrino masses can already be seen as BSM physics, but, as mentioned before, can
easily be included into the SM, see also below. Two important issues related to hierarchies
and not addressed in the SM will be discussed in more detail below in Section - the large
and radiatively unstable discrepancy between the electroweak and the Planck scale (the gauge
hierarchy problem, which is not a problem of the SM) as well as the non-understood hierar-
chies within the fermion masses and mixings. Especially the first issue caused a big portion of
the model building activity in the last decades. Both of them can be addressed in RS models,
which provides a convincing motivation for studying the phenomenology of these models in
detail. In addition, it is also possible to address further of the aforementioned puzzles in this
setup, as we will comment on later.

In the sector of (precision) measurements there are several 2 1o effects which do not come
unexpected when many observables are measured. However, worth mentioning are deviations
in CP violating observables, like the discrepancy of nearly 40 in the like-sign dimuon charge
asymmetry in semileptonic b-hadron decays, A% [99] or the deviation of around 20 in the

combined CDF and D@ measurement in the ( {Aad AT's)-plane [100, T0T], see Section 5.2.3

6 Assuming contributions of Planck scale physics makes the problem even worse and amounts to a difference
of about 120 orders of magnitude.
"Note that the brand new LHCb measurement does not seem to confirm this deviation [102].
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Moreover, a deviation between theory and experiment of about 30 has been observed in
the branching fraction for B* — 7%v decays [88]. A tension of about 20 has been found
between exclusive and inclusive determinations of V,, [103] (see also [104]). In addition, the
forward-backward asymmetry in top-quark pair-production (A% )PP, measured at Tevatron
[105, 106, 107], shows a deviation of similar size, see Section [p.1.4 Finally, there are the
already stated discrepancy of nearly 3o in A?EZ% at the Z pole, see Section and the (3-4) o
deviation in the anomalous magnetic moment of the muon a, [10§], see Section It is
interesting that the largest effects seem to be present in observables involving the heavier
fermion generations (a, is only poorly measured). A framework in which such a feature arises
naturally, is the RS setup. We will discuss many of the aforementioned observables in these
models and address the question if they can account for some of the measured deviations
quantitatively, while still being in agreement with other important precision tests. Let us
finally mention the recent anomaly in the invariant mass distribution of two-jet final states at
the Tevatron, produced in association with a W*-boson. The excess at (120-160)GeV, seen by
CDF, resulted in many attempts to explain this bump in BSM scenarios, but it could also be
explained by SM physics, due to the treatment of the single-top-quark background [109] [110].

Let us stress again that, despite these tensions and the theoretical arguments for NP given
before, the SM still works extremely well up to at least the electroweak scale Mgw. In the
light of the plethora of its successful predictions, the SM, with its peculiarities, should at least
be seen as (part of) the low energy limit of the theory that will replace it. Such a theory most
probably exists, given the sum of all the striking hints and shortcomings of the SM discussed
before. Note that many arguments hint at BSM physics around the TeV scale, most notably
the gauge hierarchy problem, but also for example the so called WIMP miracle, i.e., the fact
that a weakly interacting massive particle with a mass around the TeV scale just leads to the
correct relic abundance to account for the Dark Matter in the universe, see e.g. [I11].

When going beyond the SM, one has to give up some assumptions that lead to its con-
struction. One of the easiest things to do is just to add further matter content. One can
also change the (gauge-)symmetry group, add internal global symmetries, or add scalars, al-
ways taking care that at low energies the agreement with experiment is not spoiled. This
is generally achieved by assuming the new particles to be heavy or having small couplings
to the SM particles. There is a plethora of those models, like four-generation models, see-
saw models featuring e.g. right handed neutrinos with large Majorana masses, Z' models,
SU(2) x SU(2)g-symmetric models, GUTs, Peccei-Quinn models, “dark forces”, two-Higgs-
doublet models, and many more. Most of them try to solve the one or the other problem of
the SM or aim on being theoretically more appealing. Some are just possibilities which are
not excluded yet. When thinking about further options, it does not seem sensible to abandon
the very successful gauge principle - its merits and the resulting problems in giving up this
principle have already been examined before. It is possible to think about changes related
to space-time symmetries. However, as special relativity is very well tested, we want to keep
Poincaré invariance. One could anyhow try to extend the given Lie-algebra of symmetry gen-
erators, keeping those of the Poincaré group as well as internal generators, by involving new
Lie-algebra generators related to space-time symmetry in a non-trivial way. Due to the The-
orem of Coleman and Mandula [112)] this is (under very general assumptions, like analyticity
and non-triviality of the S-matrix as well as the presence of a mass gap) however not possi-
ble. Nevertheless, the theorem leaves a little “loophole” since it only talks about Lie-algebras
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(with bosonic generators). Giving up this assumption, there is a single class of extensions of
the trivial direct product of [space-time(=Poincaré)]®[internal symmetries| by employing so-
called Lie-superalgebras (with fermionic symmetry generators which fulfill anti-commutation
relations). Due to the theorem of Haag, Lopuszanski and Sohnius (HLS) [I13] the most gen-
eral (super)algebra of symmetry generators, that can combine states with different spin, is
the so-called supersymmetry algebra, see Section Another radical possibility would be
to give up the concept of fundamental point-like constituents, see Section 2.1 This leads
to UV finite results without the need of regularization, a very attractive feature for a UV
completion of the SM. Other approaches just assume that some of the SM particles, like the
Higgs boson, are composite states of elementary particles (see Section . Others extend
the concept of particles by introducing so-called unparticles. These are states that arise as
low energy degrees of freedom from a conformal sector weakly coupled to the SM [114]. They
have non-integer scaling dimensions, leading to a spectral density depending like a fractional
power on momentum. However, it was shown that theories like QCD can produce spectral
densities for quarks and gluons that are virtually indistinguishable from those of unparticles
[T15]. We will stop the list here, however many more (more or less exotic) ideas like that are
on the market.

From the phenomenology side, we have already explored several constraints on the NP.
It is expected to have a highly non-generic flavor structure and new CP violating effects. In
addition it ought to possess a Dark Matter candidate. Beyond that, it should address the
gauge hierarchy problem as well as the fermion hierarchies, see Section [1.2] Let us mention
that this (rough and not complete) list of requirements can be fulfilled in the RS framework,
as we will see below. From now on we will consider the SM, including higher dimensional
operators, as the low energy EFT of a more fundamental theory. At low energies, we consider
the whole Lagrangian , truncated at a certain operator-dimension, which we now write
more explicitly as

Lg =1L Ci(S) Q(5) CZ’(G) Q(G) 1.64
off = SM+ZW i —|—ZW P R ( )

Here, C’i(D) are the (running) Wilson coefficients of the operators QgD) of mass dimension D.
They contain the information about the high energy physics that has been “integrated out”, as
introduced in Appendix[A.4] Let us have a first look at possible higher dimensional operators
[116] and see how they give a handle on BSM physics. At the level of D = 5 there is just one
possible gauge invariant term that can be constructed out of the SM fields. It reads

Leg D ﬁ(Eicb)T(chp), (1.65)
Ap

where the couplings \;; are assumed to be of O(1). This term leads (after EWSB) to a
Majorana mass term for the left handed neutrinos with m, ~ v*/Ap. It breaks L by 2
units. Note that the scale of neutrino masses m, ~ 0.1eV indicates a fundamental scale
Ap ~ 10 GeV ~ Mqur, around the GUT scale. Neutrino masses could be a first hint to
a new energy scale in physics, below Mp). The SM as an EFT can thus account for these
masses without introducing new fields at low energies. At the same time, assuming a large
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cutoff scale around Mgyr, they are naturally tiny. This would have to be put in by hand for
the case of pure Dirac mass terms with a right handed neutrino by assuming an unnaturally
small 3, ~ 1072, Note that the D = 5 term ((1.65)) could arise from a UV completion of the
SM via the see-saw mechanism, for a review see e.g. [I17]. At the level of D = 6 operators,
proton decay is induced by B and L violating terms like

Ja éedef«u%fd@«uérem , (1.66)

where d, e, f are SU(3). indices. These operators (which could be induced e.g. by a GUT)
mediate processes like p — e*n® which leads to the bound from Super-Kamiokande (see
Section above) of Ap 2> (10" — 10'%) GeV. The SM as an EFT with a large cutoff allows
for interesting effects, e.g. the breaking of its global symmetries, and at the same time explains
the tininess of these effects, which is needed to be not in conflict with observation. However,
lowering the cutoff leads to problems, because then generically B- and L-violating operators
will not be sufficiently suppressed to be in agreement with observation, given there is no
symmetry which forbids them, see sections[2.2.1] and [3.1.5]in the context of BSM models.
For the time being, let us assume that the NP that will be possibly found well below
the GUT scale does not induce the operators examined above. Still, measurements in flavor
physics performed at low energies can constrain the scale or structure of BSM physics quite
significantly. Remember that the flavor sector of the SM works impressively well. The facts
that charged current interactions are universal (the CKM matrix is unitary) and that FCNCs
are highly suppressed due to the GIM mechanism agrees with results from experiments. How-
ever, this flavor structure is special and NP models will generically not reproduce the same
structure. To estimate the expected effects, consider D = 6 four-quark operators like

4192 G394
A2 ’

flavor

Log D (167)

where ¢; can be arbitrary quarks, which however have to feature charges that sum up to zero.
Measurements of meson mixing and CP violation can strongly constrain the scale Ag.yor for
generic O(1) dimensionless couplings and lead to the estimate (see e.g. [I1§])

Afavor > 10* TeV . (1.68)

Thus, if there are no symmetries that account for a special flavor structure, from this estimate
we expect new physics not to be lighter than 10* TeV! However, as we will go into in Sec-
tion the gauge hierarchy problem indicates NP at a scale Ayy ~ 1TeV. This suggests
that the NP cannot have a generic flavor structure which leads to assumptions like e.g. MFV
(which however does not provide an explanation of this structure). This problem is called the
new physics flavor problem. Note that a very strong constraint comes from the CP violating
parameter ex in the Kaon system, see Section [5.2.3] We will come back to these issues later
in the context of RS models.
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1.2 Hierarchies as a Motivation for Physics Beyond the
Standard Model

Many models given above address the one or the other unsolved problem, like e.g. the Peccei-
Quinn theory solving the strong CP problem, but no testable theory known so far addresses all
open questions. Some theories solve several problems at once, making them suitable candidates
for completing the SM in a more unified way. In the following we focus on two important
problems mentioned before, related to hierarchies, and briefly introduce models that are able
to address at least one of these issues. The RS model can address both and will be introduced
in detail in Chapter 3]

1.2.1 The Gauge Hierarchy Problem and Possible Solutions

The infamous gauge hierarchy problem has caused lots of attempts to construct models which
are able to resolve it. This problem, in its modern formulation, arises, if we consider the SM
as an EFT, UV completed by some NP below Mp) (e.g. by a GUT). In the last section we have
shown that there are many good reasons for such an assumption. The gauge hierarchy problem
is caused by the enormous hierarchy of 17 orders of magnitude between the electroweak and
the Planck scale, see the Figure on the left of this page. It is difficult to understand why
the weak scale should be so much lower than the Planck scale, Mgw < Mpj, or equivalently,
why gravity is so much weaker than the electroweak force. After studying the details of the
problem, we will introduce the most famous models that try to address it.

The Problem
E [GeV]
10°F8 Mp,
From the arguments of Section [1.1.2] we expect the mass of the Higgs
boson, setting the electroweak scale, to be very light compared to the

1015 Moyt Planck scale
mp ~ 100 GeV < Mp1 . (169)

Myp It is not difficult to account for such a mass on the tree level by choosing
the Lagrangian parameters accordingly. However, the Higgs boson, being
a fundamental scalar particle, has a priori no protection mechanism for
its mass via symmetries. From an EFT point of view, one would naively
expect the super-renormalizable (UV sensitive) D = 2 operator h? in
Lsy to have a coefficient of the order of the cutoff of the QFT, say

i 'Y m2 ~ M2, (1.70)

It is now difficult to understand why the Higgs boson should be light, like
indirect experiments and theory tell us. The only possibility to avoid this
puzzle would be to introduce a mechanism which saves the Higgs mass
from corrections above a certain scale.
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That such large corrections to the mass are indeed created at the quantum level can be
seen by studying the loop diagrams shown in Figure The diagram on the left results in a
quadratically divergent correction ~ Ay, (in cutoff regularization) to the Higgs-mass squared
(see e.g. [119]) of

2 A
Am? — ‘g;i Ay + 6mi I~ 2m| O, (1.71)

for every fermion with mass m; and Yukawa coupling y; running in the loop. For simplic-
ity, we have assumed the fermion to be heavy, so that we can neglect the external Higgs
momentum. The diagrams on the right, corresponding to scalar contributions (with mass
mg, trilinear coupling vAg, and quartic coupling Ag) in the loop, also lead to quadratically
divergent corrections of

As A A2 A
Am? = —A%V+2m§1nﬂ] — s g2 {—1+21nﬂ] +O(AF2). (1.72)

1672 mg 1672 mg

Note that there are in addition contributions of the gauge bosons Am3 ~ (3¢> + ¢'?) AZy.
It is in principle possible to renormalize the theory (by adding counterterms to cancel the UV
sensitive terms that would diverge in the limit Ayy — o0) in such a way as to arrive at a Higgs
mass around the electroweak scale, despite the quadratic UV sensitivity. However, assuming
Mp as the scale of the corrections, this would need incredible fine-tuning of the parameters
at the level of 1 in 1034, and seems very unnatural.

Note that in order to arrive at this conclusion, one does not have to assign a significance to
the quadratic divergences, which could be related to non understood high energy behavior of
the theory. The crucial point is that all the heavy particles in the QFT, running in the loop,
give a contribution to m? proportional to their mass squared and not coming with A%y, see
(1.71) and . In consequence one still has a physical correction to the Higgs mass, which
is set by the heaviest particle running in the loop. In the following we assume the existence
of heavy BSM physics, indicated by Myp and Mgyt in the Figure on the left of the last page,
for which we have collected very good arguments. Thus, if one believes for example in a GUT,
one would expect the Higgs mass to reside at the scale

and not around the mass scale of the electroweak gauge bosons. One would expect that in an
effective Lagrangian like ({1.64])

C? =0(1), with M? = M2, (1.74)

and not C}(LQ) < 1. Arriving at a Higgs mass around the electroweak scale would require a
cancellation between the bare Lagrangian Higgs-mass parameter and the loop corrections to
it, which are now both expected to be around 10%° GeV?, at a level of 1 in 10%°. Let us stress
that, seen in this way, the gauge hierarchy problem is not a problem of the SM but rather

8An alternative method to quickly obtain the quadratically divergent corrections to the scalar potential,
without calculating Feynman diagrams, is to compute the Coleman-Weinberg potential [120], see also [35].
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Figure 1.11: One-loop contribution to the Higgs-boson mass-squared from fermion
loops (left) and scalar loops (middle, right).

a problem that comes about when extending the SM by new heavy particles - an issue that
every extension of the SM has to face at a more or less severe level. Although not logically
excluded, a desert without NP between the electroweak and the Planck scale seems not very
likely, given all the arguments collected in Section[I.1.6] Also in such a scenario one still would
have an unexplained large (though radiatively stable) discrepancy between two fundamental
scales. In contrast to fundamental scalars, gauge bosons or chiral fermions do not have a
problem in keeping a low mass. Without spontaneous symmetry breaking the chiral fermions
of the SM as well as the gauge bosons would be massless. Before EWSB, they do not have
mass terms, corresponding to relevant operators. Those operators are forbidden by the gauge
symmetry. After EWSB, the (hidden) symmetry saves those particles from corrections to their
masses above the scale of EWSB of v ~ O(100 GeV). Thus it seems natural that the massive
gauge bosons have masses just around that value. This argument can also be related to the
fact that a massless spin-1 particle has two degrees of freedom and there is no continuous
transformation to a massive boson with three degrees of freedom. In the Higgs mechanism,
this additional longitudinal polarization is provided by a goldstone boson. However, without
such a mechanism, massless gauge bosons will not receive a mass at the loop level. The same
is true for massless (chiral) fermions, which only have one helicity. Note that corrections to
the fermion masses are proportional to their own masses and only logarithmically divergent
Amy ~ myIn(Ayy/my). However, for the spin-0 Higgs boson, there is a priori no such
argument, which leads to the expectation (|1.70)).

The gauge hierarchy problem hints strongly at NP at the TeV scale (Ayy < 4rMgpw ~
1TeV) that solves this issue. On the other hand, the good agreement of the SM with ex-
periment in many details seems not to suggest new physics at such low scales. For example,
electroweak precision tests rather indicate that generic new physics is not to be found below
several times this scale (Ayy 2 a few TeV), needless to mention constraints from Kaon mix-
ing. As with a cutoff for the SM at such a scale, one ends up with a fine tuning of some per
cent, a “little hierarchy problem” could remain after a possible solution to the large gauge
hierarchy problem. As we will see later, much effort is made to address this issue in BSM
models and to allow for lower NP scales. Excitingly the LHC just starts to approach the TeV
scale and the gauge hierarchy problem lets us expect further discoveries, in addition to that
of the sector of EWSB. The LHC will hopefully also reveal the sector that stabilizes the mass
of the fundamental scalar Higgs boson (if present) against quantum fluctuations.
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Unification of the Coupling Constants
in the SM and the minimal MSSM
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Figure 1.12: Renormalization group evolution of the gauge couplings in the SM as
well as in the MSSM. Figure from [126], with permission from the author. See text for
details.

Possible Solutions: From SUSY to Classicalization

The most popular ideas to address the gauge hierarchy problem are to invoke a new symmetry
(to protect the Higgs mass), to introduce a new strongly coupled sector (with the scalar EWSB
sector consisting of bound states of this new interaction) or to lower the cutoff of the theory
(by extending space-time). Some models relate several of these classes to each other. Let us
start with recalling the problematic contributions to the Higgs mass due to fermion and boson
loops, see and . Given the absence of a symmetry to protect the Higgs mass, these
terms contribute to the gauge hierarchy problem. Consider the corrections of Ny fermions and
those due to Ng scalar particles. If we now assume y]% = —Ag and Ng = 2N and add up both
contributions (of particles with different spin-statistics) we arrive at [119]

2N A
urs (m5 —mi) In—> + 3mj 5| + O(AGR). (1.75)

Am? =
h 472 mg my

We see that the problematic quadratic divergences have vanished, seemingly ameliorating the
gauge hierarchy problem. However the corrections to the Higgs mass are still proportional
to the mass of the heaviest particle running in the loop. If in addition my = mg holds, the
correction to the Higgs mass vanishes completely (note that all that is not possible within
the SM). Thus, if there would be a symmetry that would lead to yfc = —As, Ng = 2Ny,
and my = mg, the gauge hierarchy problem would be solved (given a similar cancellation
takes place for all contributions to the Higgs mass, including gauge boson corrections). Such a
symmetry exists indeed and is just the so-called supersymmetry, introduced in Section|1.1.6]
which allows to extend the spin-considerations of Section[I.2.1]to scalar particles. Interestingly,
this new symmetry, relating bosonic to fermionic degrees of freedom, is the only possibility
to generalize the direct product of [space-time|®][internal symmetries|, along the lines of the
HLS theorem as discussed in [I.1.6] For reviews on SUSY and a list of references see e.g.
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[121], 122, 123, 124].

A SUSY Lagrangian is invariant (up to a total derivative) under SUSY transformations,
mediated by fermionic sets of generators Q. These transform fermions into bosons (with
the same internal quantum numbers) and vice versa. Here, « is a spinor index, and the N
possible sets of generators are labeled by i. In the following we will consider N = 1 SUSY,
corresponding to a single set of SUSY generators. Schematically, one has

Qo |fermion)® = |boson), (Q,|boson) = |fermion), . (1.76)
The generators of the N = 1 super Poincaré algebra fulfill the relations
[Qa, PP] =0
{Qa,Qs} =2(0")0p Py
(M7, Qa) = =i (077),] Qs
{Qa, Qs} = {Qa, Qs} =0,

(1.77)

where Q, and Q% = (Q*)" are Weyl spinors, corresponding to the upper and lower compo-
nents of a four-component Dirac spinor. The indices «, & can be raised and lowered with the
totally antisymmetric tensor €,5 [123] and o* = i/2[y*,4"]. The generators P? and M*’
correspond to the four-momentum and the generalized angular momentum. The fields of a
supersymmetric theory are grouped into irreducible representations of the SUSY algebra, so-
called supermultiplets. If SUSY was an exact symmetry, as an immediate consequence the
SUSY partners would have exactly the same mass as the corresponding SM fields. As such a
scenario is clearly excluded by experiment, SUSY has to be broken. This is in general achieved
by introducing super-renormalizable (soft) SUSY breaking terms. However, the mass scale of
the SUSY partners of the SM particles Mgy sy should not be much larger than the TEV scale
as otherwise the gauge hierarchy problem would be introduced again to a certain amount. In
consequence, if SUSY solves the gauge hierarchy problem, we expect to find it at the LHC. In
the following, we explore briefly some phenomenological consequences of the minimal super-
symmetric extension of the SM (MSSM). This minimal extension features a fermionic partner
for each SM gauge boson, as well as a bosonic partner for each SM (Weyl) fermion, such that
in the end, as for every SUSY model, the number of fermionic and bosonic degrees of freedom
is equal.

As mentioned before, SUSY models require the existence of more than one Higgs doublet.
The MSSM features two Higgs doublets with 5 physical Higgs bosons (after EWSB) - two
neutral CP even h, H, a CP odd one A, and two charged H*. At the tree level the MSSM
leads to the constraint

mp < mg| cos(20)] (1.78)

for the mass of the lightest neutral Higgs boson, where tan § = v, /vq and v,, vq4 are the VEVs
belonging to the Higgs doublets giving masses to up and down type quarks, respectively.
Although in the MSSM the LEP exclusion limit can be weakend (depending on tan 3) [119],
this constraint would put the MSSM into some trouble. However, loop corrections can lift the
limit to

mp < 135GeV (1.79)
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assuming that all sparticles that can contribute to my, have masses below a TeV [119]. Note
that the properties of the lightest Higgs boson of the MSSM are similar to the SM Higgs
in the decoupling regime (where my ~ O(TeV)), however, outside this regime important
differences can arise. For example, the couplings to bottom quarks can be strongly enhanced
in the case of large tan § > 1. There is still a puzzle in the Higgs sector of the MSSM, the
so-called p—problem. This corresponds to the fact that it is difficult to understand why the
magnitude of the SUSY preserving squared-mass in the Higgs potential should be in the region
of (100 — 1000) GeV, which coincides with the scale of the (unrelated) soft breaking terms, as
required by phenomenology, and not for example at the Planck scale. Some extensions of the
minimal setup try to solve this problem by introducing the i term as the VEV of a new field.
Moreover, the number of parameters in the MSSM is significantly increased with respect to
the SM, especially due to the SUSY breaking sector. In total, the MSSM possesses ~ 120 new
parameters with respect to the SM.

Note that, beyond solving the gauge hierarchy problem, the MSSM solves several of the
problems dealt with in Section [I.1.6] First of all, let us mention that the MSSM features
a so-called R-parity in order to prevent the presence of B and L violating couplings in the
Lagrangian, where R = (—1)2"38+L and s is the spin of the particle the operator acts on.
This parity leads to the fact that SUSY partners of the SM particles can only be produced
in pairs. In particular, the lightest supersymmetric partner (LSP) will be stable. In many
cases, the LSP corresponds to the lightest of the so-called neutralinos, and is massive, weakly
interacting and electrically neutral. This provides a good candidate for the Dark Matter
of the universe within the MSSM. Moreover, the modification in the running of the gauge
couplings due to the SUSY partners provides the possibility for them to meet each other to
good accuracy around the scale Mgy, allowing for a grand unification within the MSSM
[125]. This fact is illustrated in Figure 7 where the evolution of the gauge couplings
a1 =5/3 ¢'%/(4n), a0 = ¢*/(47) , a3 = ¢2/(4r) is shown. Above the mass scale of the SUSY
partners Msysy ~ 1 TeV, which has been fitted such that unification is possible, the running is
modified with respect to the SM. The factor 5/3 is needed for the correct normalization at the
unification point. In addition, the MSSM, allows for radiative electroweak symmetry breaking.
In the SM, the Higgs mechanism is only a description of EWSB but offers no explanation why
it occurs. In contrast to the SM, where one has to put in the negative squared mass for the
Higgs doublet by hand, the MSSM can generate the necessary conditions for a potential to
result in electroweak symmetry breaking radiatively, at a certain scale, via renormalization
group evolution. It is interesting that the MSSM solves all these puzzles, without being
invented for that purpose. It was rather built as the most general extension of the Poincaré
algebra, as explained before. Finally note that, if SUSY is introduced as a local symmetry,
it naturally incorporates gravity (supergravity). For more details, e.g. on the SUSY breaking
mechanism, related flavor issues or collider signatures see the literature cited before. If the
SUSY-breaking mechanism is not flavor blind, SUSY models will generically have problems
with flavor constraints, requiring an additional concept like MFV| see Section [I.1.6] For details
on Higgs physics in SUSY see [119].

The next type of models that can address the gauge hierarchy problem are those that do
not feature an elementary scalar and thus avoid the fine tuning problem. An example of this
class of models is technicolor [127, 128]. Here, the scalar degrees of freedom responsible for
the masses of the weak gauge bosons are realized as bound states of new massless fermions
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(techni-fermions), that are charged under a new QCD-like SU (V) gauge group as well as under
the electroweak gauge group of the SM. The new strong interaction is asymptotically free at
high energies, but assumed to be confining at Mgw. In analogy to QCD, chiral symmetry
breaking is triggered and the resulting Goldstone bosons (techni-pions), corresponding just
to bound states of the techni-fermions, provide the longitudinal degrees of freedom for the
electroweak gauge bosons. In consequence, EWSB is realized dynamically. Importantly, it is
possible to reproduce the relation to leading order in technicolor models. Note however,
that the simplest models are ruled out by electroweak precision tests, due to large corrections
to the S parameter [64]. For a review, also about newer developments in the sector, see [129].

Similar ideas are used in Little Higgs theories [130, 131}, 132], 133], where the Higgs boson
itself is realized as a (pseudo-)Goldstone boson of a spontaneously broken global symmetry.
This symmetry is also assumed to be broken explicitly (making the Higgs boson massive), but
only by the interplay of at least two coupling constants. This collective symmetry breaking
leads to a vanishing of the quadratic divergences in the Higgs mass at one loop. If one of these
couplings does not contribute, the Higgs boson mass is zero due to the shift symmetry of the
Goldstone boson. Little Higgs theories are weakly coupled effective field theories with a cutoff
scale of the order of Ayy ~ 10 TeV. They stabilize the hierarchy between this cutoff (which
could be identified with a scale suggested by electroweak precision tests) and the electroweak
scale Mgw. Above the cutoff, these theories have to be UV completed.

Such a completion could feature a breaking of the global symmetry by strong dynamics,
resulting in a composite Higgs boson [I34]. In this general class of theories the Higgs-boson
mass is protected by the fact that at a certain scale it will not behave as an elementary particle
anymore and a form factor will regularize the UV behavior. For interesting relations with the
models studied in this thesis see [135, [136, [137].

Another recent approach that provides (amongst other interesting possible consequences)
an idea how the gauge hierarchy problem could be solved, assumes the existence of classi-
calization [138] at large energies. In this approach, the collission of two particles with a
momentum transfer larger than the characteristic scale M, of the (non-renormalizable) theory
will cause the formation of an extended classical configuration of a classicalizer field, with
radius r,, in analogy to a black hole of gravity, UV completing the theory. As a consequence,
the short distance behavior does not have to be specified to know the high energy behavior.
The radius r* grows with the energy localized in the system. If the Higgs scalar is sourced by
energy-momentum of the SM particles, e.g. by an operator

ofo !, (1.80)

where T corresponds to the trace of the energy-momentum tensor of the SM fields, it could
just act as such a classicalizer [I38]. It would develope a classical configuration above a scale
M., which could solve the gauge hierarchy problem.

When trying to construct solutions to the gauge hierarchy problem, we have so far only
talked about changing the SM along the lines discussed in[I.1.6] We have not explored another
possibility yet, which would change quite drastically the picture of the universe we have so
far. When looking at the world around us and feeling time passing by, we seem to know,
that we are living in four space-time dimensions, an implicit assumption we have made before.
When talking about Poincaré invariance, we were thinking about four-dimensional Minkowski
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Figure 1.13: Hierarchies in the quark masses.

space-time. However, already from high-school physics we know that our eyes or the human
senses are not sufficient as measuring instruments. In the next chapters we will introduce
models that involve extra dimensions and that are not in immediate conflict with observation.
Some of these models, in particular RS models, offer an alternative possibility to solve the
gauge hierarchy problem. Beyond that, they have further very interesting features.

1.2.2 Hierarchies in the Fermion Sector

In addition to the large hierarchy between the electroweak and the Planck scale, there are
also non-understood hierarchies in the flavor sector of the SM. The masses and mixings of the
SM fermions exhibit large ratios, which can be accounted for within the SM but which cannot
be explained by the model. The tiny neutrino masses have already been discussed. However,
there are also sizable hierarchies in between the quark masses as well as the charged lepton
masses. Moreover, the mixing matrix in the quark sector also is strictly hierarchical, while
the one of the lepton sector is not. Let us have a look at the hierarchies in the quark sector
more quantitatively.

The quarks of the same charge in the SM are identical in all their properties besides their
mass. Here, they exhibit very large ratios of roughly (see Appendix @ Ff]

my/me/m, ~ 100000/500/1, my/ms/mq =~ 1000/20/1, (1.81)

see Figure . Although the (running) quark masses depend on the energy scale, the hier-
archies quoted before are to good accuracy stable with respect to scale variations [I39]. The
natural value for the scale of the quark masses would be m ~ v/ V2, corresponding to an
O(1) Yukawa coupling. This expectation is fulfilled only for the top quark. Although the

9As we are just interested in rough hierarchies, we do not have to worry about the issues in defining the
quark masses.
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hierarchies can be put into the SM, it offers no explanation for the question why the
masses of its fundamental constituents in the matter sector differ so much from each other.

Also the CKM matrix exhibits strong hierarchies, which are reflected in the expansion in
the small Wolfenstein parameter A = 0.23 (1.59). To LO in each entry

1 AN
|Vexm| ~ A312 A (1.82)
A3 A2 1

The fact that the diagonalizations of the up-type and down-type mass matrices lead, to first
order, to the same rotation matrices U, ~ U, can not be explained within the SM and calls
for elucidation.

A model which can address both of these fermion hierarchies, has been presented by Frog-
gatt and Nielsen [I39]. Starting from anarchic Yukawa matrices, i.e., matrices with random
O(1) entries with arbitrary phases, the observed hierarchies are generated by assuming the left-
handed and right-handed components of the quark fields to have different values for an almost
conserved quantum number with respect to an abelian symmetry group U(1)z. This model
will be introduced in Section [3.2.3| and we will directly apply its results to the fermion sector
of RS models, which, as we will show, feature a similar mechanism. Here, the Froggat-Nielsen
mechanism arises automatically, if one puts fermions in the bulk, and no additional structure
is needed. So, beyond solving the gauge hierarchy problem, the fermion hierarchies can also
be addressed in these models, without the setup having been invented for that purpose.



Chapter 2

Extending Space-Time to Address
Hierarchies

In this chapter we will give a survey of how the idea that nature could feature more than four
space-time dimensions finally lead to an option to address the gauge hierarchy problem. After
a short historical overview, we will review the Arkani-Hamed—Dimopoulos—Dvali model in
some detail. This model can be seen as the forerunner of the RS model. Although the approach
to address the large hierarchy between the electroweak and the Planck scale is different, it
certainly influenced the following developments quite strongly.

2.1 Introduction: Extra Dimensions before ADD

The first serious appearance of the idea that space-time could feature more than four dimen-
sions was due to Kaluza [140] and Klein [I141] in the 1920s. They tried to unify gravity and
electromagnetism, the only fundamental forces known at that time, by merging the photon
vector field together with the 4D Minkowski metric into a 5 x 5 metric. However, their idea
turned out to be not a correct description of nature, in particular after the discovery of the
additional forces and the rise of the electroweak standard model. Moreover, already before,
the attempt to quantize the theory lead to serious problems. The ideas of Kaluza and Klein
were revived in the 1980s by the advent of string theory in its modern form (for a review and
further references see e.g. [121) 142], 143, [144]). The roots of string theory go back to the
1960s, when Gabriele Veneziano [145] and others tried to use strings to describe the strong
interaction. During the first superstring revolution (1984-1989) it was realized that string
theory could serve as a fundamental description of nature if it is formulated in 941 space-time
dimensions. The number of dimensions was set by the need for anomaly cancellation. In the
framework of superstring theory, the fundamental ingredients of nature are not point-like par-
ticles but one dimensional strings of Planck-length size, characterized by their tension. This
leads to a unification of the various different particles of the SM into one type of fundamental
“particle”, the string. How is it possible that the extra dimensions have not been discovered
so far? For not being in conflict with observation these dimensions have to be hidden in some
way. This is possible by compactifying them, e.g. on a higher dimensional torus (or on a
more complicated manifold) with a natural length scale of the order of Mp. One can imagine
this additional geometry sitting at every space-time point of 4D Minkowski space-time, as
illustrated in Figure [2.1

45
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Figure 2.1: Illustration of a compactified higher-dimensional space-time. A Calabi-Yau man-
ifold is attached to every point of the usual 4D space-time. Courtesy of J.-F. Colonna [146].

The second superstring revolution took place in the mid 1990s and was initiated by Edward
Witten. He discovered that the different formulations of string theory known at that time (as
well as 11D supergravity) are related to each other by dualities and could all be manifestations
of the same theory, called M-theory. With the emergence of the concept of branes another
option to hide the extra dimensions became available. Open strings, corresponding to SM
particles in the low energy limit, have to end on their higher dimensional cousins, the branes.
It could thus be possible that the particles we know are confined to live on a 4D sub-manifold
of space-time, a 3-brane, see below. It seems to be possible to model the SM spectrum by an
appropriate geometry of the extra dimensions. Beyond that, these theories have in principle
the ambition to explain the presence of a certain gauge group and particle content present in
nature and to address all other theoretical questions stated in [I.I.6 In particular they are
UV finite due to the non vanishing extension of their fundamental constituents and contain
a quantum theory of gravity. In this sense, they can be called theory of everything (TOE)
(although it is in principle not possible to prove that a real TOE has been found). Despite
their many promising features, string theories also have serious drawbacks. An important issue
is that in the original spirit of residing at the Planck scale of Mp; ~ 10! GeV, string theories
make (currently) no unique predictions for energies accessible in the near future. The expected
excitations of the strings would have masses around Mp). The mechanism of compactifying
the extra dimensions is not yet understood sufficiently. As mentioned before, the geometry
of space-time is related to the low energy spectrum. However, it seems that the incredible
number of 10°% different vacua are possible and thus, if there is no mechanism to chose a
special vacuum, the geometry cannot be predicted and neither can the low energy spectrum.
It is however possible to interpret a discovery of supersymmetry as a hint for string theory,
since it can only be formulated in a supersymmetrized way. This still does not make the model
really testable at current collider energies. Moreover, note that string theory is still at the
level of quantum mechanics (no second quantization).

This pessimistic picture changed after it was realized that extra (spatial) dimensions could
help in solving the gauge hierarchy problem in the late 1990s by Nima Arkani-Hamed, Savas
Dimopoulos and Gia Dvali (ADD) [147]. To see how this works, let us recall that the gauge
hierarchy problem is due to the fact that the Planck scale is so much bigger than the elec-
troweak scale. An important point is that one deduces the gigantic size of the Planck scale
from the enormous weakness of gravity (see footnote [l G = Mp?. In terms of the funda-

mental Planck mass MP(,CP, the gravitational potential between two test masses m; and ms in
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d dimensions, has the form
1Mo 1

Ve(r) ~ [Ml(fll)]dfz g (2.1)

From measuring the gravitational force one deduces d = 4 and determines the Planck scale
Mp, = ]\/[l(;f) ~ 10! GeV. However, it is important to note that Newtons gravitational law has
so far only be tested down to length scales of about 50 um ~ 250eV~! [148].

2.2 From Large Extra Dimensions to Warped Extra Di-
mensions

The fact that Newton’s law, (2.1)) with d = 4, has by far not been tested up to the same
energy scales as the other interactions of nature, not speaking of up to the Planck scale, lead
ADD to the idea that the gravitational potential could be changed at small distances r, with
however r > My,. This allows for the existence of large extra dimensions, if only gravity is
allowed to propagate into them [147]. How does this work in detail?

2.2.1 Large Extra Dimensions to Address the Gauge Hierarchy
Problem

Imagine n extra dimensions, all of size ~ R for simplicity, compactified on a corresponding
manifold M,, with volume ~ R". For distances r < R, Gauss’s law in d dimensions leads just
to the gravitational potential (2.1)) with d =n + 4

mims

VAT (1) ~
[M}glll+n)]n+2 pntl

(r<R). (2.2)

However, for distances r > R the field lines of gravity will not resolve the extra dimensions,
leading to the usual 1/r behavior we observe
mMi1Me 1 1

tn(p)y o A2 2 2 . 9.
VAT (r) [MSM)]”H 7y (r>R) (2.3)

An interesting thing has happened here. If we do not assume the existence of extra dimensions,

we would just identify the whole expression

2

Mg = M) R

|3

(2.4)

with the Planck scale (the cutoff of the SM) Mp, = M5/ ~ 10! GeV, without noticing the
presence of additional dimensions. Thus, if only gravity is allowed to propagate into the extra
dimensions they could be possibly as large as 50 um, since below that scale the gravitational
interaction has not been tested and above we would not notice the presence of the additional
dimensions. The only consequence at large distances would be the fact that we would have
determined the effective Planck scale and not the fundamental one MSM). It is not
digressive that does not hold for the whole range from macroscopic distances down to

the Planck length [, ~ 1073 m. We know many examples for theories in physics that are
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replaced by another one at a certain scale, see Appendix [A.4 The law of gravity that we
measure at macroscopic distances does not have to be the final answer. Furthermore, the
fact that only gravity might propagate into the additional dimensions can be motivated by
string theory. Here, the corresponding force mediators correspond to closed strings, allowed
to propagate into the whole space-time, while the other particles would correspond to open
strings, attached to D-branes [149]. Moreover, due to general relativity, gravity is directly
related to space-time, whereas the other forces are not. In this picture, the weakness of gravity
would be just a dynamically generated effective weakness, seen for large distances, due to the
dilution of gravity propagating into extra dimensions. As the other fundamental interactions
have been probed up to the electroweak scale, extra dimensions would have to be smaller than
~ 1fm to have escaped detection, if the SM would be allowed to enter them. However this
would still allow for additional dimensions much larger than the (4D) Planck scale. The SM
could be localized on a sub-manifold of the whole space-time, with TeV~! “thickness”, for
example due to topological defects. In order not to dilute the SM interactions, the thickness
should not be bigger than the fundamental Planck scale.

Looking again at , we see how the gauge hierarchy problem could be addressed in such
a setup of gravity propagating into large extra dimensions. The Planck scale would just appear
to be huge due to the presence of additional dimensions that we do not resolve. We would
just think that we measure the fundamental Planck scale, but in reality we would measure
Mg , which is enhanced due to the volume of the extra dimensions, given that

—1
R> (M) (2.5)
The fundamental Planck scale could well be of the order of
My ™ ~ M | (2.6)

just as large that we would not have already noticed it, say around a TeV. Now this scale
would set the cutoff for the model and for quantum corrections to the Higgs mass. Above this
energy, a quantum theory of gravity like string theory could set in, cutting away potentially
large radiative corrections at a TeV. The natural scale for the Higgs-boson mass would then be
around this fundamental Planck scale and the fine-tuning problem as discussed in would
nearly completely vanish. The theory would have only one fundamental scale, the electroweak
scale. When starting to probe the extra dimension, gravity would be of weak scale strength in
44 n dimensions and not suppressed by the huge effective Planck mass. From the requirement
one can derive the corresponding size of the extra dimensions R, in dependence on their
number n. With the help of (2.4) we arrive at

2 %—i—l
R~ [Mf,l f] " [Migw] 77~ 24107 m x {Tev} , (2.7)
Mgw
where we have used the relation 200 MeV fm ~ 1.
For n =1 we get R ~ 10" m, setting Mgw ~ 1TeV for this discussion. This implies that
if there is exactly one large extra dimension, it would have to be larger than the extension of
the solar system, which is around 7 - 10'2m . Such a scenario is certainly excluded.
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For n = 2 we end up with R ~ 1mm, which is excluded by the experimental constraint
R < 44 pym [148]. However, if we are willing to accept some amount of tuning, we can relax
the requirement and use the experimental result to set a lower limit on the fundamental
Planck scale. We arrive at MF(,?) > 7'TeV which would again introduce a little hierarchy, but
still would be a big improvement compared to the full gauge hierarchy problem. However,
there are more stringent constraints for n = 2 from astrophysics, see below.

For n > 3 we get R < 1078 m, which is not directly testable in the near future.

A weakness of the ADD model is that one could also see it as just rephrasing the gauge
hierarchy problem. Instead of asking why Mgw < Mp one can now ask the question why the
extra dimensions should be so much bigger than their natural size of Mgvlv

R {Mm]i. (2.8)

(Mgw)™! Mew

Nevertheless, the problem of the radiative instability of the large separation between two
fundamental scales is not present anymore. A possibility to circumvent the necessity to justify
the size of the extra dimensions is to take the limit n — oo. In this setup, the extra dimensions
just have to be infinitesimally larger than the fundamental Planck scale M}(:ﬁn) ~ Mgw in
order to generate an arbitrary high effective Planck scale . So, all input parameters
could be of natural size ~ O(Mgw) and also the SM could propagate nearly into the whole
higher-dimensional space-time, in the spirit of universal extra dimensions.

In conclusion, low energy strings can arise, if compactified extra dimensions are present,
being much larger than their natural length of 1/Mp; or if there are many extra dimensions
(or if the geometry is warped, see below). This “low-energy” (higher dimensional) setup will
be UV completed by a 10 or 11 dimensional string theory at energies around Mgw. Such a
UV completion should explain the emergence of (large) extra dimensions and their topology,
which is not addressed within the ADD model. With a fundamental Planck scale of O(Mgw),
gravity will already become strongly coupled at LHC energies and it could in principle be
possible to create micro black holes at the LHC. However, these black holes are predicted
to be very short-lived, evaporating quickly via Hawking radiation. Beyond that, potentially
stable micro black holes would have already shown up in cosmic rays [150].

A generic problem of theories with such a low cutoff is that higher dimensional operators
mediating for example proton decay or FCNCs are not sufficiently suppressed, see Section[1.1.6]
A possible solution to this issue is to split the fermions by localizing them differently within
the extra dimensions, suppressing these higher dimensional operators by small overlaps [I51].
This scenario also provides the possibility to address hierarchies within the fermion masses
geometrically, by means of different overlaps with the Higgs sector. Note furthermore that,
within the ADD model, a potential Grand Unification of couplings would already have to hap-
pen at a much lower scale than Mqur, see e.g. [I52]. Moreover, the mechanism of generating
tiny neutrino masses via the strongly suppressed D = 5 operator introduced in Section [1.1.6]
does not work any longer (however, see [153]).

2.2.2 Constraints on Large/Flat Extra Dimensions

Before introducing models of warped extra dimensions, which can solve the gauge hierarchy
problem without unnatural parameters and with only one additional dimension, let us have a
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short look on some of the tightest constraints on large extra dimensions, coming from astro-
physics. Gravity propagating into compactified extra dimensions leads, from a 4D perspective
(after integrating out the additional dimensions in the action) to the emergence of an infinite
tower of massive KK excitations. These so-called KK gravitons, couple to matter suppressed
by 1/Mp;. This can be seen in analogy to putting a particle into a box (corresponding to
the compactified dimensions), which can be described by an infinite set of eigenfunctions,
corresponding to different, quantized, energy levels. From the 4D perspective, the quantized
components of the momentum in the compactified extra dimension correspond to a mass. For
details on this method of performing a KK decomposition (in the context of warped extra
dimensions) see Section . Note that in the following we only consider the spin-2 part
G, v = 0,...,3 of the higher dimensional metric tensor. The KK gravitons have masses
~ 1/R, explicitly

for one extra dimension (d = 5), where k =0, ..., 00 denotes the KK level and the zero mode
(k = 0) corresponds to the standard massless (4D) graviton. Thus, with (2.7]), we arrive at
mass splittings of

1 2 2
A~ o~ 109 %m™" ~ 10277 eV, (2.10)

This means that from a high energy point of view one could produce a nearly continuous
spectrum of real massive KK gravitons, given the number of extra dimensions is not too large.

Before reviewing the constraints from astrophysics, let us estimate the production cross
section for arbitrary spin-2 (KK) gravitons at high energy colliders. After noting that the
possible number of graviton final states for an available energy of AFE is (ﬁ—i)n ~ (AER)",

we arrive at

1 AE™
o~ —(AER)" ~ ————— . (2.11)
Mg, (M)

For energies available to the graviton of AE < Mgw and MSM) ~ Mgw one thus ends up
with cross sections that could become as large as

o < 1 )
~ TeV?

(2.12)

Thus, graviton production can become important, if the available energies start to approach
the weak scale region. This agrees with the statements of strongly coupled gravity at the
electroweak scale made before. From the 4D point of view, the size of the cross section is due
to the large multiplicity of possible graviton final states. Due to the small interaction cross
section of a single graviton, they would be seen as missing energy at collider experiments. For
example, at the LHC or the Tevatron one would have the characteristic signal of a single jet
in association with missing energy, whereas at electron positron colliders like LEP one would
have for example a photon plus missing energy

pp — j + Emissv

+

(2.13)
e"e” — v+ Eniss -

For more details, see e.g. [154].
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For n = 2,3, the most stringent constraints however still come from astrophysics and are
hard to challenge in current collider experiments. (KK) Gravitons can carry away energy
in supernova collapses, thus leading to a faster cooling. From analyzing the data of the
supernova SN1987A, one can set an upper limit on the rate of graviton emission. According
to the standard theory of type-II supernovae, most of the gravitational binding energy released
during the core collapse of a supernova, is carried away via neutrinos. Since the measured
neutrino flux agreed well with the theory value for the corresponding energy, one can put tight
constraints on the emission of other particles like axions or KK gravitons. The analysis of
[155] considered “gravi-strahlung”

N+N->N+N+G (2.14)

within the ADD setup as the dominant graviton-emission process. Here, G stands for any
(KK) graviton. The nucleon-nucleon interactions are modelled by one-pion exchange. Due
to the low temperature of the core (30 — 70 MeV), we expect strong limits only for n < 4.
For higher n, the mass splittings are approaching the available energy, which leads to
a vanishing of the high multiplicity enhancement in graviton final states. The authors derive
the following (conservative) lower bounds on the fundamental Planck scale

ME >50 TeV, n=2,
MY >4Tev, n=3, (2.15)
MY >1TeV, n=4.

For n > 4 the LHC should be able to improve the limits significantly. The biggest uncer-
tainty in the supernova analysis is due to the unknown temperature of the core. The authors
are conservative and assume 7' = 30 MeV. With more realistic values tighter bounds would
be possible. The supernova data clearly exclude the possibility to address the large hierar-
chy between the Planck scale and the electroweak scale within the ADD setup for 2 extra
dimensions.

Now we move on to a model which completely avoids the appearance of different scales,
without the necessity of introducing infinitely many extra dimensions. The RS model is able
to solve the gauge hierarchy problem with only one additional spatial dimension with a large
curvature and all fundamental parameters of the order of the Planck scale Mp;. When exploring
possibilities to extend the SM in Section we were thinking about an extension of the
Poincaré group, which was finally realized in SUSY models and extra dimensions. However,
we were still assuming space-time to feature a Minkowsk metric in the vaccum. The RS model
will even modify this assumption in a way, that is not in conflict with observation.

It is also able to address naturally the hierarchies in the fermion sector, by allowing the
quarks and leptons to propagate into the warped extra dimension. Furthermore, it features an
automatic suppression mechanism for FCNCs and allows for gauge coupling unification as well
as for the construction of a Dark Matter candidate, see below. It offers a rich phenomenology
in the reach of the LHC, especially within the Higgs sector. In the next chapter, we will
discuss the theoretical setup of the model and its further virtues and properties in detail.

The following chapters will be based on the publications [Il, 2 Bl 4] (besides the first,
introductory pages), which occurred in the context of preparing this thesis. Beyond that, they
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will also include updated analyses and several new aspects, in particular unpublished work on
five-dimensional propagators in warped space, as well as on the anomalous magnetic moment
of the muon, see Chapter 4] and Section [5.1.5]



Chapter 3

Warped Extra Dimensions:
Theoretical Aspects

Hierarchies - Interactions - Custodial Extension - Summing KK Towers

In this chapter, we will first introduce the basic concepts of the original RS model, including
the derivation of the RS metric as a solution to Einstein’s equations. We will then review, how
the model is able to solve the gauge hierarchy problem. After that introductory part, we will
study in detail gauge fields as well as fermions in the bulk, coupled to a brane localized Higgs
sector within the minimal RS setup. In contrast to the perturbative approach usually used
in the literature, where the couplings to the Higgs sector are introduced as a small correction
after having obtained the bulk solutions, we perform the KK decomposition directly in the
mass basis. Electroweak symmetry breaking will be included exactly via boundary conditions
(BCs), avoiding the truncation of the KK tower [156]. In this way we are able to derive simple
analytic results for the profiles and masses of the fields as well as for the interactions, which
allow for a clear understanding of important effects of the model. For example, we will see that
the summation over the entire KK tower of intermediate gauge bosons leads to a characteristic
dependence on the coordinates in the extra dimension, reflecting the full 5D structure, which
is lost through truncation [I57]. For fermions, the mixings between different generations are
included in a completely general way. The hierarchies observed in the fermion masses and
CKM mixing angles are explained by wave-function overlaps with the Higgs sector, starting
from anarchic fundamental Yukawa matrices. Corresponding analytical expressions are given
by demonstrating and exploring an analogy to the Froggatt-Nielsen mechanism. The special
localization pattern of fermions, resulting from the RS setup, leads to the possibility to make
generic predictions about the size of effects for the different quark generations. Although the
main phenomenological part is devoted to Chapter [5] we will already discuss some aspects of
electroweak precision tests as a motivation to extend the gauge group of the minimal model,
in order to achieve a custodial protection. In this context we will also explore the possibility
of having a heavy Higgs boson m; < 1 TeV in the RS setup. The custodial extension to the
gauge group SU(2), x SU(2)g x U(1)x x Ppr will then be discussed in detail. In particular,
analytic formulae for the Peskin-Takeuchi parameters as well as Zbb couplings will be given
that show explicitly which terms can be protected and which inevitably escape protection.
Beyond that, simple and exact expressions for general interactions between gauge bosons and
fermions as well as for the couplings to the Higgs boson will be presented and compared for

23
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Figure 3.1: The Orbifold.

both models. These allow for a complete discussion of tree-level flavor-changing effects in the
RS setup. Moreover, we will show how to perform sums over infinite towers of gauge-boson
profiles in the minimal as well as in the custodial model.

3.1 Introduction and Solution to the Gauge Hierarchy
Problem

3.1.1 The General Setup

The RS model [I58] offers an elegant possibility to address the large hierarchy between the
Planck scale and the electroweak scale by means of a non-trivial geometry in a five dimensional
(5D) anti-de Sitter (AdSs) space. The non-factorizable RS metric

ds* = e 2Py, datdz” — r?d¢? (3.1)

is constructed such that length scales within the usual 4D space-time of constant ¢, labeled
by coordinates z* (u = 0...3), are rescaled via an exponential warp factor, depending on the
position ¢ € [—m, 7] in the extra dimension. In this thesis we will use the west coast convention
for the Minkowski metric 7, = diag(1,—1,—1,—1). The exponential factor will turn out to
be responsible for the solution to the gauge hierarchy problem and will be specified later.
Importantly, the metric respects 4D Poincaré invariance. The fifth dimension is compactified
on an orbifold S} /Z,, i.e., a circle with radius r and with points identified, that are related to
each other by a Z, (symmetry) transformation

(x/l’ (b) N (l,,u’ _¢> ) (32)

see figure The radius is assumed to be not much larger than O(Mp;), however, due
to the warping, the model will have observable consequences down to the TeV scale. We
assume the action to be invariant under Z, transformations Z. However, the fields do not
have to be identical at points which are identified by the orbifold structure and can differ by a
symmetry transformation which leaves the action invariant. Since Z? = id, Z has eigenvalues
+1, corresponding to even and odd functions on the orbifold, respectively

Oz, —¢) = ZO(z", ) = +0(2", §). (3.3)
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The Z, parity, gives rise to orbifold fixed points at ¢ = 0, 7, providing support for 3-branes, i.e.,
sub-manifolds with three spatial and one time dimension, the so-called UV (or Planck) and IR
(or TeV) branes. The reason for the names will become clear later. On these fixed points 4D
field theories can be defined. The introduction of an orbifold also helps for phenomenological
reasons, in particular for obtaining the correct low energy spectrum of the SM within the RS
model (with the SM in the bulk), see below. Due to compactifying the extra dimension on
an orbifold, one effectively ends up with an interval ¢ € [0, 7], bounded by the branes, which
together with the Z, eigenvalues of the fields contain the whole information. The region in
between the branes is called the “bulk”. We impose Neumann or Dirichlet BCs for the fields
at the branes, dictated by the low energy phenomenology, i.e., the requirement to arrive at the
SM spectrum in the low energy limit. Furthermore, the orbifold structure leads to periodic
boundary conditions

D2, ) = Dz, ¢ + 2r) . (3.4)

In the original RS proposal only gravity was allowed to propagate into the extra dimensions,
which is sufficient to solve the gauge hierarchy problem. The SM was assumed to be confined to
the IR brane. Thus we consider the (for the time being, classical) action of gravity propagating
into the compactified fifth dimensiond]

S = Spui + Suv + Sir ,

Sbulk = /d4$/ d(b\/a {—A — 2M3R} y

(3.5)
Sov = [ d*zv/—g"V {Luv — Viv},

St = d49€\/ —QIR {ﬁm - VIR} .

where Gy (2#, ¢) is the 5D metric (not to be confused with the field strength tensor of
the gluon), defined via in the vacuum. Note that, due to the curved space-time, the
square root of the determinant of the metric v/G has to be considered, which is not longer
the identity and is needed to obtain an invariant integration measure. Latin (greek) indices
M,N =0,...,3,¢ (u,v =0,...,3) correspond to the 5D (4D) space-time. The 4D metric
on the 3-branes is given by evaluating the 4D part of the bulk metric at the corresponding
positions

gL (1) = Gu(a®, 6 = 0),  gH(a") = G la¥, 6 = 7). (3.6)

Above, M ~ ]\7[1(3?) is the (reduced) fundamental scale of the theory and A is the 5D cosmological
constant. In the most simple setup of an IR-brane SM and no UV localized fields we have
Lir = Lgu from and Lyy = 0. However, due to the different metric, the fields in Lgu
might have to be rescaled in order to obtain a canonical normalization and the numerical
values of the input parameters might differ from their values in the “standard” SM
to match phenomenology. Non-vanishing “vacuum energies” Vv g on the branes, so-called
brane tensions, are needed to allow for a non-trivial metric, responsible for the solution to the

Note the difference in the signature of the metric with respect to [158], which results in a negative sign
for the Ricci-scalar R.
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gauge hierarchy problem.

3.1.2 Derivation of the Warp Factor

We now specify the form of the exponential warp factor e=?(®). The metric has to be
a solution to Einstein’s equations. In the form given, it corresponds to a general ansatz,
respecting 4D Poincaré invariance. Since such an ansatz is not forbidden by any known
principle, it is the most natural choice not to restrict it to the case of a vanishing warp factor.
In the vacuum, Einstein’s equations for the setup read

1 M3 [AVG Gurn

+ Virv/ =g gl 64,05 6(¢ — )
+ Vuvv —g"v QUV ShON O )] .

Since the metric (3.1)) is diagonal and just depends on ¢, it is not intricate to calculate the
corresponding Christoffel symbols. We obtain the Ricci-tensor

e <RMN - —GMNR> -

6720((;5)

Ry = —0"(6) + 41 (6)) )

Ryg =4 (0"(¢) - [0’(¢)]2> : (38)
Ry, =R, =0,

r

as well as the Ricci-scalar

R=% (~20"(0) + 5[0 (0))) . (3.9)

2
,
Inserting these results into (3.7) we arrive at

7”2

W ’ (3.10)
ViR 6(¢p — ) + Vuv 0(¢)] -

6[o"(9)]" = -
30" () =

4M3

From the first equation in (3.10]) one deduces directly that a non-trivial solution o # const. is
just possible for a non-vanishing 5D cosmological constant A # 0. The general solution which
is consistent with the orbifold symmetry readsﬂ

—A

o(¢) = BYRVE

rlof . (3.11)

This function, featuring periodic BCs o(¢) = o(¢ + 27), has kinks at ¢ = 0, , see Figure[3.2]
leading to d-distributions in the second derivative. These contributions have to be compensated

2Note that we have not included an unobservable additive constant in the solution, which could be absorbed
into a redefinition of the 4D coordinates x*, moreover the ambiguity in the sign does not change the physical
setup, since it just corresponds to interchanging the branes.
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Figure 3.2: Periodic solution for the exponent of the warp factor (schematically).

by the brane vacuum energies, when inserting the solution into the second equation in (3.10)),
which requires

Voy = —Vig = 24M°k . (3.12)

Here, we have defined the RS-curvature

—A

7~
Il

The brane tensions and the 5D cosmological constant are now linked in such a way, that
the resulting 4D effective cosmological constant vanishes. This makes the 4D universe static
and flat, consistent with the ansatz respecting 4D Poincaré invariance. In the RS model, the
cosmological constant problem can be reformulated into the question why the brane tensions
exactly cancel the 5D cosmological constant, a fact that has been put in by hand when choosing
the ansatz. Remember that without the brane tensions, just the trivial solution o = const.
would be consistent with a vanishing 4D cosmological constant, which would not allow for a
solution to the gauge hierarchy problem. The explicit RS metric is now given by with

o(¢) = krlo|. (3.14)

Due to the non-vanishing 5D cosmological constant, the extra dimension has a finite curvature
within the vacuum. Therefore RS models are also called warped extra dimensions. The
setup is shown in Figure . The factor e *"1¢l. which describes the change of length scales
when moving along the extra dimension is accordingly called warp factor. 1t is just the large
curvature, which will allow for a solution to the gauge hierarchy problem. For the consistency
of the solution, the 5D cosmological constant has to be negative, resulting in an AdSs space.
Furthermore, note that the curvature has to be smaller than the fundamental Planck scale of
the setup. At this point, the theory possesses three fundamental scales (M, k,r) which, for
naturalness reasons, should all be of the same order. Indeed, this will turn out to be possible.

3.1.3 The Planck Scale

Let us now explore how the effective (4D) Planck scale Mp;, that we observe, arises from the
fundamental scale M of the RS model. Since we assume the extra dimension to be unresolvable
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Figure 3.3: The Randall-Sundrum setup corresponds to a five dimensional anti-de Sitter space
with a non-factorizable metric, bounded by two four dimensional sub-manifolds, the Planck
brane and the TeV brane. The vacuum energies are adjusted such that the effective four
dimensional cosmological constant vanishes. See text for details.

directly by gravity experiments in the intermediate future, we will use an 4D EFT description.
We extend the metric (3.1) by massless fluctuations around the vacuum solution, which will
provide the right degrees of freedom to describe gravity at low energies [158]

ds® = ¢~ 2kb)19l [N + hy (3)] datda” — b (z)dp* . (3.15)

Here, h,,(x) corresponds to the massless zero mode in the KK decomposition of the (spin-2)
graviton and is the graviton of the 4D effective theory with a wave function 1 (¢) ~ e~ 2714l in
the extra dimension, see also [I59]. The effects of the massive KK excitations are suppressed at
low energies by powers of the NP scale (see Appendix which will be above the TeV scale,
see below. Locally, is identical to the vacuum solution (3.1, given that h,,(z)
and b are smooth functions. We did not include a term A,dz"d¢, corresponding to vector
fluctuations, since these off-diagonal fluctuations will be heavy and thus not part of the EFT
[158]. Gyg(z) = b?(z) corresponds to the radion, its zero mode b(z) determines the radius of
the extra dimension. A priori, it is massless, since the radius, which we have fixed so far just
at r, does not possess a potential in the first place. However, from the phenomenology side,
this would not be acceptable, since a massless radion would lead to a measurable violation
of the equivalence principle. It is essential that b(z) can be stabilized at a VEV of <l;> =r
and obtain a mass of at least 107* eV [I58]. This can be achieved due to the Goldberger-Wise
mechanism [160] by introducing a new scalar field in the bulk. A radius which is in agreement
with the solution to the gauge hierarchy problem can be reached without much fine tuning
of parameters. In the following we assume that a mechanism a la Goldberger and Wise is at
work and replace b by its VEV 7.

Inserting into the action one can, on the one hand, explicitly verify that the
effective four dimensional cosmological constant vanishes Ay, = 0 and that the graviton zero
mode has no effective potential. On the other hand, one deduces from the curvature term,
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written in terms of the effective 4D metric

G (T) = N + hy () (3.16)

how the reduced effective (4D) Planck scale Mp; ~ 2 x 10'® GeV emerges from the (reduced)
fundamental scale M of the theory [158].

3
W= (L e

(3.17)
For L = krm > 1, which will be necessary to solve the gauge hierarchy problem, the second
term becomes unimportant and we observe that Mp; only depends very weekly on the com-
pactification radius r, in contrast to the ADD setup. Not wanting to produce large hierarchies
between the input parameters of the theory, one sets

r ' <k~M, (3.18)
which leads to an effective Planck mass of the order of the fundamental scale of the RS model
Mpy ~ M . (3.19)

In consequence, this scale is expected to be M ~ 10'® GeV and not around the electroweak
scale like in the ADD scenario. In the next section we discuss how the gauge hierarchy problem
can be solved in such a completely natural setup. From it follows that Mp; stays finite
even in the limit » — oo! This setup has been worked out in [161].

3.1.4 Solution to the Gauge Hierarchy Problem

So far the RS model just contains fundamental scales which reside at Mp;. Let us now see
how, under this assumption, a Higgs-boson mass around the scale Mgw can arise and can be
radiatively stable. Therefore, consider a fundamental Higgs scalar on the IR brane (¢ = 7).
The corresponding action reads

SIR D /d4$7”/ d¢£HiggS7 (320)
where, in analogy to (1.19))
VG A
EHiggs = 5(‘¢| - 7")7,_2 [Gu (Duq)>T (qu)) - V((I))} ) V(CI)) = _ng)T(I) + 75 (cI)TcI))2 .
(3.21)

Here, /G denotes the square root of the determinant of the complete 5D metric. Note that
Gu(a*, ¢ = ) = gll(a"). Moreover, we have already switched to a notation which suggests
that in principle the fields of the theory are 5D bulk fields, making the IR localization of the
Higgs sector explicit via the d-distribution. The form of the Higgs doublet ®(x) is identical

3Note that this relation can also be obtained by studying the interaction of the gravity zero mode with
matter.
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with the one given in (|1.20)) with however v replaced by vs. Here, and above, the subscripts
5 denote that the input parameters are those of the fundamental (5D) theory with the metric
and before integrating out the extra dimension. Due to naturalness arguments, we
assume vz < Mp). First we rewrite the Higgs potential in terms of the VEV vs = /212 /)5 as

V(®) = A; <cI>TcI> - 22)2 : (3.22)

where we have dropped a, for our discussion irrelevant, constant term. Evaluating (3.20]) with
the RS metric (3.15)) and performing the integral over the extra dimension, we arrive at

A 2\
Sir D / doy/—ge T {G%TWQMV(DMCD)T (D,®) — 25 <<1>T<1> - 2) } : (3.23)
In order to obtain a canonically normalized 4D Higgs doublet, we have to perform a wave-
function renormalization ® — e*"7®, which leads to the 4D action

Sefs D /d xf{ g (D,®)" (D,®) — A;’ (CDTCD ¢ 2k %52’)2} . (3.24)

Looking at the last term, we see that a remarkable thing has happened. The fundamental
Higgs VEV v5 gets rescaled by the (quadratic) warp factor e 2™ such that the effective (4D)
VEV, which sets the mass scale of the 4D theory, reads

v=e My . (3.25)

Such a relation holds for any fundamental mass parameter ms present in the 5D theory.
Measured on the IR brane, with the metric of the effective 4D theory g, it will correspond
to a physical mass of m = e ¥™mj. Note that also us5 gets rescaled according to = e ¥ s,
whereas dimensionless parameters will not receive such a rescaling As = A. In consequence,
starting from a fundamental Higgs VEV of v5 < k < Mpy, slightly below its natural Planck-
scale value, one arrives at an effective 4D VEV of v ~ Mgw by choosing

L =krmn=~3T7. (3.26)

The same holds true for the Higgs mass, where mys < k < Mp) results in a (4D) mass for the
Higgs boson of
mp = €7L mpgs ~ MEW . (327)

Note that the fundamental Higgs mass should be slightly below the Planck scale, because oth-
erwise the Higgs boson would be heavier than the KK excitations of the model, see below. The
question about the huge size of the hierarchy between Mp; and Mgw which was reformulated
into the question why R > MFTll in the ADD setup has now been tamed to the question why
the size of the extra dimension, in units of the inverse curvature, is moderately larger than
one (L > a few).

In summary, one can choose the radius of the extra dimension to be not far above the
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inverse RS curvature r/k~! ~ (O(10), in order to generate the huge hierarchy between the
Planck scale and the electroweak scale, due to the exponential warp factor

e=elr10710 x @, (3.28)
Pl
which arises naturally when solving Einstein’s equations. The gauge hierarchy problem is thus
solved in the AdSs background by gravitational red shifting, see Figure[3.4 The corresponding
brane separation can be stabilized by a Goldberger-Wise mechanism, as discussed before. Thus
all the dimensionful scales of the RS model are within 1-2 orders of magnitude

U5NMN1/7“N]€NMP1. (329)
Note that many observables in warped extra dimensions are enhanced by the “volume factor”
L. It is important that the Higgs mass does not receive large corrections at the quantum
level. For the following discussion, let us already generalize the RS setup, and allow also gauge
bosons and fermions to propagate into the bulk. We will see that this does not spoil the solution
to the gauge hierarchy problem.

The absence of large corrections to the Higgs-boson mass is automatically secured in the
RS setup, since, from a 5D point of view as well as from a 4D point of view, this mass is just
below the cutoff of the RS model. Note that the RS model has to be defined with a cutoff (also
in the presence of gauge couplings only) since, being a QFT in more than four dimensions, it
possesses gauge couplings with negative mass dimension, see . Thus, it is not expected
to be the final theory of nature. It makes only sense as an EFT, see sections and [A.4]
and needs a UV completion like string theory. The 5D cutoff of the RS model is given by a
scale A5 ~ Mp;. This translates into a cutoff for the 4D theory, depending on the position in
the extra dimension, of

Ay (¢) = e *rIeIA, (3.30)

where we have used the generic suppression of fundamental mass scales by the warp factor, seen
above. In loop diagrams containing general bulk fields, the 4D momentum flow in a propagator
has to be cut off at a scale, defined by the position-dependent cutoff Ayy(¢) evaluated at
the adjacent vertices. In addition, energy-momentum conservation has to be considered. A
sensible prescription to choose one of the two possible cutoff scales for a propagator in the bulk
thus is to use p=max(¢1, ¢2), where ¢, 5 are the coordinates in the extra dimension, belonging
to the adjacent vertices. For further details, including the renormalization of the Green’s
functions, see [162]. For the case of an IR-brane localized Higgs sector, these considerations
lead to a cutoff for the leading corrections to the Higgs-boson mass of

Ayvy(m) = e A5 = O(some TeV) (3.31)

in the 4D theory, solving the large gauge hierarchy problem (however still leaving a little
hierarchy problem for the case of a light Higgs boson, see below). This holds independently of
the localization of the other fields. Possible corrections of heavier particles will be effectively
cut off at this scale. Ayy(m) is the scale around which gravity becomes strongly coupled for
an 4D observer on the IR brane and at which the RS effective field theory is expected to be
replaced by something else like string/M-theory. This theory would then have to answer the
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question how the warped space comes about. In this context, it is interesting to know that
higher dimensional spaces with warp factors arise naturally in flux compactifications of string
theory [163, 164 165], [166], see also [167, [168]. The effective mass scales on the UV and IR
branes, resulting from fundamental scales of O(Mp)), also explain their names - the Planck
brane and the TeV brane. Since the masses of the fermions and gauge bosons are protected by
symmetries, as discussed before, a large cutoff will not lead to large masses in these sectors.
As we will explain below, the solution to the gauge hierarchy problem in RS, due to a higher-
dimensional space-time with a non-trivial metric, is related to the technicolor/strong-coupling
ideas of Section[1.2.1]via the AdS/CFT correspondence, with the Higgs-boson being composite.

3.1.5 The Standard Model Propagating into the Bulk

While in the original RS setup the whole SM was assumed to be localized on the TeV brane,
we have seen that the solution to the gauge hierarchy problem will not be spoiled if gauge
bosons [169, 170, 171, 172] and matter fields [I72], [I73] are allowed to propagate into the
extra dimension, see Figure [3.4 In particular, this makes constraints from higher dimensional
operators, like those mediating proton decay or FCNCs, less problematic. As the RS model
is an EFT, there is no reason not to consider such operators. While the cutoff for an IR-
brane localized Higgs sector Ayy(m) will be in the sought TeV range, operators of fields that
propagate into the extra dimension will have a larger suppression factor Ayy, that depends
on their localization. The more UV localized the fields are, the higher is the generic cutoff.
This naturally results in different suppressions for different operators, e.g. for those leading
to proton decay and those mediating meson mixing, a pattern which could well be realized
in nature, see Section [I.1.6] Bulk fermions further offer the interesting possibility to address
the observed hierarchies within the flavor sector via geometrical sequestering [I51]. Starting
from anarchical fundamental Yukawa couplings, as defined in Section [1.2.2] the large mass
hierarchies of the SM fermions are generated naturally by localizing them differently in the
fifth dimension, without the need to build in hierarchies in the input parameters by hand
173, 172, 174, I75]. These are generated due to exponentially enhanced differences in the
fermion-Higgs couplings, due to the warp factor. In consequence, small mixing angles in the
CKM matrix are generated automatically [I75], since the scenario is in complete analogy to
the Froggatt Nielsen mechanism, see Section As a by-product, this way of generating
fermion hierarchies implies an explicit suppression of dangerous FCNCs within the RS model
for processes involving light quarks. The UV localization of these quarks results in small
couplings to KK modes which mediate FCNCs already at the tree level [I72]. This suppression
is called RS-GIM mechanism [I76], 177], in analogy to the GIM mechanism within the SM,
which both share some features, see below. Importantly, bulk fermions mitigate significantly
the RS corrections to the Peskin-Takeuchi S parameter, that arise through de-localized W*
and Z bosons [172, [I78], 179, 180]. The remaining sizable corrections to the 7" parameter will
be studied in more detail below in Section This RS setup, with the SM in the bulk, is
the model that we will study in this thesis. We will call this setup, featuring the SM gauge
group, the minimal RS model, in discrimination from the extension to the custodial RS model,
which will be introduced later. The Higgs boson may only leave the region of the IR brane if
one wants to give up the idea of solving the gauge hierarchy problem in RS or if one includes
another mechanism to stabilize the weak scale, see Section [1.2.1]
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With the SM (besides the Higgs sector) in the bulk, also the gauge bosons and fermions will
develop KK excitations. These will turn out to be localized close to the TeV brane, see Figure
below. The mass scale for the lightest of these excitations (as well as for KK gravitons),
will also be set by the warp factor and is called the “KK scale”

Myy = ke = ket = O(TeV), (3.32)

see sections [3.2.1] and [3.2.2 The zero modes of the KK towers will correspond to the “SM-
fields” we observe at low energiesﬁ The KK excitations however, will correspond to BSM
physics and their mass scale Mgk will set the NP scale.E] For instance, the masses of the first
KK photon and gluon will turn out to be approximately 2.45 Mkgk. In contrast to the ADD
model, the masses of the excitations are thus not given by the inverse compactification radius.
This makes these modes in principle observable at colliders like the LHC, a big advantage
compared to usual string theory, where the compactification radius as well as the mass of the
string excitations are both expected to be around the Planck scale. The explicit form of the
profiles and masses of the SM fields and their KK excitations in the RS setup will be given
in the next sections. Note that the possibility to generate (KK) particle masses due to a
compactified extra dimension without a Higgs sector also lead to the construction of Higgsless
models of EWSB [I81], 182, 183 [184], 185]. The breakdown of unitarity in longitudinal W=*
scattering in these models is raised by the exchange of KK towers of gauge bosons. Moreover,
the presence of (4D) scalar degrees of freedom in higher dimensional gauge fields offers the
possibility to achieve EWSB by supplying these components with a VEV [186], (187, 188, [189],
see also [I36]. The gauge symmetry then protects the mass of the Higgs component of the
gauge field. This corresponds to an alternative option to extend the Poincaré group trivially
by adding dimensions, in order to protect the Higgs sector The scalars and the (4D) gauge
fields are then linked by the 5D Poincaré group (c.f. SUSY).

After having introduced the basic properties of KK modes within the RS setup, let us
again study gravity. The weakness of gravity in the RS setup is reflected by the exponential
localization of the graviton zero mode close to the UV brane , see Figure , which leads
to dimensionful couplings, suppressed by the Planck scale Mp; 2 M. The KK excitations of
the graviton will however be localized near the IR brane and thus their couplings will be
enhanced by the warp factor, which, after solving the gauge hierarchy problem, will lead to
a coupling, suppressed by the weak scale only [159]. As a consequence, from the 4D point of
view of an observer sitting on the IR brane, gravity will become strong already at the weak
scale. This reason for gravity becoming strong at the TeV scale - unsuppressed couplings
of single IR localized KK gravitons with TeV masses - should be contrasted with the huge
multiplicity of Planck-scale suppressed KK-graviton couplings in the ADD model. The fact
that KK gravitons in the RS setup have masses above Mgk removes nearly completely the
constraints from cosmology and astrophysics, see Section [2.2.2 Furthermore their stronger
coupling makes them, in principle, directly observable as decaying spin-2 resonances at colliders
like the LHC.

4Although they can receive non-vanishing masses via couplings to the Higgs sector, we will still call the
lightest modes with masses m,, < Mgk zero modes.

®Note that, after going to the mass basis, also the couplings of the zero mode sector will be changed with
respect to the SM, due to mixings with the KK excitations.
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Figure 3.4: Setup of the minimal Randall-Sundrum model. The gauge hierarchy problem is
solved since mass scales on the TeV brane, where the Higgs sector is localized, are suppressed
by the warp factor. The warping is described by the profile of the massless graviton, depicted
by the exponential line.

Let us finally have another look at the corrections to the Higgs-boson mass in the 4D
theory. From naive dimensional analysis we conclude that the residual corrections in the RS

model scale like ) )

Sm2 ~ Ay () Agy(T) .

1672 Mgy

These corrections grow like the fourth power of the UV cutoff, not like the second one as in
4D. Thus, the “little hierarchy problem” in RS is in general more severe than in standard 4D
extensions of the SM. These considerations favor a heavy Higgs boson, not too far below the
cutoff. Indeed, it will turn out that electroweak precision tests within the minimal RS model,
studied at the tree level, also prefer a heavy Higgs boson my, 2 500 GeV, see Section [3.3]
However, since we have not seen strong hints for KK excitations below the TeV scale so far,
the resulting UV cutoff of at least some TeV still results in a fine tuning at the per cent level
for a heavy Higgs-boson and even worse for a light Higgs of m; ~ O(100) GeV.

The discussion above can also be summarized from another point of view. By virtue
of the AdS/CFT correspondence [190], 191], 192], a 5D gravitational theory in anti de-Sitter
space is dual to a strongly coupled 4D conformal field theory (CEFT). For the case of the
RS setup, with the conformal symmetry being broken on the IR brane, implications of this
correspondence have been studied e.g. in [168] 193] 194, 195]. A recent review can be found
in [196] E] Holography implies that 5D fields living near the IR brane correspond to composite
objects in the CF'T, whereas fields living near the UV brane correspond to elementary particles.
In the RS setup, where the Higgs sector is localized on (or close to) the IR brane, the Higgs
boson thus can be thought of as a composite object of the strongly coupled sector [198], [199],
whose compositeness scale and mass is naturally of the order of the scale of the IR brane
Auv(m) 2 Mgxk. This may be different in models of gauge-Higgs unification, which we will not

(3.33)

6Note that by applying the AdS/CFT duality (approximative) to low energy QCD, one can still use warped
5D models as mathematical tools to calculate corresponding observables in a weakly coupled theory, even if
nature would turn out to be four dimensional. For a review on these aspects, see [197].
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study in this thesis. In this sense, a light Higgs boson with m; < Mgk would be unnatural
in the RS models studied here. Along the same lines, the SM-fields propagating into the bulk
correspond to elementary particles up to much higher scales. In this language, a bulk SM has
the advantage that many observables can be calculated within the weakly coupled RS setup
with less sensitivity on the details of the compositeness (i.e., UV completion of the RS EFT).

3.2 The Minimal Randall-Sundrum Model: The SM in
a Slice of AdS;

After this general overview we will now study in detail the theory of the SM field content
propagating into a warped extra dimension, in the presence of a brane-localized Higgs sector.
First, we will discuss gauge fields in the bulk. After that, we will move on to bulk fermions
and study the generation of the hierarchies in the fermion sector as discovered in nature.
By constructing solutions to the bulk EOMs, subject to boundary conditions given by the
couplings to the scalar sector, we obtain exact results for the masses and profiles of the SM
fields and their KK excitations. This will pay off in the following discussion of interactions
between fermions and gauge bosons as well as in studying interactions with the Higgs boson,
where in all cases we will give simple analytic formulae for the couplings. Proceeding in this
way we can then clearly distinguish between leading and subleading terms. At the end of
this section, we will have a first look at the phenomenology of the RS model. Rather large
corrections to electroweak precision observables will serve as a motivation to extend the gauge
group of the minimal RS model. The following discussion is based on [I].

3.2.1 The Gauge Sector

In this section we study the SM gauge group in the warped RS background, incorporating the
gauge fixing in a covariant Re-gauge. We will focus on the electroweak sector as the gener-
alization to the SU(3). gauge group is straightforward. The starting point for the following
discussion is the electroweak gauge sector of the SM, as given in Section [I.1.1]

Action of the 5D Theory

When generalizing the SM gauge sector to a five dimensional theory in a slice of AdSs5, we
still want to keep the low energy sector of this theory similar to the SM version. Therefore we
start from the SM action corresponding to the symmetry group SU(2), x U(1)y (for the
time being, without the gluon part), account for the additional dimension in the space-time
integral and the non-trivial metric, and simply replace the gauge fields by five dimensional
versions, i.e., five-component vector fields

B,u_>BM7

" " (3.34)

Wi — Wy
As we later want to study a 4D theory, we will decompose the 5D vectors above into repre-
sentations of the 4D Lorentz group, the vector B, and the scalar By, which do not mix under
4D Lorentz transformations, and similar for the other gauge fields. In order to arrive at a low



66 CHAPTER 3. WARPED EXTRA DIMENSIONS: THEORETICAL ASPECTS

energy spectrum that contains just SM-like fields and will be to leading order identical to the
SM, we have to take care that the ¢-components of the 5D gauge fields do not enter the low
energy theory. We thus choose the scalar components to be odd under the Z, orbifold sym-
metry, and supply them with Dirichlet BCs, so that they will not possess light (or massless)
modes, see below.m The vector components W and B), however have to be even under Z; and
obey Neuman BCs. We arrive at

Sgauge = /d4gc7’/ do (EB,W + ‘CHiggs + Lar + ﬁpp) , (3.35)

where the Lagrangian of the 5D gauge theory reads

VG

r

1 1
GEMGEN <—— BicrBun = ; W;LW;\}N) : (3.36)

Lpw = 1

The field-strength tensors are defined in analogy to the usual 4D definitions by replacing
four-component indices with five-component ones. The action is invariant with respect
to 5D gauge transformations, which are also in complete analogy to the 4D gauge transforma-
tions introduced in , see also [162]. Note that, due to the higher dimensional space-time,
the gauge fields now have mass dimension D = 3/2.

In order to achieve EWSB, we couple these fields to a Higgs sector, which is localized on
the IR brane. We know that this sector has to be localized close to the IR brane in order to
solve the gauge hierarchy problem, so we assume it to be defined directly on the brane for
simplicity. This enables us to obtain exact solutions by accounting for the Higgs couplings via
BCs. The corresponding Lagrangian Lpiees has already been given in , before evaluating
the RS metric and performing the wave-function renormalization of the Higgs Field. After
these operations and replacing fundamental parameters with 4D parameters according to

(3.25) and below, we obtain

Liiges = M (D,®)" (D'®) —V(®)],  V(®)=—p*®'d+ % (®'®)* . (3.37)
After EWSB, the Higgs doublet can be decomposed in terms of the four real scalar fields ¢,
1 =1,2,3 and h, exactly like in . Note that, although the parameters in the RS model
have the same names as the corresponding SM ones, the exact values might differ. For example
the relation between the Higgs VEV and the W*-boson or Z-boson (zero mode) mass will get
corrections, suppressed by the NP scale Mgk, and thus the extracted Higgs VEV will differ
from the SM value. While for Mkyk = 3 TeV, the correction is about < 1%, for lower scales
it can become important and exceeds 5% for Mxx = 1TeV. Anyway, as the effect appears
already at O(v?/MZy) one should include it [200], see below.

In order to diagonalize the 5D mass terms resulting from (3.37), we perform the usual
redefinitions of the gauge fields

1
V2

“In the models of gauge-Higgs unification mentioned before, it is just such scalar components of gauge fields
that are taken as candidates for a Higgs field.

Wi (War FiW5)
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1

Zy = —— (9:W3y; — 95Bur) (3.38)
93 + g%
1
Ay = —— (¢sW3; + g5Bu)
93 + g%

where g5 and g are the 5D gauge couplings of SU(2); and U(1)y, respectively. These have
mass dimension D[gél)] = —1/2 since interaction operators between two fermion fields and a
gauge-boson field have mass dimension D = 11/2 in five dimensional space-time. Introducing

4D gauge couplings (see Section (3.2.4))

gs

g = \/% )

and similar for the other gauge couplings [169], we see that these field redefinitions are just
like in the SM ([1.22)). Consequently, the definition of the weak mixing angle between the 5D
fields,

(3.39)

/

9% 4
95 g '
B Vg

agrees with the one of the SM ([1.23)). In analogy to ([1.26]), the 5D covariant derivative in this
mass basis, including QCD for completeness, reads

sinf,, =

cos B, =

gs

= (17— sin® 0,Q) Zas — iesQAx iDL (TW + T W) — iges t°GY
cos 0,

V2
(3.41)

with @) defined as in (|1.28]). Evaluating the four-vector part of this expression, acting on the
Higgs doublets in (3.37)), we see that the bulk gauge fields W* and Z get “masses”

2 12
My, — V9 M, — V9555

2’ 2 ’

(3.42)

while the photon remains massless (M4 = 0). This is again in complete analogy to the
mechanism of EWSB in the SM with the symmetry breaking sector now localized at the
boundary of an extra dimension. However, note that the mass parameters My, and My now
have mass dimension D = 1/2.

The kinetic term for the Higgs field contains mixed terms of the gauge bosons and the
scalar fields ¢* and 3. They can be read off from

D ®— 1 —iﬂ(@u¢++MWWJ)

K V2 \ 0h+i(0,0°+ My Z,)
Moreover, the kinetic terms for the gauge fields in (3.36)) comprise mixed terms consisting of
the gauge boson vector fields and their scalar components Wi, Zg4, and A,;. We remove all of

> + terms bi-linear in fields . (3.43)
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these mixed terms with a suitable choice of the gauge-fixing Lagrangian (cf. (1.63]))

1 9, e 20 A T\
o= (2%

2¢
1 (6| — Dy e~ 7,7\
_Tg(auzu_g[ { |r W>MZ§03+ ¢ € 5 ﬂ)
B “20(¢) i+ (3.44)
¥ (thf FM ™) My 4 220 e D
¢ g r r
B ~20(@)
y (auwu__ fl(xwr BT %D

Note that each term above could be written with a different gauge-fixing parameter &;, however,

without loss of generality, we will choose them to be equal. Moreover, there is no problem

in squaring the d-distributions in the expression above. As we will see below, the derivatives

of the scalar components of the gauge fields Wj and Z4 also contain ¢-distributions, which

exactly cancel the d-distributions from the Higgs sector. In consequence, we do not have to

introduce separate gauge-fixing Lagrangians in the bulk and on the IR brane as done in [201].
After integration by parts, the quadratic terms in the action finally become

gaugeQ—/dZET/ qu{ ~F, Fw_i@MA)

e—20(9) ¢[0 e—20(0) A 2
g [0uA0" A + 0,A,0,A"] — 5 {w]
1 " " €_2a(¢)
-1 %uZ —%(a 2,)° + 55 10,260 Zs + 052,05 2"
1 e—20(9)
— g Whw gaﬂmﬁ W, + ——5— [0, WS W, + W, 0, "] (3.45)
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The Faddeev-Popov ghost Lagrangian Lpp will not be needed for the following derivations.
Its form will however be discussed after the KK decomposition.

Before proceeding, we have to explain the precise definition of the J-distributions above.
For the consistency of the 5D gauge theory, it is important that we can integrate by parts in
the action without encountering boundary terms. Otherwise the Lagrangian is not hermitian
as required by unitarity, see Section [1.1.1l However, the presence of d-distribution terms at
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Figure 3.5: Regularized é-distribution (schematically). See [2] and text for details.

the IR boundary gives rise to discontinuities of some of the fields at |¢| = 7, which seems to
jeopardize this important feature. In order to avoid this problem, we will always regularize the
o-distributions by moving them infinitesimally into the bulk. When treating fermions, we will
also have to furnish them with a finite width. We will thus view the J-distribution as the limit
n — 0 of a sequence of regularized functions §”(z) with support on the interval xz € [—n,0],
see Figure [3.5] This limit is understood in the weak sense such that

lim - dz §"(x) f(x) = £(0), (3.46)

n—0" J_o

for all test functions f(z), i.e., smooth functions having compact support.

It turns out that for the gauge boson sector, we can take the limit of the width approaching
zero from the beginning, nevertheless still keeping the d-distribution infinitesimally away from
the brane. The orbifold symmetry thus leads to the definition

56| — 7) = Tim ~ [5(6 =7 +n) +5(6+7—n)|. (3.47)

As a consequence, the discontinuities are moved into the bulk and we can assign standard
BCs to the fields on the branes, being consistent with integration by parts (without boundary
terms). All calculations are performed at small but finite 7 and in the end the (smooth) limit
n — 07 is taken, giving rise to well-defined jump conditions for Z,-odd functions on the IR
brane. We will use the notation f(7~) = lim, ¢+ f(m —n) to specify the value of a function
which is discontinuous at |¢| = 7. For bulk fermions, however, it will turn out that we have
to work with a finite width in the course of calculating the spectrum. The reason is, that in
this sector, the J-distributions multiply functions which feature discontinuities (in the limit
n — 0) within the support of the d-distributions, see Section [3.2.2]

Kaluza-Klein Decomposition

We now perform a KK decomposition of the various 5D gauge fields. Not being able to
probe directly the extra dimension, it is sensible to choose a 4D description by decomposing
the fields into components, just depending on the non-compact 4D space-time, supplied with
profile functions, depending on ¢. Thus, after performing the integral over the fifth dimension,
we will end up with an effective 4D theory containing infinite towers of (massive) 4D fields,
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as discussed in Section . The zero mode sector has to correspond (to LO) to the SM, as
the low-energy tail of the NP model.

In the spirit of performing a Fourier decomposition, we decompose the 4D-Lorentz vector
(scalar) components of the 5D boson fields with respect to the complete set of (derivatives
of) even functions on the orbifold x%(¢), a = A, Z, W, which can be taken to obey the
orthonormality conditions

/_ "D X () X () = G (3.48)

The Fourier coefficients, still depending on z#, will then correspond to standard 4D gauge
fields. We write

Au(mb):%ZAL”)(x)xﬁ(@, Agl, 6 \/—ZMA £) 9 X (6).
Zu<x7¢>:%§jz;"><x>x5<¢>7 Zo(z, ) IZ a? ¢8(2) 0 X2 (0)

- 2= W@ ). Yl A o)

(3.49)
where the Kaluza Klein modes A,(An) etc. are already the correct 4D mass eigenstates and thus

no further transformation to the mass basis is necessary.
The 4D scalar fields can also be expanded in the basis of mass eigenstates as

pE(x) = > 0 (), Z b2 o) (x). (3.50)

n

The masses of the 4D vector fields will be denoted by m? > 0 (with a = A, Z, W) and those

of the scalar fields gofzn) are related to them by gauge invariance. Just as the scalar Goldstone
bosons of the Higgs sector provide the longitudinal degrees of freedom for the massive gauge
bosons (see Section , the scalar components of the 5D gauge fields provide the degrees
of freedom for the 4D vector KK fields to become massive. After EWSB those fields will mix.
The similar role that they play is reflected in the gauge fixing Lagrangian (|3.44]).

The EOMs which determine the form of the profiles x? can be obtained e.g. by inserting
the decompositions into the action and demanding that the 4D theory, after performing
the integral over the unresolvable fifth dimension, looks like a standard 4D theory of (massive)
gauge bosons (and scalar “Goldstone” bosons). We find [169} 170]

o(l¢| — )

— M) (351)

1
= 507V 0y x(0) = (m7)* X5(9) —

As we work with a compact extra dimension with boundaries, we have to specify the BCs for
our profiles. Integrating (3.51) over an infinitesimal interval across the orbifold fixed points
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and keeping in mind that the functions x? have even Z, parity one arrives at

Oy xn(0) =0 (UV brane)
e (3.52)
9y X3(r) = e ya(x) (IR brane).

The IR BCs determine the mass eigenvalues m of the gauge-boson mass-eigenstates. Already
the lightest modes of the W+ and Z bosons receive finite masses m? ~ v, due to the couplings
to the Higgs sector, reflected by M, > 0,a = W,Z. Note that Z-odd profiles, obeying
canonical Dirichlet BCs, do not posses zero modes, i.e., they have no solution with m% = 0 (or
m¢ ~ v after EWSB). Their lightest modes will develop masses of the order of O(Mkxk). This
holds in particular for the scalar components of the gauge fields, that have profiles proportional
to the derivative of the vector components. However, they can still mix with light modes like
the Goldstone bosons from the Higgs sector.
In the end the bilinear gauge-boson action takes the desired form

Z gtz L po puty 1 (9 AM)? 4 (M) ym) gt
gauge 2 — 4 uv 25 m 9 m
1 n rvn n 2 (mg>2 n n
_ZZP(W)ZM()_i(aHZl(L)) + 5 7(n) Zu(n)

W+(n)W pv(n auWJr(n 8“W (n) + (m ZV>2 W;(H)W—u(n)
¢ (3.53)

+ 5(%02)5"9054) —=—5 PP + S0,p5 0010 — - RIPR

+ it — £(miV)2 o )sOW(")}

1
+ / d'z <§auh8“h - wh?) +y° / d'z L

if and only if, in addition to the EOMs (3.51)), the relations

_ 1 po — Mo Xa(77)

a
n a n a
me N

(3.54)

hold. Looking at we see that, as expected, we end up with an infinite number of
copies of the 4D SM gauge sector, to be distinguished by the mass of the fields. We observe
towers of massive gauge bosons with masses m, accompanied by towers of massive scalars
with masses /€ m2, as well as the Higgs field h with mass V2 v. The low energy tail of the
gauge-boson spectrum, i.e., the zero modes, can be interpreted as the SM gauge bosons we
observe in nature. However, due to v?/MZy suppressed mixing effects with the KK modes
(already included in our KK decomposition), the massive gauge bosons will couple differently
compared to the SM, see below. Measuring these deviations, as well as deviations due to the
virtual exchange of KK excitations, provides a possibility to test the RS scenario, in addition
to detecting directly the heavy KK modes with masses m{ ~ Mxx.
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Note that, after applying (3.54)), the 4D gauge-fixing Lagrangian derived from ([3.44)) can

be written as
/ do Lop = Z Joky (3.55)

where

2
£8%=—%(6“A<" emlel) - 5

~ ((9“Wj( —&m,, <p+(n)) (8“W;(”) - fmflvgov_v(”)) :
For each KK mode these expressions resemble those of the SM. As a consequence, the Faddeev-

Popov ghost Lagrangians E(FT;) in 1) are completely analogous to the one of the SM. The
only generalization being, that a ghost field is required for every KK mode.

L (70— emz)
(3.56)

Bulk Profiles

In this section we derive the explicit form of the gauge-boson profiles y,, which are solutions
to the EOMs . From now on, we omit the superscript a, denoting the gauge-boson type,
unless it is needed for clarity. The corresponding expressions were first obtained in [169, [170]
for the case of an unbroken gauge symmetry. As the EOMs in the bulk are the same, the
structure of this solution remains valid also for a spontaneously broken symmetry. However,
we have to take into account the modified BCs on the IR brane due to the couplings to the
Higgs sector (3.52)).

In the following it will turn out to be convenient to switch to the variable t = ee? to
describe the orbifold [I73], which will take values between ¢ = ¢ (UV brane) and ¢t = 1 (IR
brane), corresponding to the interval ¢ € [0, 7]. The reflection at ¢ = 0 will be defined via the
Zs symmetry. Integrals over the orbifold can be obtained (for an Z; even integrand) using

s dt T 2 1
, =0 - o(¢) _, “n
/_ﬂdgb /6 e /_quﬁe E/E dt , etc. (3.57)

After this transformation of coordinates, the EOMs (3.51)) become [}

M2
tO 10, Xn(t) = —22 X (t) + 6(t — 1)@ Xn(t). (3.58)
The parameters
7, = —2n (3.59)
" MKK

8Note that another useful formulation of the RS background is given by the conformally flat metric [202]

2
ds? = <Ij) (n,“, dz*dx” — dz2) ,

restricted to the interval z € [R, R'], where z = /~—. Here, R = ; and R’ = 7o denote the positions of the
UV brane and the IR brane, respectively.
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are the dimensionless versions of the masses of the gauge bosons and their KK excitations in
the 4D theory. The ansatz

Xn(t) = Nn\/g tel(t), (3.60)

finally leads to the Bessel equation

222 M (wt) + apt ¢ (wat) + (2287 — 1) (2at) =0 (3.61)

n

in the bulk (¢ # €, 1). This equation is solved by
et (t) = Yo(zpe) Ji(xpt) — Jo(xne) Yi(zat) , (3.62)

where the coefficients have been determined by the UV BCs (3.52). We furthermore define

e (t) = — 5 [t (6)] = Yo(rae) Jolat) — Jo(ae) Yo(at) (3.63)

Mﬁ%mmﬂkmﬁ—%QMQm—ﬂmﬂ? (3.64)

Since ¢, (¢) = 0, we easily see that (3.60) satisfies the BCs 0;x,(€) = 0 on the UV brane.
The BCs (3.52)) on the IR brane lead to the relation

2,2
i (3.65)

from which the mass eigenvalues z,, can be derived. Note that the condition as stated
above holds for the profiles of the W* bosons and their KK partners. For the case of the
Z boson, the SU(2)-coupling ¢g* has to be replaced by the combination (g2 + ¢”?). In the
absence of EWSB (v = 0), which corresponds to the case of the photon and the gluon which
do not couple to the Higgs sector, the right hand side becomes zero. In this case the spectrum
contains a massless zero mode (mg = 0) with a flat profile

Xr,g(t) = \/%_71— :

These massless modes are identified with the SM photon and gluon. The masses of their KK
excitations will simply correspond to zeros of a combination of Bessel functions ¢, (1) = 0,
which, to good approximation corresponds to zeros of the Bessel function Jy(z,) . This leads
to 1 &~ 2.45 and the heavier modes follow in spacings of about 7. Due to the flat profile, the
photon and the gluon zero modes will couple to bulk fermions exactly like in the SM, which
will be important for the discussions of FCNCs in Section [3.2.4]

The results for the massive SM gauge bosons, which correspond to (light) modes with

(3.66)
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Planck TeVv

=0 =1 ‘ﬁ

Figure 3.6: Zero mode and first KK excitation of the Z boson in a slice of AdSs.

mgo # 0, can be simplified, since o < 1. Expanding (3.65)) in powers of 2y we arrive at

2,2 2 4
b= s () o (i)
m 1— L—1+ +0 . (3.67)
w 4 SMZ 2L My

An analogous relation with g? replaced by (g% + ¢%) holds for the Z-boson mass. Comparing
these results with the SM relations , one sees immediately that the tree-level ratio of
the W*-boson and Z-boson mass in RS models deviates from the SM prediction’] This is due
to the mixings with the KK modes, i.e., the contributions to the zero-mode masses from the
compactification of the extra dimension. Moreover, the Higgs VEV | extracted from will
get corrections with respect to the SM value of vgy; = 246 GeV. We will come back to both of
these issues later in Section [5.1.1] It will also turn out to be useful to derive an approximate
expression for the ground-state profile x, for g < 1. We obtain, in agreement with [202],

1 miy 1—e mi
t 1 1— t2(1 —2L — 2Int . 68
)= o |1 gy (1257 ) vo(GE)]- 0o

The deviations from the flat zero mode solution without EWSB ([3.66|) can be understood
from a perturbative point of view as the mixings of the massive KK modes, being localized
close to the IR brane, into the zero mode. This will lead to a dip in the zero mode profiles at
this boundary, proportional to the mixing parameter my; z /Mgy, see Figure . The absolute
value of the profiles of generic KK modes on the IR brane is to good approximation given by

\M(H~¢§m21. (3.69)

The accuracy of this approximation increases with n.

9Note that, here and in the following, by Z boson (Wi boson), we denote the zero modes of the Z boson
(W= bosons).
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3.2.2 Bulk Matter and Flavor Mixing

Now we move to the SM fermion content, propagating into the extra dimension. The warped
background provides interesting possibilities for model building in this sector. After discussing
the setup, we will perform the KK decomposition in the mass basis, incorporating flavor mixing
in a completely general way. In this way we are again able to derive exact expressions from
which the masses and mixings can be obtained. We will concentrate on the quark sector.
The generalization to include the lepton sector, which will not be studied in this thesis, is
straightforward.

In the subsequent section we will then show how hierarchies in the quark spectrum, as
well as in the CKM mixing angles, arise naturally within the RS model. By performing an
expansion in small parameters, we will work out explicit analytic expressions for the masses of
the SM quarks (corresponding to the light “zero modes” in the RS model), as well as the CKM
parameters, in terms of the input parameters of the RS model. To this end, we demonstrate
and apply an analogy between the generation of flavor hierarchies in warped extra dimensions
and in the Froggatt-Nielsen model.

Action of the 5D Theory

As we consider the SM field content, we start from (1.9), with the quantum numbers of
the fermion fields still as given in Table [I.1 and generalize the corresponding action to 5D.
However, in an odd number of space-time dimensions we have to face a subtlety when trying to
define chiral fermions. To describe matter fields in five dimensions, we need a representation
of the 5D-Clifford Algebra

An appropriate four dimensional representation in 5D is provided by taking the usual 4D
representation, consisting of the Dirac matrices v, (see Appendix [A.1]), and subjoining s

Par = (Y175 - (3.71)

Note that the vector of Dirac matrices above is contracted with Lorentz vectors in curved
space-time via the vielbein formalism, see e.g. [173].

In an even number of dimensions, the Dirac-spinor representation is reducible. For example,
in 4D it can be decomposed into the well known (left-handed and right-handed) Weyl-spinor
representations that do not mix under Lorentz transformations. The corresponding projections
are just provided by the projectors Prr = (1 F+°)/2, defined with the help of the chirality
matrix 7°, see Section . However, it turns out that in an odd number of dimensions, the
Dirac-spinor representation is irreducible. Although we can formally still define projection
operators in 5D out of 7°, the spectrum will a priori have to consist of “vector-like” four-
component Dirac fermions, i.e., for every left handed fermion a right handed counterpart will
appear with the same quantum numbers, and vice versa. Yet, as discussed before, nature
is based on chiral matter fields. The left-handed fermions we observe are doublets under
SU(2)r, whereas the right-handed ones are singlets under this gauge group. At first sight, it
seems impossible to generate such a setup in 5D. However, the obrifold will again furnish a
way out and offer a possibility to arrive at chiral fermions in the low energy spectrum of the
theory, after KK decomposition [I73]. The Z; symmetry of the action results in opposite Z,
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parities for the left-handed and right-handed components of a Dirac fermion. This suggests
to start with two sets of Dirac fermions in 5D, one containing doublets under SU(2);, and
one containing the corresponding singlets, and assign the Z,-parities/BCs properly, such that
the doublets just have left-handed (4D) zero modes, while the singlets possess only right-hand
zero modes. In consequence, the low energy spectrum will contain just the chiralities that
we observe in Nature (in the limit v — 0). At each level of KK excitations however, two
full (vector-like) Dirac-fermions, a singlet and a doublet, will be present and thus twice the
amount of degrees of freedom with respect to the zero mode level. Note that after EWSB, the
doublets and singlets will mix, for example the right handed zero mode will receive a small
doublet admixture from the KK excitations, leading to a (suppressed) “right handed” CKM
matrix, see below.

So, let us consider N generations of 5D (SM-like) quarks in the bulk, denoting components
of SU(2), doublets by u, d and singlets by u¢, d°. As we will discuss more complicated
fermion contents in Section we will give the action already in a notation which is appro-
priate for a richer fermion structure. The bilinear part of the 5D fermion action can be written
as (cf. 173, 172])

Sterm,2 = / d'zr / d¢{ > (e&’(‘“ qi 7 — e sgn(p) { M 57

q:U)u7D?d

1

_ [q:’L e—20(9) Do e—20(9) Jr + h.c. } )
2r

v = . = .

—0(|¢| — ) 6—30(¢)E Z [QL y 6D)C G+ On Y((jBD)S . + h.c.] } 7
(Qa‘Y):(Uvu)?(Dvd)

(3.72)

where 5¢ = 5¢ — 5¢, and we have already evaluated explicitly the p and ¢ components of
the vielbein, entering the kinetic terms [I73]. Moreover, note that the spin connection gives
no contribution to (3.72). For the SM fermion content (Table [1.1]), the vectors of fermions
introduced here correspond merely to N-component vectors in flavor space (e.g. u = (u, ¢, t)T
for the up-type quarks of the SM). We identify for the minimal RS model

-

U=u, D=d, @=u", d=d", (3.73)

and thus end up with the standard SM notation, as used in [I]. Note that for the extended
model studied in Section [3.4] the fermion vectors will contain several types of quarks. In the
spirit of writing down every term which is not forbidden by a symmetry, we include explicit
gauge-invariant 5D Dirac mass terms for the vector-like quarks, with diagonal and real N x N
bulk mass matrices

Mﬁ:MﬁEMQ (374)

for the SU(2), doublets as well as M ;= M, g = u,d for the singlets. Since the correspond-
ing combination of field operators is always Z5 odd, the mass matrices have to be multiplied by
a Zy odd function in order to arrive at a Z, invariant action. Starting from generic hermitian
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bulk mass matrices, it is easy to see that going to the bulk mass basis in which those matrices
are real and diagonal does not spoil the canonical and diagonal form of the kinetic terms.
Note however that the bulk masses can be positive as well as negative. In contrast to 4D
theories, the sign of the Dirac mass term cannot be reversed by a field redefinition. In order to
arrive at the correct low energy spectrum, as discussed before, the left-handed (right-handed)
components of the SU(2), doublet Q = (u,d)’ are taken to be even (odd) under the Z,
orbifold symmetry, with appropriate canonical BCs. Likewise, the right-handed (left-handed)
components of the singlets u® and d¢ are chosen even (odd), such that the zero modes of the
even fields correspond to the SM particles. After EWSB on the IR brane, the quark fields are
coupled by 5D N x N Yukawa matrices YETSD)C, connecting the Z, even components of the

SU(2)r, doublets with those of the singlets, as well as corresponding matrices Y((;D)S, connect-

ing Zy-odd fields, where ¢ = u,d. If not stated otherwise, those matrices correspond to the
bulk mass basis of real and diagonal matrices M ,. Note that the second type of Yukawa
couplings has not been taken into account in [I]. While such a setup is consistent and it is
possible to generate the fermion masses without those couplings, it is not the most general
or natural possibility, and we will include these couplings. Furthermore, if one considers the
brane-localized Higgs-sector as the limit of a nggs (propagatmg into the bulk, both types
of Yukawa matrices have to be identical Y D)S = YE’D , which we will assume in
the following. This is, again, due to the fact that 1n 5D the Dlrac spinor representation is
irreducible. In a perturbative approach, the Yukawa terms containing Z, odd fields do not
seem to contribute, as the corresponding profiles vanish on the IR brane. However, in the end
this naive point of view will turn out to be wrong, as we will see below [203]. For the KK
decomposition it will be convenient to define dimensionless 4D Yukawa matrices via

2Y ;
k )

Y((;’D) = qg=u,d, (3.75)
where again in the minimal RS model the vector notation is not necessary Yy = Y,. The
chiral components of the spinor field are defined as usual as ¢ = ¢, + ¢r, etc. As discussed
before, without the presence of the Yukawa interactions, each 5D fermion would induce a
massless chiral fermion in the 4D theory, accompanied by a tower of massive, vector-like, KK
excitations [I73]. After EWSB, the Yukawa couplings replace the massless modes by light
modes (compared to the KK scale), corresponding to the SM fermions.

Kaluza-Klein Decomposition

We want to arrive at a 4D theory of massive Dirac fermions ¢™ = (n) + q( ") with masses

m,, > 0. To this end we perform a KK decomposition of the 5D ﬁelds in the mass basis and
write

o o 20(¢)

QL<as,¢>— ($)alq” (@),  Qrlr.¢)=° o= 2 S0 al 0 @),
20(¢) 20(9)

q1<m,¢>—€ — Z g atq (@),  dulz,¢) =S 7 2 CHO @),
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where () = U, D and correspondingly ¢ = u,d. For the SM fermion content studied in this
section, we have with U = v and @ = u¢ and similar for down type quarks. In that case,
the spinor fields on the left hand side of the equations in , as well as the objects ¥4,
describing flavor mixing, are N component vectors in flavor space. The Z, even profiles C%*
and odd profiles Sg’q, however, are diagonal N x N matrices, where each entry corresponds
to a different bulk mass parameter (in the bulk mass basis) The 4D spinors ¢, on the
right hand side of the equations in (3.76) are single spinor fields in the mass basis. The
index n labels the mass eigenstates of masses m,. For the case of up-type quarks these are
mip = My, Moy = Me,m3z = my, as well as the higher KK masses. Note that, due to gauge
invariance, the components of the SU(2), doublet @) have the same profiles

cl=cl=c?, 8V=858P=589 (3.77)

The associated vectors @ and @2, nevertheless differ for the different components of Q.
Inserting the decompositions (3.76) into the action (3.72), one derives the equations of

motion

+0(16l = m) @ =Y CR(e) ar
, (3.78)
(30, — Mgseate)) 0210102 = —ma e 83(6) a2
iy V2 ;
+8(10] — m) e L2V SH(0)

where (Q,q) = (U,u), (D,d). In the bulk, i.e., for ¢ # 0, %, these equations reduce to the
relations first obtained in [I73]. The corresponding general solutions can be written as linear
combinations of Bessel functions, (see Section [3.2.2)). The presence of the source terms on the

IR brane, however, modifies the boundary behavior of the fields and causes both the Zs-even
and Z-odd profiles to become discontinuous on the IR brane with C%?(£r) # C%(£r")

10Note that we have already exploited the fact that Q‘L’R(gc, @) (Gr,r(z, $)) can be expanded in terms of the
same vector @2 (@%). With this choice, the profiles C?(¢) and S?(¢) (C(¢) and S%(¢)) will be normalized
in the same way.



3.2. THE MINIMAL RS MODEL: THE SM IN A SLICE OF ADS; 79

and 894(£r) = 0 but §9(£x~) # 0 [204]. While the UV BCs remain canonical,
S21(0) =0, (3.79)

finding the correct IR BCs requires a proper finite-width regularization of the J-distributions
appearing in . Such a regularization is needed since the d-distributions appear together
with functions that are discontinuous within their support. We will use the regularization as
introduced in (3.46)).

After switching to ¢ coordinates, we study the EOMs in an infinitesimal interval
t € [1 —n, 1], keeping in mind that at the end we will take the limit n — 0. We regularize the
d-distributions and integrate these equations from ¢ € [1 — 7, 1] to 1, taking into account that
the odd fermion profiles vanish identically on the IR brane, i.e., $2%(1) = 0 and dropping all
terms o< 7. In this way we find (for finite n)

S9t)a? = Y / dt' [6"(t Ci(th]a?,
(t) fMKK t — 1) CA(t)]

Y*/ dt' [67(t' — 1) C9(t")]aQ,

1
Cot)a? = C21) a9 — ———— Y. | at' [s"(t —1)Si(t)]al,
(" ()7~ i Y [t [0 = 1) SU)

YT /dt’ [67(t — 1) S (t"]aQ,

(3.80)

Cit g = CH)a +
KK

indicating that the form of the profiles C?(t) and §9(t) becomes independent of the mass
terms entering the EOMs.
In order to solve (3.80)), we introduce the regularized Heaviside function

(z) = 1— /_ oy ), (3.81)

which obeys B B B
6"(0) =0, 0"(—n) =1, 0.0"(x) = —0"(x). (3.82)

Using these properties it is easy to show that

1
n+1

/ L I - 1) [0 —1)]" = [67(t — 1)) (3.83)

This relation allows us to integrate hyperbolic functions of regularized #-functions with regu-
larized d-distributions. For an arbitrary invertible matrix A we obtain

(3.84)

/ dt’ §"(t' — 1) sinh (67(¢' — 1) A) = [cosh (0"(t —1)A) — 1] A~
/ dt’ §"(t ) cosh (6"(t' —1)A) =sinh (6"(t —1)A) A~
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where the hyperbolic sine and cosine of a matrix are defined via their Taylor expansions. With
the latter relations it is now easy to determine the solutions to (3.80)). We find

-1
Q4 gQ — /[yt i Y g /[yt 7
-1
t(,/ f i v g / t) c?91)a?
Cot)a? = h(Léﬂ t—1 ./Y~Yt> Cc91)aQ,
n( )an cos \/§MKK ( ) qa= q n( )an

- v = /ot o

Since no t-integration is left, we can now safely take the limit 7 — 0" and use the second
pair of equations to trade the brane values C?(1) in the first equations for the bulk values
C%1(17), obtained from the solutions to by a limiting procedure. Introducing the
rescaled Yukawa matriced ]

Y v i . _ -1
Y; f(\/iMKK\/YqYJ) Y;, f(A)=tanh (A) A, (3.86)

it is then easy to show that the resulting IR BCs are manifestly regularization independen@
and can be written in ¢ coordinates as

n
_
—~
~
SN—
Y
2

Il

(3.85)

SUrVa? = — ¥, Ci(r)al,
(7) = ot — Ve Cllr) .
—SU(r )il = ——— VL C9(n)a? .
V2Mxgk

They hence take precisely the same form as the BCs derived in [I], with the original Yukawa
couplings replaced by the rescaled ones, as defined in (3.86)). These coincide at LO in v* /M2y,
ie., Y= Yz4 OW?*/M2y). In practice, the combinations of quark profiles and Yukawa
matrices are chosen such that the masses of the zero mode fermions, as well as the CKM
parameters, reproduce those determined by experiment. Thus, the rescaling of the Yukawa
matrices, as described above, has no observable effect on the fermion spectrum and the mixings.
However, as we will explain in detail in Section [3.7], the inclusion of the Yukawa couplings
between Z,-odd fermions alters the misalignment between the masses and Yukawa couplings.
This leads to a change in the tree-level interactions of the Higgs-boson with fermions with
respect to the results derived in [1].

Without the brane-localized Yukawa couplings, the profiles Cg’q and Sg’q form complete

" Generalizing this result to the case where Zs-even and -odd fermion fields couple via different Yukawa
matrices to the brane-localized Higgs sector requires to perform the replacements Y ¢ — qu and Y:; — Yq‘f f,
The same replacement rules also apply for to .

12As a cross check, I have shown that different explicit regularization functions - rectangular, triangular,
and bulk-Higgs motivated - all lead to the same result. However, these straightforward calculations will not
be given here.
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sets of even and odd functions on the orbifold, respectively, which can be chosen to obey
separate orthonormality conditions with respect to the measure d¢e? [173]. However, the
0-distribution terms in the equations of motion are inconsistent with these orthonormality
relations. We thus make the general ansatz

[ 0 €310) €97(0) = 8,1+ ACT:

mn
—T

. (3.88)
[ 0 829(6) 829(6) = 01 + ASZ.

—T

We then find that the 4D action reduces to the desired canonical form

Strmz = 3 Y / d*z ¢ (2) i) ¢ (x) — my, §™ (x) ¢ (2)] (3.89)

qg=u,d n
if and only if, in addition to the BCs, the relation
a2 (60l + ACLY) @27+ GL9T (5,1 + ASLE) @29 = 6,y (3.90)

is fulfilled. It is also straightforward to show that the equations of motion imply
2
My ACL! — 1, ASLI = 4= C9(17) 89 (n7). (3.91)
r

Since an overall normalization can always be reshuffled between the profiles Cg’q(gb) and
891() and the eigenvectors @%9, we can choose the sum AC%? 4 ASYY freely, without
changing the physical result. The option AC%? + AS%? = 0 turns out to be particular
convenient and thus will be applied hereafter. With this choice (3.90]) splits up into

atal +altal =1, (3.92)

and
a2 ACET a9+ ateT ASLY @19 =0. (3.93)

Thus, although the odd/even profiles of a certain KK-mode level n (with a definite chirality)
alone do not fulfill standard orthonormalization conditions, taken together, in combination
with the corresponding vectors a@¢, they are orthonormal in the sense of . The profiles
alone do not obey such a relation due to the fact that (after EWSB) a certain 4D spinor receives
contributions from doublets as well as singlets from the 5D theory. A part of the normalization
is missing if one of these contributions is not present. This doublet-singlet mixing will become
important when discussing FCNC couplings to the Z boson in Section [3.2.4] and thereafter.
Using the symmetry of the relations in m and n, we finally obtain for m # n the
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explicit expressions

2 my C(77) Sp(n) — my CR(n”) S(n7)

ACY! = + . . n 7

' M = (3.94)
ASQd — 2 Mm Cri(n™) SZ(n™) —m, C(n~) S (n~)
" m, —mg, ’
whereas for m = n we get
1
ACT! = —ASZI = +——CP(n) SPU(n7). (3.95)
rmy

Since they are proportional to S%7(7~) (which vanishes in the limit v — 0), one would
naively expect that the extra terms in the generalized orthonormality conditions are
small corrections of order v/Mkk. However, for the light SM fields, these terms are in fact of
O(1).

Finally, we want to determine the mass eigenvalues m,, of the 4D Dirac fermions. They
can be obtained by studying the system of 2N linear equations for the components of the
vectors @¥4, following from . It is straightforward to show that the mass eigenvalues m,,
correspond to the solutions of the equation

2 ~ ~ _

det (14 5 ¥ Cllr) [SU(n)] ' VHCr) [82()] ) =0. (3.96)
2Mx

Once these are known, the eigenvectors @%¢ can be derived from (3.87). Note that, while it

is always possible to work with real and diagonal profile matrices C%(¢) and §%4(¢), the
vectors @@ are, in general, complex-valued.

Bulk Profiles

In this section we derive the explicit form of the profiles (C?%); and (S9);, associated with
bulk mass parameters Mg, ;. (with ¢ = u, d), in the presence of EWSB. The structure of the
solutions is similar to the case of unbroken electroweak symmetry, as the EOMs within the
bulk are the same for both cases. Combining the first and the third equation in , as well
as the second and fourth one, we arrive again at Bessel equations. In terms of ¢ = ee?, these
have the general solutions [173] 172"

Let
CR(t) = Nulequ) \| ~— 1 (tcaa).
(3.97)

SPU() = N, (o) sEm(0) | o fy (1 cau).

13Since, up to the BCs which in the end will determine the mass eigenvalues m,, and the flavor mixing
vectors in (3.76)), the problem decomposes into independent and similar equations for the different flavors, we
will drop the index 4 in the following.
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where cg, = £Mg ,/k are dimensionless parameters, derived from the bulk mass terms, and

fE(t,c) = J_%_C(a:ne) JJF%jLC(xnt) + J%Jrc(xne) Ji%_c(xnt) . (3.98)

Remember that, as before, z,, = m,/Mkk. The orthonormality relations ([3.88]) lead to the

normalization conditions

2/1dtt ] = N;(C) n fJ(l,cif,;(l,c) (3.99)

From these we derive

N0 = [ A1+ [ Al = 22 £ 1,e) fr (o) = @ [Fi e a]” . (3100
For the special cases where ¢ + 1/2 is an integer, the profiles have to be obtained from the
above expressions by a limiting procedure.

Since external fermions in low energy processes will always correspond to zero modes of
the RS setup (n = 1,2,3), it will be useful to derive simple analytic expressions for the
corresponding profiles. For those modes, it is a very good approximation to expand the above
results in the limit x,, < 1, as even the top-quark is much lighter than the KK scale. In this
way we find, dropping an phenomenological irrelevant term [1],

Le
CR1(9) | = Fleqq) 90,

Le tl—l—Cqu _ €1+2CQ’Q Q.
SPY(h) ~ + \| — a2 F )

(3.101)

Here, we have introduced the “zero-mode profile” [I73], 172]

F(c) = sgnlcos(mc)] 4/ 11—+—612f20 : (3.102)

which corresponds to the approximate value of the profile on the IR brane, divided by \/Le/7.
Note that the sign factor in (3.102)) is chosen such that the signs in agree with those
derived from the exact profiles (3.97)). The zeroth order in the expansion for the zero mode
profiles performed above is often called (zeroth order) “zero-mode approximation” (ZMA).
At this order, the even profile matrices do not depend on the level n and the odd profiles
vanish. These results correspond to the starting point in the perturbative approach, in which
one first solves for the fermion bulk profiles without the Yukawa couplings and then treats
these couplings as a perturbation [I73] [172] 174]. As we will see later in Section m, it will
sometimes be necessary to consider higher orders in the expansion to derive consistent non-
trivial results in the ZMA. This can be done comfortably in our approach, as we just have to
include the next order in the well-defined expansion of the exact profiles in powers of v? /M2
(note that x,, n = 1,2,3 scales like v/Mxkk), and do not have to diagonalize (and truncate)
infinite dimensional mass matrices.

The quantity F'(c) strongly depends on the value of ¢. One obtains to excellent approxi-
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mation
V=1 —2cec 2, —3/2<c<—1/2,
F(c) ~ (3.103)
V14 2c, —-1/2<e<1/2.

This behavior signals that for ¢ < —1/2 the zero-modes are localized close to the UV brane,
while for ¢ > —1/2 they have the biggest weight close to the IR brane. Thus, it turns out that
rather than generating 4D masses, the bulk mass parameters control the localization of the
4D fermions in the extra dimension. The fact that for UV-localized fermions the zero-mode
profile is exponentially small, while it is of O(1) for IR-localized fields can be used to generate
large hierarchies in the fermion spectrum by means of different overlaps with the IR-brane
Higgs sector via O(1) input parameters. This feature will be discussed in more detail in the
following section.

3.2.3 Fermion Hierarchies: The Anarchic RS Model as a Predictive
Model of Flavor

Due to the possibility of additional gauge invariant bulk mass terms, with hermitian mass
matrices M g ,, 4, the minimal RS model has 27 new parameters in the flavor sector compared
to the SM (for N = 3 generations). In the light of this significant number of new parame-
ters, entering the model as exponents of the warp factor, see (3.102), one should address the
question of the predictivity of the model. If one allows e.g. for arbitrary values for the bulk
mass parameters ¢, ., 4, (addressing the fermion spectrum by hierarchical Yukawa matrices),
a very broad range of effects is possible within the RS setup. This renders the model not
very predictive at the first place. However, as mentioned before, a big virtue of the model is
the possibility to address the hierarchies within the flavor sector, which cannot be understood
within the SM. This approach will constrain the large parameter space and allow for more
generic predictions. So we will understand the RS model in this way, .e., we do not build in
hierarchies by hand but rather want to generate the SM flavor structure out of O(1) input pa-
rameters. To this end, we assume anarchical Yukawa matrices and generate the hierarchies via
different values for the dimensionless bulk mass parameters. These input parameters are then
constrained by the requirement to end up with the correct spectrum and CKM mixing angles.
Due to the warping, as explained above, they can be of O(1), while still leading to hierarchies
in the fermion spectrum. These naturalness considerations do not fix the input parameters
completely, however, they significantly decrease the spread in the parameter space and thus
also in the predictions of the model. While the precise values of the input parameters in the
flavor sector will not be determined, their hierarchical structure will. This often allows for
generic estimations for observables in the RS model, without an uncertainty in the prediction
over many orders of magnitude (assuming Mkxk to be fixed). Such an uncertainty would be
generated when reshuffling too large contributions between the localization parameters and the
Yukawa matrices, leaving the spectrum invariant. This is prevented by the anarchic approach
(however, some amount of reshuffling is possible, see below).

To get an analytic handle on the relations between input parameters and the resulting
spectrum and mixings, we will demonstrate and explore similarities between the RS setup of
generating hierarchies by different fermion localizations in a slice of AdSs and the Froggatt-
Nielsen mechanism. To this end, it is useful to perform an expansion to the first non-vanishing
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order in v?/M2y and to use the approximate formulae for the bulk profiles of the SM fermions,
obtained in (3.101f). For the purpose of discussing the fermion masses and mixings, we need
these profiles evaluated at ¢ = 1, where they couple to the Higgs sector. We arrive at the
simple expressions

Le

Le =z
Q:q(1~ - F Q:q(1~ I i — 104
CRI0) =T Flean),  SP07) =/ T 105 (3.104)

With their help, the BCs (3.87)) can be recast to LO in v?/M2y into the simple form

2my, . A 2My, e R
\/_—m al =Y al —\/_m al = (Y)ad. (3.105)
v v
Here
(Y1), = Flea,) (Yq)y; Fley,) (3.106)

are effective Yukawa matrices, and the rescaled flavor vectors a4 = 1/2a@%, a?° = v/2a? obey
the normalization conditions
alla? =a?tal =1. (3.107)

n

Moreover, we obtain from ((3.105)) the equalities

2 2
(mi 1-— % Yt (YZH)T> al =0, <mi 1- % (yehyi Ygﬂ“> al’ =0, (3.108)

and thus the mass eigenvalues can be obtained from the simple equation

,UQ € €
det (mi 1-= Yo" (Yf)*) =0. (3.109)
These expressions hold to LO in v?/M2. At this order, but not in general, the vectors a%
that belong to different n are orthogonal on each other.

The eigenvectors ad and a? of the Yukawa matrices Ygﬁ (Yzﬁ)T and (YZH)TY;ff (with
n=1,2,3 and ¢ = u, d) form the columns of the unitary matrices U, and W, that appear in

the singular-value decomposition
YT =U W/, (3.110)

respectively, where

2 2
Ay = \/—_ diag(my, me, my) Ag = \/—_ diag(ma, ms, my) . (3.111)
v v

To LO in v?/MZ the relations between the fundamental 5D fields and the SM mass eigenstates
thus involve the matrices U, and W . In particular, the CKM matrix in the RS model is to
LO given by

Vexm = UL U, . (3.112)

Before applying the Froggatt-Nielsen analysis to the RS setup we will count the number of
physical parameters in the flavor sector.
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Parameter Counting in the RS Model

Applying the method reviewed in Section [I.1.3] the number of physical parameters in the
flavor sector of the RS model is derived as follows. To be completely general, we assume N
quark generations and thus start with Ny = 2 (N2, N?) real moduli and CP-odd phases for
the 5D Yukawa matrices YS?), as well as N, = 3 (N(N +1)/2, N(N — 1)/2) parameters for
the hermitian bulk mass matrices cQuq- Thus

Nyonerat = Ny + N, = (N(7N +3)/2, N(TN — 3)/2) . (3.113)

The Yukawa matrices break the global bulk flavor symmetry G = U(N)g x U(N), x U(N)q
with Ng = 3(N(N —1)/2, N(N + 1)/2) parameters down to the subgroup H = U(1)p with
Ny = (0,1) parameters, resulting in

Nyroken = N¢ — Ng = BN(N —1)/2,3N(N +1)/2—-1). (3.114)
One thus arrives at

Nphys = Ngeneral — Noroken = (N(2N +3), (N — 1)(2N — 1)) (3.115)
physical parameters. For N = 3 quark generations we end up with 27 moduli and ten phases
[177]. In the ZMA we can identify the physical real parameters with the six quark masses,
twelve mixing angles appearing in the mixing matrices U, 4 and W, 4, and the nine zero-mode
profiles Fg, 4. One of the ten phases can be identified with the phase of the CKM matrix.
Moreover, nine new phases enter, in different combinations, the various matrices in (3.149))
and , that describe the flavor-changing interactions of the RS model.

Interestingly, for N = 2 quark generations there still remain 14 moduli and three phases.
Since, as we have seen in Section [I.1.3] the CKM matrix for two-generations can be made
real by phase redefinitions, the phases can all be chosen to reside in the new mixing matrices.
As a consequence, the RS model allows for CP-violating effects which do not involve all three
fermion generations. Thus, CP violation in the RS model is much less suppressed than in the
SM, see also Section [5.2.3] It would be interesting to work out the consequences of this fact
for baryogenesis. Beyond that, note that the new CP-violating phases induce electric dipole
moments for the electron and the neutron at the one-loop level. The stringent experimental
bound on the neutron electric dipole moment leads to a lower bound on the masses of the
KK excitations of ~ 10 TeV [I77]. There are several proposals to address this “CP problem”
(and to allow for lighter KK excitations) [205, 206, 207], which postpone the contributions to
the neutron electric dipole moment to the two-loop level by reducing the number of CP-odd
phases. Neglecting the lepton sector (as well as gravity), the minimal RS model thus has,
besides the “SM” parameters described in Section |1.1.4] as additional parameters the KK
scale Mk, the RS volume L, and the 27 new parameters in the flavor sector discussed above.

Warped-Space Froggatt-Nielsen Mechanism

We will now introduce the Froggatt-Nielsen mechanism and apply the corresponding analysis
in the context of warped extra dimensions to show how fermion hierarchies arise naturally in
these models. Starting from an anarchical Yukawa matrix, the Froggatt-Nielsen mechanism
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Figure 3.7: Contribution to the element (m,);; of the up-type quark mass matrix.
Full lines correspond to SM quarks, whereas wavy lines represent ultra-heavy fermions.
Insertions of the VEV (®;) are depicted by crosses, while insertions of (®) correspond
to crossed circles.

generates the observed hierarchies in the quark sector by assuming the left-handed and right-
handed components of the SM-quark fields to have different values for an almost conserved
quantum number R, belonging to an abelian symmetry group U(1)p. Quark-mass terms
only arise via interactions with new ultra-heavy fermions and Higgs-scalars that have various
different values of R, which is integrally quantized. Explicitly, the model introduces three Higgs
fields @, @, &9, where the VEV (®5) > 0 of the neutral (R = 0) Higgs scalar ®5 generates mass
terms for the new fermions. The Higgs scalar ®; is a gauge singlet, but has R = 1, and thus
can mediate between fermions with a different R-charge. Its VEV (®;) > 0 breaks the U(1)r
symmetry spontaneously and allows for mass terms of the light (SM) quarks via the mechanism
depicted in Figure 3.7, Depending on the difference in R-quantum numbers between the
left-handed and right-handed SM quark-fields, a certain number of insertions of transitions
mediated by the the VEV (®;) is needed to account for this difference via intermediate ultra-
heavy fermions, in order to generate a mass term for the SM quarks. Moreover, an insertion of
the VEV of the SM Higgs (®) = v//2 is necessary to balance the different SU(2); quantum
numbers of left-handed and right-handed SM quarks. Every A|R| = 1 transition together with
the adjacent propagating ultra-heavy fermion leads to a suppression by the small symmetry
breaking parameter
y(pg) (P1)

y(to) (P2) .

The prefactor corresponds to the ratio of generic ®;-Yukawa couplings at the scale of the
light fermions i, and the fundamental scale 119 of the model, where the Yukawa couplings are
expected to be of O(1). Concentrating on the up-type sector, denoting the quantum numbers
of the left-handed SM-doublets and right-handed SM-singlets by R, = a; and R;, = b;, and
assuming a; > 0 and b; < 0, the mass matrix arising from diagrams like the one in Figure
reads

(3.116)

€=

v

(M) /2 (
Note that this matrix is order-of-magnitude factorizing. In the spirit of the model, all di-
mensionless couplings should be of O(1), which results in the complex coefficients (G,,),; also
being of O(1) times a factor due to evolving the ® Yukawa couplings down to the scale (®).
One can now consistently evaluate the mass eigenvalues as well as the CKM matrix to LO in
the small parameter e. First, it can be shown that the product of the n largest eigenvalues of

G),, €470 (3.117)

[
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m, reads to LO [139]
n v n "
m; = | — det G(”) 621‘:1(‘“_171') , 3.118
[[m=(J5) dee) (.113)

where G is obtained from G, = ((Gu)y;) by removing rows and columns with ¢ > n and
J > n, respectively. Here, the quarks are ordered such that a; > a;,_; and b; < b;_;. In the

case of degenerate values a; = a;_1 or b; = b;_; the derivations are only order-of-magnitude
wise correct. From (3.118)) one obtains

v )detGSf)
V2 ’det G

i bn (3.119)

My

for the n'" heaviest quark which leads to the hierarchical structure

i ewimaj=bitb; (3.120)
m;
Due to the exponential dependence, this allows to reproduce the hierarchies with a
moderately small symmetry breaking parameter e, meaning that (®;) and (®5) do not have to
differ by orders of magnitude, and moderate different values for the various quantum numbers
Ry, and R;,. In consequence, hierarchical and suppressed masses are a natural prediction of
the model.

A nice feature of the Froggatt-Nielsen mechanism is that, given that the mass hierarchies
are generated as described above with different quantum numbers for the various quark fields
in the right-handed as well as in the left-handed sector, the CKM matrix is predicted to have
a structure similar to . This can be seen from the form of the diagonalization matrices
U, and Uy, obtained from the singular value decomposition of the matrix m,,, see , and
the corresponding equation for the down-type sector. To LO in € and for the case of three
generations, these matrices read [139]

Uy = (ug)yy =41, g =u,d, (3.121)
where
1 <M‘1)21 (GQ>13
(My)y, (Gg)yy
(M‘I);l (Gl})Q
= |- 1 1. 3.122
Y= | T, (AW (3.122)

M)y Gy

(M), (Go)a
Here, (M,);; denote the minors of Gy, i.e., the determinants of the matrices obtained by
removing the i™® row and the j™ column of G,. Moreover, we have used the invariance of the
singular-value decomposition with respect to phase rotations, to make the diagonal elements
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Froggatt-Nielsen Mechanism Warped Extra Dimensions
S : (®1) _ —L
ymmetry breaking parameter € ~ (®s) warp factor e = e
quantum numbers (a;, b;) localization parameters (—cg, — 3,¢q, + 3)
combination of couplings G Yukawa matrix Yz
o F (CQi)
b z
€’ F(cq,) '

Table 3.1: Analogy between parameters of the Froggatt-Nielsen mechanism and those
of the RS model. The second row holds just for —3/2 < cq,, < —1/2, whereas the
range of validity of the last two rows is not restricted.

(Uy);; real. One obtains, as a prediction, the hierarchical structure of the CKM matrix

(UL),; (Ua)yy, ~ el (3.123)

1

(Verm) i =

3
j—
This is very similar to (for appropriate values of a; and €), without having to put in the
structure by hand. The diagonal dominant form of V) is a robust prediction of the model.
In the Froggatt-Nielsen model, both hierarchies, those within the masses as well as those of
the CKM matrix, can be traced back to the same origin. Note, however that in this approach,
the CP violating phase is not suppressed by any small parameter and thus it is difficult to
explain why the measured CP violation is so small.

We will now apply the results presented here to the fermion sector of the Randall-Sundrum
model. As we will see immediately, the RS model with fermions in the bulk automatically
provides a complete analogy to the Froggatt-Nielsen mechanism, without the need to intro-
duce a new U(1)p-symmetry, new fermion representations, or additional Higgs fields. In that
context, we will also determine the hierarchies for the RS analogon to the U(1)r charges, in
dependence on the observed quark masses and CKM mixings Due to the form of the effective
Yukawa matrices in (3.106)), a hierarchical and order-of-magnitude factorizing mass matrix of
exactly the same structure as in is generated in the RS setup by assuming a hierarchical
structure of the zero-mode profiles

|F(ca,)| < |F(cay)| <|F(cas)|, A=Q,u,d. (3.124)

Importantly, in warped extra dimensions, such a hierarchy is induced naturally, since it
only requires small differences in the bulk mass parameters c4,. Note that we assume the
quarks to be ordered such that the relation holds. In the case of degenerate profiles
|F(ca,)| = |F(ca,,,)|, the following discussion is again only order-of-magnitude wise correct.
The localization parameters cg, 4, of the minimal RS model play the role of the left-handed and
right-handed U(1)r charges a;, b; of the Froggatt-Nielsen mechanism, however they are not
integrally quantized. Explicitly, the product of functions F(cq,)F (c,,) in corresponds
to the exponential factor €%~% of the symmetry breaking parameter € ~ (®;) in . This
correspondence can be split up as in Table [3.1], which gives an overview of the analogies of the
models. Note that the direct relation between the localization parameters and the Froggatt-
Nielsen charges, given in the second row, only holds for —3/2 < ¢q, ., < —1/2. However, the
general analogy, as well as the last three exact relations, hold independently of this restriction.
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Thus, the hierarchies of fermion masses and mixings in a warped background result without
further assumptions from the Froggatt-Nielsen mechanism. In the following we perform the
corresponding analysis explicitly, starting from the relation (3.106]). To LO, the products of
up- and down-type quark masses in the RS model are given by, see ,

3
v
my memy = ——= |det (Y,)| |F(cq,) Fcu)|
RN 1 1Pt

(3.125)

mqgmsmy = \/_\det Yd’ H ‘F CQ ) .

1=1,2,3
USil’lg |F<CA1)
We find, see (3.119)),

(ca,y, )|, one can evaluate all the mass eigenvalues to LO in hierarchies.

| det(Y | det(Y 4)

|
O | Flea)Flea)l,

|(Ma)n]
(Ya)ss|

|
|(Ya)ss| [F'(cqs) F(ca;)]

_ v [der(vy) ) o
mu_\/i ’(M )11| |F( )F< U1>’7 d —

7
v (M) _ v
me = \/— |( ) | | (Q2)F(CU2)|7 ms \/—

7

E |(Ya)ss| | F(cos) F(cus)| my =

where (M,);; denote the minors of Y, as defined before.
The elements of the rotation matrices U, and W, are given, to LO in hierarchies, by

|F< Q2)F(Cd2)|7 (3'126)

my =

ot e ). s
U = o) § UOPECAELT (3.127)
. >4, . >

where the coefficient matrices u, and w, can be expressed through the elements (Y;);; of the
original Yukawa matrices and their minors (M,);; and read

LMy () COn), M
L) (ol 0L, (Vo
| oy (Y | o, Y
Sl 674 ¢ ol Rl o7 e v ot R
AR A M)y
0Ly, (V) A A

Invariance of the singular-value decomposition (|3.110)) under field redefinitions allows to make
either the diagonal elements (U, );; or (W,);; real. In (| m we have used that freedom to
choose (U,);; to be real, so that all phase factors ¢'% appear in the elements (W,);;. They are
given by

e’ = sgn[F(cq,) F(cy,)] e iPimpit1) (3.129)
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where
pr=—arg(det(Y,),  p—arg (M),  ps=arg((V)w), (3130

and ps = 0. We observe that, to LO, the matrices U, and thus also the CKM matrix do not
depend on the right-handed profiles F(c,,). This has already been pointed out in [I75].

It is now straightforward to derive the LO expressions for the Wolfenstein parameters of
the CKM matrix A, 4, p, and 7, defined in (L.60). From (3.112), (3.127), and (3.128§)), we

obtain

(Yd)33 (MU)31 — (Yd)23 (Mu)zl + (Y )13 (Mu>1

" w52~ ] [ -]

(3.131)

Notice that, like in the case of the Froggatt-Nielsen mechanism, p and 7 are not suppressed
by any small parameters [139]. They are to first order independent of the zero-mode profiles
F(cg,q)- The RS setup thus predicts that these parameters are of O(1), while the precise
values remain unexplained.

Let us now try to determine the bulk mass parameters from the measurable quantities
discussed here. The relations given in and do not allow to determine all zero-
mode profiles solely in terms of the quark masses and Wolfenstein parameters (as well as O(1)
Yukawa couplings). One profile remains as a free parameter. Choosing F(cg,) to be that
parameter and expressing the other profiles in terms of its value, we find for the left-handed
quark profiles

‘ (Ya)ys  (Yu)os

Flea)l.  1Fleq) = L% _Wnl ) 313

A
(Md)m (Mu)m

(Md)n (Mu)n

[F(cq))| =

For the right-handed profiles, we arrive at
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_ V2m, MoullGny, ~ 06y,
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Figure 3.8: Fermion localizations in the anarchic approach to flavor in warped extra dimen-
sions. Hierarchies are generated from O(1) input parameters ¢, due to the warped geometry.
See [I] and text for details.

and

(M )21 (Md)Ql

(MZ>11 (Md)n

\/de |(Md)11|

1
|F(ca,)| = v Aldet(Y )| |F<CQ2)| 7
c . \/§m5 |(Yd)33| 1
|F(cay)| = v |(My)y] |F(cq,)|’ (3130
Fea) = L2 ax :

v (Ya)os _ (Ya)ys | [F(cau)l

|<Yd)33| (Yu)33 (Yd)33

As expected, these relations call for a hierarchical structure among the quark profiles,
which is naturally accommodated within warped extra dimensions. For the left-handed quark
profiles we find

|F(CQ1)| ~ )\ |F(CQ2)| ~ \2 |F(CQ1)|
[Fleo)l 7 [Fleqs)l T [Fley)l

The hierarchies of the right-handed profiles can then be fixed by the observed quark masses

~ N (3.135)

[Flcw)]  ma 1 |Few)]  me 1

Fl(c, A3 Fleo )| my 227

| (C 3)| mt | (C 3)‘ mt (3136)
Flea)l _ma 1 |Flew)l ma 1 |Fley)| my
|Fcus)|  my A3 |[F(cus)|  me A2 |Fcus)]  me

These relations can be used to determine the hierarchical structure of the flavor mixing
matrices U, and W, in (3.127)). The rotation matrices in the left-handed quark sector have
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the same structure as the CKM matrix. Their hierarchies are given by

1 A 8 1 023 0.01
Uig~Vexn~ | A 1 X2 ~ (023 1 005], (3.137)
A3 A2 1 0.01 0.05 1

whereas in the right-handed quark sector we obtain

Lomy 1 omy 1
me X My )\3
. ) 1 0.012 0.001
My, M.
W, ~ me X 1 e |~ 0.012 1 0.077],
0.001 o0.077 1
my 1 me 1 1
my )\3 My )\2
(3.138)
1 mg 1 mg 1
ms X\ Mp )3
1 0.26 0.12
W, ~ % 1 %Xlg ~ (02 1 044
0.12 044 1
mg 1 mg 1 1

myp >\3 myp )\2

The numerical values quoted here have been obtained by using the input parameters as com-
piled in Appendix [D] Note that, while the fermion profiles are expected to be strongly hier-
archical in the left-handed quark sector as well as in the right-handed up-type sector, this is
not the case for the right-handed down-quark sector. Here, the hierarchies are much weaker

Flea)  mal Fle)] m. 1
PGl i = gy, )L T gy 3.139
Flea)l ™ ma A Flew) ™ my (3.139)

In this sector, and only there, it is thus a viable possibility to assume equal quark profiles
F(cg4,) by imposing a U(3) flavor symmetry and to explain the required moderate splittings
in terms of O(1) variations in the fundamental Yukawa couplings that break this symmetry.
Although such a choice might seem to be ad hoc, it has the virtue of strongly suppressing
dangerous tree-level FCNC contributions to K—K mixing [207].

To summarize the findings of this section, it is possible to address the hierarchies in the
fermion sector, and to generate small masses out of O(1) fundamental parameters within
warped extra dimensions. Those models thus provide also a solution to the second problem
introduced in Section [[.2] At the same time, the anarchic approach to flavor narrows down
many of the new parameters entering the RS setup, making the model more predictive. The re-
lations (3.135]) and ([3.136)) demonstrate how the (relative) localizations of the different quarks,
expressed through profile functions F'(c), are given in terms of observable quantities. These
new flavor quantities of the RS model can be fixed to first approximation by the observed
quark masses and CKM parameters. The emerging picture is shown in Figure . The (right
handed component of the) top quark, being the heaviest quark of the SM, should be localized
closest to the IR brane, where the Higgs sector is localized. The light quarks, however, reside
more closely to the UV brane. The fact that the top quark is localized next to the IR brane,
where also KK modes live, results in potentially interesting effects in top physics. The same
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holds true for the Higgs sector, being localized directly on the IR brane, see Chapter [5] Note
that the localization of single profiles can only be fixed to certain regions, which depend on
each other. Within these regions, the profiles can be shifted due to reparametrization invari-
ances, leaving the quark masses and CKM elements unchanged, see below. The boundaries of
these intervals are defined by naturalness, i.e., we do not want to abandon the assumption of
O(1) localization parameters, as well as of O(1) fundamental Yukawa couplings.

The regions in parameter space which are ocupied by 95% of our RS parameter points (see
Chapter [5)) are plotted in Figure This plot confirms that indeed the quark spectrum and
the mixing parameters constrain the localization of the quark fields and thus the generic RS
predictions for observables. As expected, light quarks are predicted to have cq,, < —1/2,
1 = 1,2, whereas the right-handed top quark and, to a lesser extend, the third generation
doublet feature cq, ,, > —1/2. Importantly, the generic statement about the flavor structure,
to expect the largest effects in the sector of third generation quarks, is quite robust. In
particular, the relative localizations within the SU(2);, doublet as well as within the singlet
sector are more or less fixed due to the observed hierarchies. However, also the absolute
localizations are constrained, due to the requirement that none of the (correlated) parameters
leaves its natural range. In that context note that the bulk masses should not significantly
exceed the RS curvature cg,, S 1. To improve these order of magnitude estimations and
to determine the precise values of the RS parameters, one has to perform significantly more
measurements than within the SM. In the phenomenological studies presented in this thesis, we
will scan over parameter sets, with the localization of the quarks determined just as described
in this section. Starting from random anarchical Yukawa matrices we will find that, despite the
remaining uncertainty in the localization of the fermion fields, generic predictions are possible
in the RS setup without additional input, see sections [5.2.2] [5.1.4] and [5.3

What concerns leptons, note that it is also possible to address the tiny neutrino masses in
the RS setup, without a see-saw mechanism, by means of wave function overlaps [173, 208, 209],
see also [210, 211, 212].

Reparametrization Invariance

As sketched before, the results for the quark masses and mixings in the ZMA are invariant
under a set of reparametrization transformations, which change the input parameters of the
theory. We will now give the explicit form of the corresponding transformations. The first
type of reparametrization invariance (RPI-1) corresponds to a simultaneous rescaling of the
profiles for the SU(2), doublet and singlet fermions by opposite factors, while keeping the
fundamental Yukawa couplings invariant

F(CQi) - 675 F(CQi) ’ F(Clh) - €+£ F(Clh) ) Yq - Yq : (RPI_1> (3140)

For UV localized quarks, with ¢; < —1/2, these transformations correspond to good approxi-
mation to the shifts cg, — co, —§/L and ¢, — ¢4, + &/ L of the bulk mass parameters.

A second type of reparametrization invariance (RPI-2) corresponds to a simultaneous
rescaling of all fermion profiles by a common factor, while the fundamental Yukawa couplings
are rescaled with an opposite factor (however still keeping them of O(1))

1
Fleg) = nF(eq).  Fley) = nFle,).  ¥,— ¥, (RPL2)  (314]
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Figure 3.9: Localization parameters of quarks in the extra dimension. Values of cq, 4, <
—1/2 lead to an UV localization, whereas IR-localization corresponds to cq, , > —1/2.
The shown regions contain 95% of the points in the parameter space. See [I] and text
for details.

For ¢; < —1/2, the corresponding shifts of the bulk mass parameters are approximately uni-
versal and read cg, — cg, + L' Inn and ¢;, — ¢, + L' Inn. A stronger form of this relation
is provided by allowing for different transformation parameters for up-type and down-type

singlets 1, # nq

Fleg) = nF(cq),  Fley) = mFley), Yr*%JQ- (RPL2')  (3.142)

q

Of course the transformations (3.140) and (3.142)) can be combined in arbitrary ways. While
the masses and mixing angles in the ZMA are not affected by these transformations, the
fermion bulk profiles do change. As a consequence also the result for the flavor-changing in-
teractions (apart from the CKM matrix), that will be derived in the upcoming sections, will
change under these reparametrizations. As discussed before, observables in the RS setup thus
depend, besides on the NP scale Mgk, more or less strongly on additional new parameters,
which are not completely fixed by the fermion hierarchies. However, these hierarchies tell
us a lot about these parameters, and fix the relative sizes in the doublet as well as in the
singlet sector to a good extent. The demand for fundamental O(1) Yukawa couplings con-
strains the deviations due to the second type of reparametrization invariance. The remaining

freedom should then be constrained further by experiment, e.g. by Z-pole measurements, see
Section B.1.3l

3.2.4 Gauge-Boson Interactions with Fermions

With the results obtained so far, we are able to derive all Feynman rules for the minimal RS
model in a straightforward way. In particular, we do not have to worry about the transforma-
tion to the mass basis anymore, which has already been implemented in our KK decomposition.
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We start the discussion with the interactions between fermions and gauge bosons. The in-
teractions involving the Higgs boson will be explored later in Section [3.7 The main results
that will be presented here are exact to all orders in v?/Mxkyk. However, also ZMA expressions
will be given, which make the dependence on the model parameters more transparent. It will
turn out that for the Z-boson interactions with SM fermions it is necessary to include the
next-to-leading order (NLO) in the ZMA to derive a consistent result at O(v?/MZ). This
contribution had been neglected in the literature before [1J.

Fermion Couplings to Massless Gauge Bosons and their KK Excitations

First we consider general fermion couplings to gauge bosons which do not receive masses from
EWSB, i.e., couplings to (KK) gluons and photons. Those have massless zero modes with a
flat profile . The interaction terms follow, like in 4D, from local gauge invariance. They
are analogous to the terms resulting from but with an additional integration over the
extra dimension and a non-trivial metric, as well as 5D instead of 4D fields. In particular, the
4D covariant derivative ([1.10]) is to be replaced by . Note that the ¢-components of the
gauge fields couple to fermion zero modes only at O(v?/MZy). Moreover, they do not develop
a zero mode themselves. Thus, we do not consider them here.
After KK decomposition, the 4D Lagrangian contains the interaction terms

Lip> ) { [?’{J 5@ al +ad % ang] @y g, G g 4 1)
ni,na,m3 (3.143)
+ [ 160, @, + al 139, al ] g, gl e ugg)}’

ninans Tl3 nina2ng N3

corresponding to couplings of gluons to up-type quarks. Analogous expressions hold for down-
type quarks. Here, g5 = g,5/v/27r is the 4D gauge coupling of QCD and we have defined the
overlap integrals

., = / dpNV2T Xy () D CA (9) CL (¢),  A=Q,u,d. (3.144)

The overlaps I nlngm are defined similarly in terms of integrals over S profiles. For fixed

ni, ng, ng these mtegrals are N x N diagonal matrices in generation space. For the gluon zero

mode, we obtain using and (| -

I$W —5. . 1+ACA

Ongns =

IS(A), _ (5n2n3 1 +ASA

nans ? Onans nong °

(3.145)

Thus, the relation (3.90) implies that the couplings of massless gauge boson modes are flavor
diagonal and take the same form as in the SM, i.e.,

Lip> > aMg GOt ul (3.146)

where u(® = u(L") + ug). The couplings of KK gluons are however not flavor diagonal and

must be worked out from (3.143]). Due to the structure of the overlap integrals (3.144]), the
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effective couplings between heavy fermions and KK gluons, which are both localized close to
the IR brane is not g, but v/L g, [169, [I70]. The interactions between photons and fermions
can be obtained from the relations above by the replacement g;t* — eQ) s, where f can be any
fermion species charged under electromagnetism.

Fermion Couplings to the Z Boson

The weak interactions of the minimal RS model can be worked out in a similar way. Nev-
ertheless, some differences arise in this sector. In principle, the emerging overlap integrals
have the same form as in (3.143). But, since the weak gauge bosons couple differently to
SU(2)-doublet and -singlet fermions, the integrals appear in different combinations com-
pared to . Moreover, already the zero modes of the weak gauge bosons, corresponding
to the W* and Z bosons of the SM, are massive and thus have a non-trivial profile in the
extra dimension. These facts result in modified weak gauge-boson couplings to fermions with
respect to the SM. The RS corrections are non-diagonal in flavor space, leading to tree-level
FCNCs due to interactions with the Z-boson. Interestingly, these corrections are paramet-
rically enhanced by the “volume factor” L (measuring the radius of the extra dimension in
units of the inverse curvature divided by ) with respect to the FCNC couplings of KK gauge
bosons [213], see Section [3.5]

Technically, the emergence of tree-level FCNC-couplings to the Z-boson in the RS model
has two reasons. First, the fermion profiles do not fulfill standard orthonormality relations but
rather fulfill (3.88). As discussed above, this reflects the fact, that after EWSB the SU(2),,
doublets and singlets mix. Thus, only the sum of the SU(2), doublet and singlet contribution
to a certain chirality leads to diagonal couplings due to the combined orthonormality relation
, as is the case for the massless SM gauge bosons. If one term is coming with another
prefactor, like in the Z-boson couplings, being different for singlets and doublets, an off-
diagonal contribution to the interaction will remain, due to fermion mixing. Second, due to the
non-trivial dependence of the Z-boson profile on ¢, the interaction integrals can not collapse to
the (combined) orthonormality relation , which would lead to diagonal couplings, even
if singlets and doublets would couple similarly. This source of tree FCNCs would remain even
without the presence of doublet-singlet mixing, i.e., when the odd profiles of the zero modes
vanish and the even profiles obey standard orthonormality relations with AC2 =~ — 6, 1.
From a perturbative point of view, this can be understood through the fact that before going
from the flavor basis to the fermion mass basis, the Z-couplings are flavor (and KK mode)
diagonal but non universal due to the different overlaps. This will induce off-diagonal entries
in the interaction matrix, after going to the fermion-mass basis. In the same way, one can
understand the tree-level FCNCs due to fermion mixing, since here the SU(2), doublets and
singlets, that are contributing to the same chirality (due to the presence of vector-like KK
excitations), couple differently [175] 214] 215], see also [216]. This source of tree-level FCNCs
would remain even for couplings to massless gauge bosons that couple differently to SU(2),,
doublets and singlets. Before, this effect has usually been neglected in the literature since
it is proportional to the masses of the light SM fermions. However, we will show that it is
parametrical as well as numerical as important as the other source of FCNCs. In [I], we have
given for the first time exact expressions for the corresponding contributions and presented
compact analytical results, valid at first non-trivial order in the ZMA.

Including RS corrections to O(m%/Mz2y), the couplings of the Z-boson to SM-fermions
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and their KK excitations can be written as

2
g mz 1
1 1-=\|z
L > 2550, [+4M§K( L)} g

X Z |:(gL)mn fL,m’y“fL,n + (g]];)mn fR,m’YMfR,n} 5

f7m7n

(3.147)

where g and cos@,, are the 4D weak SU(2);, gauge coupling and the cosine of the weak

mixing angle as defined in and . The prefactor in brackets in the first line above
corresponds to a universal correctlon due to the constant terms in the bulk profile (3.68[). The
left- and right-handed couplings g 1.r are infinite-dimensional matrices in the space of fermlon
modes, depending on the fermion type f=u,d,v, e@ They can be parametrized as

2

ZMI%K

2
gé = <T3f—sin20wa> [ (LAp — AL )} 3f {5F— 2M2 (Lep—sp)} ,
KK
2
Fo . m’ f
gh = —sin?6,, Q; {1— QMEK (LAf—A})} + T} [5f 2M2 (Lsf—sf)}

(3.148)

where T and Q 7 denote the weak isospin and the electric charge (in units of e) of the fermion
f. A subscript F' on the matrices A, A’} §, €, and €, refers to a fermion of an SU(2);, doublet
(F = U, D in the quark sector, and F' = v, E in the lepton sector), while a subscript f refers
to a singlet (f = u,d or f = vg,e). The matrices A”) and &) arise due to the t-dependent
terms in the gauge-boson profile and mediate FCNCs. The elements of the former read

(0= 2o [0t (351 €56 OF (01 + ] $1,6) S1(0) .
(A7) = 2 [ ats? @ CL(0) L0 @+ ) SE() SE(@) ).

‘ (3.149)
(8= 22 [Cate2 (e 4l OF(6) OF ) + afl 816) S1(0)l]

(8)) = 2 / it (5 - tne) [af] Chio) Cllo)a + T SE(0) SE(0) ]
Keep in mind that for the profiles of SU(2); doublet fermions no distinction is to be made
between F' = U and F' = D , as well as between F' = v and F' = E. For the minimal
RS model, the matrices ") are identical to those given above, just with the even profiles Cf’f
omitted. Finally, there are also the contributions from the fact that the fermion profiles are
not orthonormal on each other, i.e., from doublet-singlet mixing. They are parametrized by
the matrices 9, defined as

(OF)n = G0 (G + ASL) @y (05)n = G (Smn + ASY,) @ (3.150)

14The discussion of the Z couplings in this section refers to quarks as well as leptons. In the rest of this
thesis we will, however, focus on the quark sector.
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We will now have a closer look on the couplings of the Z-boson to the light (SM) fermions,
which will be particular relevant for the following discussions. These are described by the
upper-left 3 x 3 blocks of the matrices gé, - First, note that the weight factor ¢, present in the
overlap integrals , emphasizes the region close the IR brane, where t = O(1). However,
the SM fermions are, with the exception of the heavy top quark and, to a lesser extend,
the left-handed component of the bottom quark, all localized near the UV brane (see Figure
and the related discussion). However, in that region the weight factor is exponentially
suppressed t? — O(e?). This leads to a strong suppression of FCNCs containing light quarks,
which is known as the RS-GIM mechanism [1706, 177, 217]. This is a very important feature
of RS models, as without such a mechanism, bounds from flavor physics would immediately
drive the KK scale way beyond the reach of the LHC, see the discussion of the new physics
flavor problem in Section [I.1.6] Like the GIM mechanism of the SM, RS-GIM is broken by the
large top-quark mass, see Section |1.1.3| which leads to an IR localization of the corresponding
singlet profile as well as (less strongly) of the corresponding doublet profile. However, its
dynamical origin is different from the GIM mechanism of the SM.

It will be very useful to have approximate analytical expressions for the exact overlap
integrals at hand, from which the size of their effects as well as the dependence on the input
parameters of the model will become more transparent. To this end, we employ the zeroth
order in the ZMA to the fermion profiles entering the overlap integrals of . This is
justified, since in the profiles already feature a coefficient scaling like v?/M2y and
higher orders are neglected anyway. We perform the replacements

L C
CI(@)al" — | 5 diag(Fleg,u) o) an™,  S2"(¢)a" — 0, (3.151)

and similar for down-type quarks, meaning that the even profiles reduce to the zero mode
profiles obtained without EWSB [I73], while the odd profiles are suppressed by an extra
power of x, = m,,/Mggk and thus vanish to the order considered. Analogous expressions hold

for the down-quark sector.
With these replacements we find [211], 218] 219

F?(cg,)
tog F,
Ap — U, diag {—34”20&] Uy,

[ F(er)
Ay — Wi diag {ﬁ} W,

5 + 2CF¢
2(3 + 26F¢>2

(3.152)

A% — U diag [ F2(cFi)} Uy,

All these objects are 3 x 3 matrices in generation space, and the diagonal matrices contain the
elements in the corresponding brackets on the diagonal. Note that, with the cp, ;, parameters
being close to —1/2, we have A, ~ A/, for A = F, f to good approximation. The matrices ex)
vanish at zeroth order in the ZMA - they are suppressed by an additional factor of v?/Mgy.

The same is true for the matrices d 4, since they can also be written as integrals containing
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only SSLA) profiles. However, we have to be careful, since these contributions come with an
unsuppressed O(1) coefficient in (3.148)). Thus we have to include the NLO in the ZMA which
yields

Le tireQiu — 26050 ¢70Qsu; c
S@u(gp) gl — + \ ==z, diag | F(co, u. avte | (3.153

from which we derive

1 1 F?(cy,)
5 wi di g )| W
By f 1ag|:1_20f¢ (F2(sz‘) +3+2Cfi):| e

1 1 FQ(CF.)
B U' di 1+ —"2 Uy
f—)mf f 186 |:1_2ch (FQ(CF.) +3+2CF1>:| fa:f

k3

(3.154)

Here, the diagonal matrix x; = diag(my,,my,, my,)/ Mgk contains the masses of the SM
fermions. The important expressions have not been presented before [I]. Approximate
results for the admixture of singlet contributions in the wave functions of predominantly
SU(2)r, doublet SM fermions due to mixing with their KK excitations have been given in
[214], 215, 220, 221]. However, this effect has not been discussed systematically in the context
of flavor-changing processes. By making use of the scaling relations obtained via the Froggatt-
Nielsen analysis in Section |3.2.3| we arrive at

(AF)ij ~ (A/F)ij ~ F(cr,) Fler,)
(Af)ij ~ (A/f)m ~ F(Cfi) F(ij>7

mymy, 1 v2Y?

Or).. ~ ~ F Flew) Flem (3.155)
( F)Z] MIZ(K F(%)F(ij) MIQ{K (cr) (CFJ)’
mymy, 1 v? Yf2

S ~ F(ce) Flcy,
005~ Mz Flem) Fler) ™ M T W Flen)

valid to LO in hierarchies. Here, Y} represents an (combination of) element(s) of the Yukawa
matrix Y ;. The relations (3.155) make the RS-GIM suppression factors due to the fermion
zero-mode profiles explicit. Moreover, one observes explicitly that the contributions of the
(usually neglected) d 4 matrices in , are of the same order as the effects proportional to
the AX) matrices. The chiral suppression is lifted by the inverse powers of the corresponding
fermion zero-mode profiles. Explicit expressions for the mixing matrices, in which the relevant
combinations of Yukawa matrices are included, can be found in [IJ.

Let us finally mention how the flavor-changing couplings discussed here transform under
the reparametrizations of Section |3.2.3] which leave the quark spectrum and CKM parameters
(in the ZMA) invariant. From (3.140)), we obtain for a RPI-1 transformation

AF—>672£AF, Af—>€+2£Af,

3.156
5F—>€_2§(SF, 5f—>6+2§5f. ( )

which redistributes effects between the left- and right-handed sectors. For a RPI-2’ transfor-
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mation, we obtain from (3.142))

Ap — 1 Ap, Ay — 1l Ay,
1 1 3.157
5F—>—25F, 6f—>?5f. ( )
q

This corresponds to a reshuffling of contributions between the two sources of flavor violations,
one arising from the non-trivial gauge-boson profiles (A 4) and one from fermion mixing (8 4).

Fermion Couplings to W* Bosons

Similar to the way of deriving the interactions between fermions and the Z boson, we can
obtain expressions for the couplings of the charged W* bosons to fermions. In this sector,
of course, flavor-changing effects at the tree-level are already unsuppressed within the SM.
Focusing on the quark sector and working up to O(m#,/ Mz ), we obtain

g ¥ 7l ¥ _
Lip > E w,r Z [(VL)nm2 Up Yy + (VR)n1n2 UR,nW”dR,m] + h.c., (3.158)
where
% 7 ¥ Ut 15Q) =
(), =@, (V) =aine.a 3159

and the corresponding overlap integrals have been defined in (3.144)).
The couplings to the SM fermions are again encoded in the upper-left 3 x 3 blocks of these
matrices. In the leading order of the ZMA we obtain

‘7[, - UL Ud = VCKM, VR — 0, (3160)

where the tilde symbol indicates that the charged-current interaction-matrices differ from the
quantities which would be experimentally identified with the CKM matrix (for the left handed
interactions) as well as the corresponding object in the right handed sector (which arises due
to doublet-singlet mixing). Here, the definition corresponds to the single WuZLd]L and Wu%d%
vertices, whereas a more physical definition includes the exchange of the whole tower of W=*-
boson KK modes. We will give such a definition, based on four-fermion interactions, after
having discussed the necessary formalism to sum up KK towers in Sectionm At O(v? /M),
corrections to the two matrices in arise. These lead to a non-unitarity of the matrix
\ % describing Wu Ld] interactions and to right-handed charged currents. The matrix V i can
be estimated by using the first non-trivial order in the ZMA for the S# profiles, as given in

(3.153]). We obtain

~ 1 1 FQ(CQV)
\% LUT di 14+ —= V| Uyxy. 3.161
BT [1—209 (FQ(CQ) T8 2, )] (8161)

The scaling relations from the Froggatt-Nielsen analysis of Section imply

- v2 My, M, 1
V) ~ Flew,) Fleg,) ~ .
( B My (€w) Flea,) Mgx  Flcq,) Flcq,)

(3.162)
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The non-unitarity of the matrix V1 is determined by the deviations of the Zj-even fermion
profiles and the corresponding flavor vectors @%¢ from their ZMA expressions, i.e., fermion
mixing, as well as by the ¢t-dependent terms in the gauge-boson profile . These effects
are easiest to study with the help of the exact results for the fermion profiles and eigenvectors
derived in Section [3.2.2] see [I]. However, we will focus on the definition of the CKM matrix
via the exchange of the whole KK tower, see Section After that discussion, we will also
explore the fermion couplings to the Higgs boson, directly in the context of both RS variants

studied in this thesis, see Section [3.7]

3.3 The T Parameter and Zbb Observables as a Moti-
vation to Extend the Gauge Group

After having examined the interactions of the SM fields propagating in a warped extra dimen-
sion in detail in the last sections, we will have a first look at the phenomenological consequences
of this setup, which can be derived with the help of these results. For the time being, we will
concentrate on the electroweak precision parameters S, T and U due to Peskin and Takeuchi,
and corrections to Zbb couplings. It will turn out that the RS setup presented so far gener-
ically produces sizable contributions to these quantities. This will provide a motivation for
the following part in this theory chapter - the introduction of the custodial Randall-Sundrum
model, which can help improving the electroweak fit with respect to the minimal model. How-
ever, we will also advocate another option of allowing for low NP scales Mkk ~ (2 — 3) TeV,
within the minimal RS model (at the tree level).

The S, T, and U parameters have been introduced in Section , see . They mea-
sure deviations from the electroweak radiative corrections of the SM, due to NP contributions
in universal electroweak corrections. Thus, they are defined as zero for a SM reference point.
In the following, we will derive these parameters in the minimal RS model. Here, they already
get contributions on the born level, due to the tree-level corrections to the W=*- and Z-boson
masses, as well as corrections to the trivial flat profiles. Thus we will not consider loop correc-
tions to the electroweak parameters, although a complete one-loop calculation, extending the
work of [222] 223], 224] would be desirable. However, this is beyond the scope of this thesis.
To calculate the RS contributions to the electroweak precision parameters, we use an effective
Lagrangian approach [202]. First note that, due to the RS-GIM mechanism, non universal
corrections to the W#*- and Z-boson interactions are strongly suppressed for the first two
generations of SM fermions. In such a case, the corrections are adequately parametrized by
the S, T and U parameters. Neglecting non-universal corrections, we first rescale the gauge
fields in order to bring the interactions with zero-mode fermions to their SM form, working at
lowest order in the ZMA. Using and we can then read off (from the kinetic terms
and mass terms of the electroweak gauge bosons) the contributions to the correlators in the

RS model

4,4 2 12\2 4
g*v 1 (g°+9g7)v 1
I = L-——), 1 SRR AR

2,,2 1 ( 2_|_ IQ)U2 1
) = i (1-7) . 0= C I (1),

(3.163)
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Figure 3.10: Left: Regions of 68%, 95%, and 99% probability in the S—T plane. The
green (light-shaded) shaded stripe shows the SM predictions for m; = (172.6£1.4) GeV
and my, € [60,1000] GeV. The blue (dark-shaded) area indicates the RS corrections for
Mxxk € [1,10] TeV and L € [5,37]. Right: Same regions of probability in the ¢2—¢%
plane. The horizontal stripe consists of a large number of points in the RS parameter
space, while the black dot corresponds to the SM prediction. See [I] and text for
details.

Gauge invariance ensures that I144(0) = 0 to all orders in perturbation theory. Further,
working at tree-level results in I174(0) = I17,,(0) = 0.

Inserting the results ([3.163]) into the definitions of the Peskin-Takeuchi parameters ,
we find, in agreement with [219, 225], the positive corrections

2702 1 2 1
S=——|1——= I'= ———F | L—— 3.164
M ( L) ’ 2 cos? 0, M2y ( 2L) ’ ( )

while U vanishes. As mentioned in Section [3.1.5] allowing the fermion fields to propagate into
the bulk significantly diminishes the corrections to S, with respect to a scenario with bulk
gauge fields and brane fermions, for which S, T ~ —Lnv?/MZx are both large and negative
[202]. The expressions above show the expected behavior of decreasing with an increasing
mass scale My of the NP. Explicit values for the experimental 68% CL bounds on the S and
T parameters and their correlation matrix are given in . The corresponding regions of
68%, 95%, and 99% probability in the S—T plane are depicted in the left panel of Figure [3.10]
The SM predictions for different values of my, and m,; are shown by the green (light-shaded)
stripe, whereas the blue (dark-shaded) area represents the RS corrections for different values
of the NP scale Mgk and the volume factor L, which we will keep variable for this discussion.
From requiring the RS corrections to satisfy the experimental bounds from S and T leads, for
the SM reference point of Appendix [D]and L = 37, to the constraint on the KK scale

Mgk > 4.0TeV  (99% CL). (3.165)
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Recalling that the lightest KK excitations have masses around 2.45Mxkxk, we arrive at masses
of the first KK-gauge bosons of at least about 10 TeV. This large scale is driven by the sizable
corrections to T', which is enhanced by the volume factor L, and makes the KK excitations
impossible to be discovered directly at the LHC. Moreover, such a high scale increases the
fine-tuning problem discussed in Section since it leads to a higher cutoff for the minimal
RS model (recall that Ayy(m) > Mkk). This sizable “little hierarchy problem” calls for a cure.
Interestingly, it is possible to show that the rather tight constraint form 7" is present in any 5D
warped model with the SM gauge group in the bulk, which solves the gauge hierarchy problem
by a moderately large volume factor [219]. There are at least five possibilities to mitigate the
strong constraint from the 7" parameter in models with a warped extra dimension.

Looking at the left panel of Figure it seems to be possible to compensate the large
positive corrections to T" in the minimal RS model by negative corrections due to a
heavy Higgs boson [226, 227, 228, 229, 230]. Explicitly, the leading logarithmic corrections to
S and T, due to a Higgs-boson mass different from the reference value of mi® = 150 GeV,

read [64] X ;
AS = —In—b = AT = o

- In
6r  miet’ 8mcos?f,  mit’

(3.166)

whereas U remains unchanged. From these relations one concludes that taking for example
myp, = 1TeV, can significantly relax the bounds from the 7" parameter by providing a negative
contribution of AT ~ —0.30. Note that a large Higgs-boson mass also induces a positive shift
in the parameter S. However, since AT /AS ~ —3 the combined effect will still lead to a less
stringent bound on Mkyk. Taking m;, = 1TeV we arrive at

Mgk > 2.6TeV  (99% CL) . (3.167)

Remember that the bound on the Higgs-boson mass from unitarity of longitudinal W*-boson
scattering, see , can be relaxed in RS models [44]. Thus we consider my, < 1TeV as a
rough upper bound for our analysis. As we additionally argued that in warped models, with
the Higgs sector residing on the IR-brane, we naturally do ezpect the mass of the Higgs boson
to be of the order of the KK scale and not the electroweak scale, the option to see electroweak
precision tests as a hint for a heavy Higgs boson, rather than a high KK scale of the minimal
RS model, should not be directly discarded. Moreover, a smaller value of the top-quark mass
can relax the bound further as it provides a negative contribution to 7" without changing .S.
The total error on the top-quark mass of Am; = 1.4 GeV translates into a possible shift of
AT =~ 40.02. A heavy Higgs boson in combination with a slightly lighter top quark might
thus allow for first KK gauge-bosons as light as 6 TeV, without changing the setup of the
minimal RS model.

As the corrections to T are enhanced by the RS volume L, a second, obvious, way to
diminish them would be to assume a smaller RS volume. This removes the possibility of
addressing the complete hierarchy between the Planck scale and the electroweak scale within
the RS model. However, as this model is an EFT, it is anyway well possible that it will
be replaced by a UV completion well below the Planck scale Ayy(0) < Mp). In the spirit of
“little Higgs” models, stabilizing the Higgs mass only up to scales of the order of (10-100) TeV
[132, 133], see Section [1.2.1] the “little RS” model could be replaced by a more fundamental
theory already at such a low scale. As many observables in the RS model are enhanced by L,
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such a possibility seems viable to improve the agreement between the model and experiment
also in other sectors. However, note that the situation is not that simple. As has been shown
in [I57], a small volume factor leads to stronger constraints from the CP-violating quantity
€x, due to a softening of the RS-GIM mechanism. Moreover, the true solution to the gauge
hierarchy problem is only postponed to larger energies. We will not consider this possibility
in the main phenomenological part of this thesis. However, choosing for example a volume-
truncated background with L = In(10%) & 7 to address the hierarchy between the electroweak
scale and 10° TeV, the RS bound from electroweak precision is weakened to the “little RS”
bound of

Mgk > 1.5TeV  (99% CL). (3.168)

The lightest KK modes in such a scenario would have masses of approximately 2.65 Mkk. As
a result, T" only constrains the masses of the lowest-lying KK gauge-boson excitation to be
heavier than around 4 TeV. This bound relaxes further for a larger Higgs-boson mass. For
example, using my, = 500 GeV instead of the reference value of m; = 150 GeV would allow for
light KK gauge bosons of around 3 TeV.

A third possibility to lower the KK scale while still achieving good agreement with elec-
troweak precision data would be to introduce large brane-localized kinetic terms for the elec-
troweak gauge bosons, allowing for masses of the first KK gauge-boson modes of the order
of 5TeV [225] 231], 232]. The appearance of such terms in orbifold theories is expected on
general grounds since they are needed as counterterms to cancel divergences arising at the
loop level [233, 234]. However, in our analysis, we do not want to follow this direction as a
possibility to weaken constraints from electroweak precision measurement. The bare contribu-
tions to these terms correspond to unknown UV physics above the cutoff. We simply assume
these contributions to be small in order to retain the predictivity of the model. Moreover we
ignore possible loop contributions to brane-localized kinetic terms since we concentrate on the
leading contributions to the precision observables. Note that, even if these assumptions would
be relaxed, a heavier Higgs boson in RS would still help in lowering the limit on the KK scale,
so that this scenario will still be viable in the presence of brane-localized kinetic terms, see
also [225].

A fourth option is given by promoting the Higgs to a bulk field by removing it slightly
from the IR brane. This will lead to a smaller overlap of the Higgs boson with KK modes
and in consequence to a slightly reduced contribution to 7. If one assumes in addition a small
deformation of the geometry from the AdSs; metric (3.1)) near the IR brane, the constraint
on the lightest KK gauge-boson masses due to electroweak precision tests can be lowered to
about 2TeV [235] 236, 237, 238]. However, in the following we will stick to the original RS
solution and do not consider additional structure that could lead to such a deformation of the
geometry.

Before coming to the fifth possibility to evade large corrections to the T" parameter, which
will be studied detailed in the next sections, let us mention another sector of electroweak
precision, where sizable RS corrections are expected. The left-handed bottom quark, residing
in the same SU(2); doublet as the top quark, will have a rather large overlap with the IR
brane (see Figure . Therefore, sizable deviations in couplings of this quark to massive gauge
bosons are generated, since those have the largest deviation from a flat profile close to the IR
brane, too. Precise measurements of different bottom-quark pseudo observables at the Z-pole
have been performed at LEP. These lead to quite stringent constraints on the left-handed
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and right-handed couplings of bottom quarks to the Z-boson, ¢% and ¢%. The corresponding
expressions in the minimal RS model have been given in (3.148)), where ¢° = (¢%)33, c = L, R.
Note that the universal prefactor in cancels out in the observables considered. A
thorough analysis of the Zbb couplings in RS models will be performed in Section , where
we will also specify the observables, mentioned before. The results in the gb—g% plane for
the minimal RS model are shown in the right panel of Figure [3.10] The horizontal stripe
corresponds to a scan over the RS parameter space, guaranteeing that the quark masses as
well as the CKM mixing angles and phase are reproduced within the 1o range, see Chapter o]
The SM prediction for our reference point is depicted by the black dot. One can see that
large positive corrections to g4 arise, leading potentially out of the 3 o range)'”| Moreover, the
anomaly in A%’ can not be resolved directly by RS corrections, see Section [5.1.31 One might
interpret this measurement as a determination of the RS input parameters, constraining their
values. Note that e.g. for Mgk ~ 1.5 TeV it is always possible to find flavor parameters in
the anarchic RS setup, such that the constraints from Z — bb are fulfilled, see the analysis of
Section m For example for the RS reference point, given in [I], we arrive at a constraint
on the KK scale of Mgk > 1.6TeV (@99% CL). Thus, after an adjustment of the flavor
parameters, the constraint from Z — bb is in general weaker than the one from the Peskin-
Takeuchi parameters. However, in the light of the generically large corrections to ¢, it would
be interesting to find a mechanism to evade these large RS contributions.

A setup that can avoid large corrections to the T parameter as well as to the left-handed Zbb
coupling is provided by the custodial Randall-Sundrum model. As we have seen in Section[1.1.2
and Appendix[A.2] the custodial symmetry of the Higgs sector is responsible for a protection of
the p parameter (and thus also of the T" parameter) in the SM. If we want to have a protection
for the T parameter in a slice of AdSs, it seems to be a good idea to explore the possibility of a
similar protection mechanism. First of all, as we are using a SM Higgs sector one can ask the
question, why the standard protection of the T" parameter does no longer work in the minimal
RS model. This can be understood again from the dual 4D perspective. To have a protection
for the T" parameter, we would like to have a custodial symmetry for the CFT of which the
minimal Higgs is a light composite. However, a global symmetry group on the CFT side (with a
weakly gauged subgroup) corresponds to a gauge symmetry in the bulk of the AdSs5 space-time
[193]. In consequence, we need to gauge the complete SU(2)r x SU(2) g symmetry responsible
for a custodial protection [218], see Section [l.1.2] The absence of a SU(2)x gauge symmetry
in the minimal RS model is the reason for its large generic contributions to the 7" parameter
at the tree-level. Explicitly, the mixing with the heavy KK modes, that get their masses from
compactification, destroys the sought relation for the W=* and Z-boson zero modes in the
minimal RS model, in the absence of the gauged custodial symmetry. In addition to providing
such a symmetry, the custodial RS model features a protection for Zbyb;, couplings, given an
appropriate embedding of the left handed bottom quark (i.e., the bottom quark which has a
left-handed zero mode in the perturbative approach) and invariance under the interchange of
both SU(2) groups [239]. This requires an extended fermion sector with respect to the minimal
RS model. We will elaborate on this protection in sections [3.4.3] and [5.1.3] To summarize
this discussion, the gauge group, which leads to a custodial protection of the T" parameter in
warped extra dimensions, and which is also appropriate for a protection of the Zb.b;, vertex,

5Note that the tiny corrections in glj{ are always negative.
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reads

SU(3). x SU(2) x SU(2)r x U(1)x X Prg, (3.169)

where Ppr interchanges the two SU(2) groups. The RS variant employing this gauge group is
called the custodial Randall-Sundrum model (with Ppgr symmetry). Note, however, that this
symmetry group has to experience a first breaking above the electroweak scale, as we do not
see additional gauge bosons at low energies. Thus, we will break the extended hypercharge
gauge group SU(2)r x U(1)x down to U(1l)y on the UV brane via BCs, so as to arrive at
the SM gauge group in the low energy theory. In the end, it will turn out that the
extended symmetry results in a vanishing of the leading RS contribution to the T parameter,
which is enhanced by the RS volume L, see below. Thus, the T' parameter will become
tiny which leads to a lower bound on the KK scale, due to the S parameter which remains
unchanged, of

My > 2.4TeV  (99% CL) . (3.170)

This translates into a lower bound on the first KK gauge-boson masses of about 6 TeV. This
bound is marginally better that the one of the minimal RS setup without custodial
symmetry, but with a heavy Higgs boson. In this context, note that in the case of the RS
scenario with extended electroweak sector, the existence of a heavy Higgs boson would be
rather problematic with respect to the global electroweak fit. The remaining corrections to T’
are generically too small to compensate for the negative shift AT due to a large Higgs mass.

So far we have only talked about tree-level corrections to the electroweak parameters.
Another virtue of the gauged custodial symmetry is that it makes one-loop corrections to the
T parameter finite and thus calculable within the RS setup [218]. These can, depending on the
realization of the model and the region in parameter space, improve or worsen the agreement
with experiment. On the other hand, without a custodial gauge symmetry, uncontrolled loop
effects might also raise the lower bounds and to substantially higher values.
We will study the custodial protection of the T parameter as well as the Zbpb, couplings
in the custodial model in detail in the upcoming sections, where we also will comment more
specifically on the loop corrections mentioned before. Nevertheless, in the light of the heavy
Higgs option, we still do not discard the minimal RS model and will study the phenomenology
of both variants in Chapter

3.4 The Custodial Randall-Sundrum Model

In this section we will perform a thorough analysis of the structure of the RS proposal featuring
custodial protection, due to an extended gauge group in the bulk. We will again avoid to
expand the theory in powers of v?/MZ; from the very beginning and to truncate the KK
tower after one (or a few) modes, as done in the literature on the custodial RS model. The
approach of performing the KK decomposition directly in the mass basis is particularly suited
for understanding clearly and analytically important features of the custodial model, like
the level of protection of the left-handed Zbb couplings. Calculating analytically all terms
of order v?/MZy, we will identify (ir)reducible sources of custodial symmetry breaking in
different sectors, which remain somewhat hidden if a perturbative approach is used. Our
exact approach allows to include the mixing of fermions between different generations in a
completely general way. This makes the dependence on the exact realization of the matter
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sector transparent and it becomes straightforward to study the model-dependence of the gauge-
and Higgs-boson interactions with the SM fermions. A thorough treatment of the perturbative
approach featuring truncation after the first mode can be found in [240].

We start with discussing the KK decomposition of the bulk gauge fields of the custodial
gauge group, in the presence of a brane-localized Higgs sector, working in a covariant R
gauge. Here we will also study the custodial protection of the T" parameter. After that we
will examine the extended fermion sector of the custodial RS model. The particular fermion
representations that we choose allow for a protection of the Zbpby, couplings [239]. It will
turn out to be possible to write the KK decomposition in a form which allows to apply
directly the general formalism developed in Section [3.2.2l Then we will study the structure
of gauge-boson interactions with SM fermions in detail. A crucial part is the analysis of the
custodial protection mechanism. We will give analytic formulae that show, on the one hand,
the requirements for achieving a custodial protection of the left-handed Z-boson couplings and
that expose, on the other, the terms that necessarily escape protection. We will distinguish
between the protection from gauge-boson corrections and from those arising from fermion
mixing. Moreover, we will show explicitly that no protection mechanism is present in the
charged-current sector, confirming existing model-independent results. The interactions of
the Higgs boson with matter will be studied further below, together for both, the minimal
RS variant and the custodial RS model. The exact dependence of the interactions on the
realization of the fermion sector will be worked out. The following is based on [2].

3.4.1 The Gauge Sector in the Custodial RS Model

In this section we will perform the KK decomposition of the extended gauge sector of the
custodial RS model in the mass basis. We will derive exact solutions for the profiles and masses
of the bulk fields, including the effects of an IR brane-localized Higgs sector. The formulae
derived here will build the basis for studying interactions of the model and in particular for
analyzing the custodial protection mechanism.

Action of the 5D Theory

We consider the RS model with custodial protection as proposed in [218] and introduced
above, with the bulk gauge symmetry SU(2), x SU(2)g X U(1)x X Prr. On the IR brane,
the symmetry-breaking pattern SU(2), x SU(2)g — SU(2)y provides a custodial symmetry,
which protects the T' parameter, whereas the breaking SU(2)g x U(1)x — U(1)y on the UV
brane generates the SM gauge group, which we observe at low energies. The further breaking
down to U(1)gm is due to an interplay of UV and IR BCs and will become clear later. The
5D action of the gauge sector takes the form

Sgauge — /d4gj7”‘/ dgb (L]_”R,X + EnggS + EGF) y (3171)

with the gauge-kinetic terms

e 1 1 1
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where the assignment of the fields to the gauge groups should be self-explanatory. We choose

the four-vector components of the gauge fields to be even under the Z5 parity, while the scalar

fifth components are odd, in order to arrive at a low-energy spectrum that is consistent with

observation. As it is not needed for our analysis, we ignore the Faddeev-Popov Lagrangian.
The Higgs Lagrangian

L = V=T (S (D0 - V(@) (3173)

r

is localized on the IR brane. A prescription of how to deal with d(|¢| — 7) has already been
presented before in (3.47). The Higgs is extended to a bi-doublet under SU(2);, x SU(2)g,
and is responsible for breaking SU(2);, x SU(2)g to the diagonal subgroup SU(2)y on the IR
brane. It transforms as (2, 2), and explicitly reads (see and [224]),

L (v h@) - i) et
o0 =75 (" ) v b i) T

with real scalar fields ' and h, o* = (¢' F ip?)/v/2. The VEV of the Higgs fields is again
only to first approximation given by the SM value, v ~ 246 GeV, and will receive corrections
at O(v?/M2y), see Section [f] In the notation above, SU(2); transformations act from the
left on the bi-doublet, while the SU(2)g transformations act from the right. The covariant
derivative acting on the Higgs sector reads

D,® = 8,® —igps LATE @ +igrs ® RAT, (3.175)

with T} p = /2. An explicit calculation leads to

: v : v
po_ O (h=i9*) =i 5 (95 Ly = grs ) — Ouiv/20™ =i 5 (g5 Ly — grs By
nE = . v _ _ . v
V2 —Qﬂf\/ﬁs@_ 'y (9L5 L, = 9rs RM) O (h +ip?) + 5 (9L5 Li ~ YRs Ri)
(3.176)

+ terms bi-linear in fields,

where we have introduced

1 1
+ 1 .72 + 1 P2
L= NG (LLFiL?), Rf= 7 (R, FiR) (3.177)
in analogy to the charged W* bosons of the SM. The structure of (3.176]) motivates us to
define the new fields

) D) e
Vi g%—i—g% dr gL Ry )7

which result in a diagonal mass matrix. The 4D gauge couplings are related to 5D couplings
as introduced in (3.39). The rotations above are in analogy to the usual definitions of the Z
boson and photon fields, like in the SM, which are themselves postponed to (3.184]). Note that
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the Ppr symmetry forces g;, = gg. However, for the time being, we will keep both couplings
separately, in order to be able to identify the dependence of observables on the presence of
the extra symmetry. Finally, the mass term adopts the form

5(|¢|_7T) (g% +912%),02 Aa A a_5(|¢|_ﬂ-) 1 2 fa a
Litiges D . 2 2 2 AL AR = . M3 AL AR (3.179)
and reveals the breaking pattern (c.f. (A.18))
SU2) x SU2)r 2 SU(2)y, (3.180)

induced by the Higgs VEV (®) = v/+/2 1. Appropriate BCs break the extended electroweak
gauge group down to the SM gauge group on the UV boundary

SU@R)r x U(L)x 25 U(1)y . (3.181)

Explicitly, this is achieved by introducing the new fields

B g GRE o
By, g%+ g% \9x 9r X )’

and giving Dirichlet BCs to Z,, and R}f on the UV brane, which prevent the emergence of
corresponding zero modes. The U(1)y hypercharge coupling is related to the SU(2)g x U(1)x
couplings by

IR 9X (3.183)

gy = ————
V9h + 9%

and the SM-like neutral electroweak gauge bosons are defined in the standard way through

(ZM):——J——-(%'WY)(L%). (3.184)
Am VE+g& \9v gr) \ By

It follows that the definitions of the sine and cosine of the weak-mixing angle,

4 cos 0, = ——IL (3.185)

Vi +gt Vi +g

agree again formally with those in the SM, see (3.40)) and (1.23)). Note that the fields V33 and
X can be rotated to the photon field Ay, and a state ZI via

ax ’

Au ) 9iRrx Vi + 9% Jdr 9R Xum

sinf,, =

where

Gnx =96+ 6} 6% + G0 (3.187)

Moreover, we write Zy; = 121?\4, as we will see that it is a linear combination of Z); and Z},,
which is orthogonal to ZiI.
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8¢Lff(:c,0) =0 L(z,0) =0 Oy A (x,77) = —%MEA?;($,7T) AF(z,7) =0
R (z,0) = RE(z,0) =0 V(e m) =0 V;(x,ﬁ) =0
05Z,(2,0) =0 | Zs(x,0)=0 OpZu(v,m7) = =5 M3 Z,(x,7) | Zs(x,m) =0
Z,(2,0) =0 | Zi(z,0)=0 0pZH (z,m) =0 ZH(z, 7) =0
0pA,(x,0) =0 | As(z,0) =0 Op A, (z,m) =0 As(z,m) =0

Table 3.2: UV (left) and IR (right) BCs.

In Table 3.2l we collect the BCs that we choose for the fields in order to obtain the correct
SM spectrum. They are given in terms of fields with individual BCs on the corresponding
branes. In the following we will refer to these sets of fields as the UV and the IR basis,
respectively. The situation is summarized in Figure [3.11], where we also recall the symmetry-
breaking patterns on the different branes. The BCs can easily be transformed to another
basis at the expense of obtaining expressions that mix different fields. The photon A, has
individual and source-free Neumann BCs on both branes, and therefore its zero mode remains
massless. Note that there is just one mass parameter M ; entering the IR BCs, in contrast to
the two parameters My and My, appearing in the minimal model. In the custodial model, the
different masses for the lightest electroweak gauge bosons are accomplished through the mixed
UV BCs of the gauge fields in the IR basis (see below). The fact that there is just one
fundamental mass parameter is crucial for the custodial protection of the T" parameter. We
will elaborate on this later in this section.

The action of the theory contains again mixed terms between gauge fields and scalars,
which can be removed by an appropriate gauge-fixing Lagrangian. As the Higgs sector is
localized on the IR brane, it is natural to work in the IR basis for that purpose. For this
reason, we define the 5D theory in the IR basis. The concrete form of the gauge fixing will be
given below in ((3.196)).

Before discussing the KK decomposition, we summarize the relations between the UV
(right) and the IR basis (left). They read

Zur [ cosbll; —sinfy Zyr R Iy
ZH ] 7 \sinf; cosy zy ) =\ zy, )

_ (3.188)

A3 _ [ cosbw —sinbyw Ly, "R Li,

Vi sin Oy cosOw Ry )~ "W\ Ry )’

where
2 2
sinf, = : gR : —, cosfy = . gI;RX . _,
V(92 + 97) (95 + 9%) V(9L + 93) (9% + 9%)

sin Oy = Ik cos by = IL (3.189)

Vi + g% Vi + gk

and g%y has been defined in (3.187). In order to shorten the notation we will hereafter
employ the abbreviations s, = sinf, and ¢, = cosf, for a = w, 2, W.
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Figure 3.11: UV and IR basis, i.e., gauge fields with individual BCs on the corre-
sponding branes. The fields in the first (second) row on the UV brane do (do not)
possess a zero mode. The symmetry-breaking pattern on the UV and IR brane is also
indicated. See [2] and text for details.

Kaluza-Klein Decomposition

We now perform the KK decomposition of the fields of the 5D theory, which we formulated in
the IR basis. However, it is convenient to work with profiles that obey definite Neumann (+)
or Dirichlet (—) BCs on the UV brane. Therefore we include a rotation to the UV basis, i.e.,
the basis in which the UV BCs decouple, in our decomposition. Furthermore, as different UV
fields get mixed by the IR BCs, these fields should be expressed through the same 4D basis.
We consequently introduce the vectors Zy = (Zyr, ZE)T and Wi = (A%, Vi)™ and write

- % S 3 (6) AP (a), Z XD (6) a o (),

RZ - n —3 RZ y n
- me FZ0@), Zo) = 2D 0 (@) Al v (@),
(3.190)
where the sums run over n = 0,...,00. Note that A,(l") (x) etc. are 4D mass eigenstates and

the lightest modes are identified with the SM gauge bosons, which we observe at low energies.
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The matrices R,y have been defined in (3.188) and we have introduced the diagonal
profile matrices

(+)
X (6) = (X" o(¢) <?(¢)> : (3.191)

as well as two-component vectors A%, with a = Z, W, representing the mixings between the

different gauge fields and their KK excitations. These vectors are normalized according to
— T -
(A%) A2 =1. (3.192)

Notice that the matrices x;(¢) should in principle also carry a superscript a, indicating
the field to which they belongs, but we will not show it, as the correct index should be always
clear from the context. The superscripts (+) and (—) label the type of BC we impose on the
profiles on the UV brane, i.e., they indicate untwisted and twisted even functionﬂ on the
orbifold. Remember from Table that both types of profiles satisfy Neumann BCs on the
IR boundary, which we do not indicate explicitly by a superscript (+) to avoid unnecessary
clutter of notation. Let us also introduce the shorthand notations

Lz (X)) _ Nz woy (X (0) AW
o= (0) —x@az. o= %) -x@ar. e

for the profiles of the UV fields. In analogy to the fermion profiles of the minimal model
, the profiles x;(¢) do not obey exact orthonormality conditions. This fact is related
to the decomposition of different fields into the same 4D states (i.e., mixing). The complete
vectors X2 (¢) with a = Z, W are however orthonormal on each other,

/ 46 70T (6) X(6) = b (3.194)

Note also that the photon obeys the standard orthonormality condition (3.48)), as before. As
in (3.50), we also expand the 4D Goldstone bosons in the basis of mass eigenstates cp(Zn)(x)
and gpﬁ,n) (x) by writing

an @), FE@) =D b e (@), (3.195)

16We use the term twisted even functions for profiles with even Zy-parity, which obey Dirichlet BC on the
UV brane and are thus not smooth at this orbifold fix point. These fields are sometimes called odd, as they
look like an odd function (at the UV brane) if one just considers half of the orbifold. Untwisted even functions
correspond to ordinary profiles with Neumann UV BCs.
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Employing the notation introduced in this section, the gauge-fixing Lagrangian takes the form

1 -a¢6720(¢) ?
)
_ ~20(¢) _, 1\ 2
28 r r2
] o) - (3.196)
1 o S(lp| — L. Oge @)
_g(gu :_5 <| ’T >MA + 4 ¢>r2 ¢})
7 0ol —m) o o, Fpe P o
(o e[y 20 ),

Inserting the decompositions ((3.190]) into the action and defining the projectors Py =
diag(1,0) and P(_y = diag(0,1), we derive the EOMs [T, 169} 170]

1 —20 1a a 1a 0 d Ta
Lo, 0, Ry (004 = m) Ruxi 004z - T g bR 07,

' (3.197)
where a = Z, W, A with My = My, = M and My = 0, as well as Ry = 1 and A4 = (1,0)7.
In order to avoid boundary terms due to integration by parts, we move the d-distribution by
an infinitesimal amount into the bulk, as explained before . We will again indicate values
obtained by a limiting procedure by a superscript in the argument, e.g. by writing x; (7).
The appropriate IR BCs for the profiles can be obtained by integrating the EOMs over
an infinitesimal interval around |¢| = 7. At the 5D level the BCs have already been presented
in Table [3.2l However, note that the discontinuities of the scalar components, whose profiles
are proportional to the ¢-derivative of the vector profiles, have not been given yet. We arrive

at
a

T Ry () A = —XPLP () Ru X (m) AL (3.198)
KK
where ) ( ) 2) )
- o _ g1 +gr)v
Xn(9) = ——e 7D xt(g), XP=-E SR (3.199)

a 2
mar AMix

For the photon the right-hand side in (3.198) is equal to zero. After applying the EOMs
and the orthonormality condition (3.194]), we observe that the 4D action takes the desired
canonical form, given that

1 - M, L

m_% ) rCLL - \/’I_"m% P(+)Ra X:L_(ﬂ- ) :LL‘ (3200)

Thus, we finally end up again with a low energy theory that corresponds to the SM gauge
fields, with quadratic terms in analogy to . However, due to the extended gauge group
we started with, the theory now contains a custodial protection mechanism for electroweak
precision observables, as discussed before. Due to the need to reproduce the SM at low
energies, this protection cannot be perfect. It will be broken by the BCs that we chose in
order to match to the particle content that we observe in nature. The spectrum of the theory
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is determined by the IR BCs (3.198). The dimensionless eigenvalues z% = m®/Mxky are thus
solutions of

det [22 x,, (7)) + LX?D,x; (7)] =0, (3.201)
with ,
_ -1 _ Ca —SaCa
D,=R;'P R, = (_Saca @ ) : (3.202)

Once the eigenvalues are known, the eigenvectors gfj are determined from 1}

Bulk Profiles

We now derive expressions for the profiles X%i)(gb). In order to obtain the EOMs for the

UV-basis profiles, we multiply (3.197) by RZ from the left. We write the solutions as

/L /L
() = N ;tcﬁ”(t), xt) = N ;tcﬁj)*(t), (3.203)
where

cOT(t) = Yo(wn€) Ju (2nt) — Jo(2n€) Yi(2at)

n

() = Yi(wn€) Ju(2nt) — Ji(n€) Yi(2at)

(1) = ﬁ %(t PH(0)) = Yo(ae) Jo(wnt) = Jo(ne) Yo(wnt) (3.204)
e () = xint %(t cf;”(t)) = Y1 (2n€) Jo(zat) — Ji(ne) Yo(wat).

The normalized masses x, are determined by the IR BCs as explained above. From the
latter expressions, it is obvious that the profiles fulfill the sought UV BCs, since c(+)7(e) =

0(7”(6) — 0. The normalization constants N\*) are determined from the orthonormality

condition (3.194). With respect to the minimal model ({3.64]), they contain additional terms
due to the different UV BCs. We obtain
_ 2
(VG2 = [ )]+ [ ()] = (e (1) €97 (1) = e (e) e ()
In (3.205)

— ¢ ([cﬁf”(e)]Z + [c;i)_(e)f) :

Note that, depending on the type of the UV BCs, some of the terms in (3.205)) vanish identi-
cally.

Again, it will be useful to have simple analytical expressions for the masses and profiles
of the lightest gauge-boson modes. Expanding in powers of v?/MZ, and inserting the
definitions of the mixing angles , which connect the UV and IR bases, we arrive at

analytic expressions for the masses of the W= and Z bosons. They read

2,..2 2,,2 2,..2 4

2 grv grv 1 grv v

- 1— L-1+—)-JrY 1 oL
M=y { SMI%K( +2L> sMz T (M)}
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2, 2,2 2 . 2,2 1 2 _ 2y 9 4
mQZ:(9L+9Y)U 1_(91:"‘921/)” L—14 (9% QQY)U L+0O U4 ’
1 SM2, oL SM2, M

(3.206)

where the last terms inside the square brackets are new compared to the minimal model,

respectively, c.f. . Interestingly, the latter terms in (3.206]) will be responsible for the

custodial protection of the Peskin-Takeuchi parameter T', which is sensitive to the difference

between the corrections to the W*-boson and Z-boson vacuum-polarization functions. The RS

corrections lead again to a shift in the Higgs VEV compared to the SM value, see Section [5.1.1]
The zero-mode profiles, expanded in v?/MZ, read

1 22 1
@) = i {HZ <1—Z—|—t2 (1—2L—2lnt)) +(9(:c;*)} ,

W=y e[+ % (2-3) ro]

for a = W, Z. Here 22 = (m$)?/ Mz denotes the corresponding zero-mode solution, given in
. The profiles Xé” (t), featuring Neumann IR BCs are identical to those appearing in the
minimal model, while the profiles X(_)(t), satisfying Dirichlet IR BCs, are new and scale like
V'L, which reflects the localization of KK modes close to the IR boundary. Notice that
contains, besides the t-independent terms, also t-dependent contributions that will in general
lead to non-universal vertex corrections. While these corrections do modify the interactions
of the SM fermions with the W* and Z bosons, they turn out to be negligibly small for light
fermions localized near the UV brane. This is the case for the first two generations of SM
fermions, and it helps to avoid excessive contributions to FCNCs, as discussed before.

Finally, we can also expand the mixing vectors A%. Including corrections up to v2/M2y,
we find

(3.207)

1
Al = X2 , 3.208
0 —S8aCq T \/Z ( )

where the second component parametrizes the admixture of X(()_)(t) in the zero mode. As

we will see below in Section the results (3.207) and (3.208)) play a crucial role in the

custodial protection mechanism of the Zb; by vertex and its flavor-changing counterparts.

3.4.2 Bulk Matter in the Custodial RS Model

We will now present our explicit realization of the quark sector in the custodial RS model. Then
we will turn to the KK decomposition and derive the bulk profiles for the corresponding fields.
As we want to have a custodial protection of the Zb.b;, vertex, we impose the aforementioned
discrete Ppr symmetry [239] on (part of) the Lagrangian and take the left-handed bottom
quark to reside in a SU(2)1, x SU(2)g bi-doublet, with isospin quantum numbers T} = —T% =
—1/2. This will turn out to lead to the sought protection, see Section , and fixes the
quantum numbers of the other quark-fields uniquely, implying the following multiplet structure
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for the fields with even Z, parity:

(+) (=)
up 'z Aps c c
Qr = <d(+) Py > ; Up = <UR(+)§>2 ;

L34 3/ s

N, (3.209)
3
Te=TwoTu= | Uis | o (DR U5 40)s),
D’(—) 3
R —% 2

w

Here, the superscripts (+) and (—) of the chiral fields specify the type of BC on the UV
boundary, and as before we have not explicitly shown the BCs on the IR brane, which are
understood to be of Neumann type in all cases.

The choice of the parities/BCs is motivated by the constraint to arrive at a low-energy
spectrum of the theory that is consistent with observations. Fields that feature a Dirichlet
boundary condition will not develop a zero mode. The inner (outer) subscripts correspond
to the U(1)gm (U(1)x) charges, which are connected through the relations Q = T3 + Y and
Y = -T2 +Qx . For completeness and future reference, we summarize the quantum numbers
of the quark fields in Table [3.3] The right-handed down-type quarks have to be embedded
in a SU(2)g triplet in order to arrive at an U(1)x-invariant Yukawa coupling. Note that
we have chosen the same SU(2)., x SU(2)g representations for all three generations, which is
necessary, if one wants to incorporate consistently quark mixing in the fully anarchic approach
to flavor in warped extra dimensions. The chosen representations play a crucial role in the
suppression of flavor-changing left-handed Z-boson couplings [241]. Altogether they feature
15 different quark fields in the up-type and nine in the down-type sector (for the case of three
generations). Due to the BCs, there will be three light modes in each sector to be identified
with the SM quarks. These are accompanied by KK towers, which consist of groups of 15
and nine modes of similar masses in each KK level in the up- and down-type quark sector,
respectively. Moreover one also faces a KK tower of exotic fermion fields of electric charge
5/3, which exhibits nine excitations with small mass splitting in each level and no light modes
with m,, < Mxxk. In addition to (3.209)), there is a second set of multiplets, belonging to the
components of opposite chirality. The corresponding states have opposite BCs. In particular,
they all obey Dirichlet BCs on the IR brane. Thus one ends up with the same particle content
as in the minimal RS model at low energies. Remember that the SU(2), transformations act
vertically, while the SU(2)g transformations act horizontally on the multiplets.

Fermionic Action and Yukawa Couplings

The structure of the 5D action of the quark fields has already been given in (3.72). It is
straightforward to generalize this action to the custodial model [240]. The only non-trivial
part is due to the Yukawa couplings, where the possible gauge-invariant terms take the form

6_3U(¢)

+

SYukawa = —/d4l'7” /ﬂ—dqb 5(|¢| - W) [{ (QL)aa YT(;D)C u% (QR>aa Y7(15D)S UCL} Do
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Q |Qx|Y | T? 17 Q |Qx| Y |T? | T}
WA 2323 e| 12| 12 WS 273 12/3)2/3] ol o
a0 —1y3 2316 | =172 172 | AT 573 12/3(2/3] 1] 0
A9 5323 76| 12| =172 US| 273 12/312/3] 0 0
W 273 23 7/6 | 172 | =172 | | DY | —1/312/3(2/3| -1 0

Q |Qx| Y |T7| T3
D[ —1/3 123 -1/3] 0| 1
Ul 2/302/3) 2/31 0] 0
A 530 2/3 5/3] 0 | -1

Table 3.3: Charge assignments for the different quark fields in the custodial RS model.

# 5 { [@0,L Y (T + (@), Y () ] (09, 0

+ [(QL)W Y (Tor)" + (Qr) (3.210)

acx

y {Ps (TQL)V} (0")ag @aﬁ} +he.

Here, @ is the Higgs bi-doublet introduced in , 0“7 are the Pauli matrices, and repeated
indices are understood to be summed over. The Latin (Greek) letters from the beginning of
the alphabet refer to SU(2); (SU(2)g) indices. Moreover, for the case of 3 generations, all
components of the quark multiplets are three-vectors in flavor space. Note that the components
of the triplets in the expression above refer to the representations

T
I3 (D7 + AR 4 <D§§)_% +A§;)g)
— i - - = i + -
Tn=| (DR -ads) | Ba=| (D0 L +al)) | G2
UI’%(—)% U}({_)%

which ensures that one ends up in the desired mass basis. After electroweak symmetry break-
ing, the Yukawa couplings give rise to mass terms which mix different 5D fields with
the same U(1)gy charge. Similar as for the case of the gauge bosons in the custodial model,
as well as of the fermions in the minimal model, the fields that mix will be decomposed into
the same 4D fields. It is sensible to collect them into the vectors

u
— u 5 — N D N = A/
UE(,), i=|(U |, D=d, dE(D,), A=), )\E(A>, (3.212)

which leads to a formal one-to-one correspondence between the analysis of fermions in the
minimal model and the one presented here. The resulting action will have exactly the same
form as in the minimal model (3.72)), with the only differences of the extension of the sums to
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account for the charge-5/3 A-quarks

Stermz = (3.72) with >~ — >, > — > (3.213)

q=Uu,D,d q=Uu,D,d,A,\ (Q#I):(U,U),(D,d) (Q,q):(U7U)7(D7d)7(A7>‘)

and the higher dimension of the fermion structure, given by (3.212)) and to be compared with
(3.73). The Yukawa matrices appearing in the action for the custodial model are higher-
dimensional with respect to those of the minimal model and read

(5D) y ) %YEzE)D) %YS)D) (5D) (5D) (5D) ~-(5D)
v = L) _%YS’D) - ;YEFD) LY =y = (v yiY). (3219)
u 2 2

Here, we have already chosen the same Yukawa matrices for the couplings of both chirality
structures (LR and RL), setting Y((;’D)C = Y?D)S = Y((;D). Like for the minimal model, this
should be regarded as the limit of a set-up with a bulk Higgs, approaching the IR brane.
The generalization to the case of different Yukawa matrices is straightforward. The relation
between 5D and 4D Yukawa matrices is still given by . In the case of three generations,
each entry of is a 3 x 3 matrix. The generalized bulk mass matrices M ; take the form

My 0
MU'E( OQMQ>’ MD’EMQ, M/-\'EMQ,
M. 0 0 v o (3.215)
M;=| 0 My 0 |, MJE( 07’2M > MXE( oTlM )
0 0 Mg 4 &

where M 4 are the 3 x 3 bulk mass matrices of the corresponding multiplets A = Q, u¢, 71, 7s.
We turn now to the KK decomposition of the matter sector introduced in this Section.

Kaluza-Klein Decomposition

Due to the effort of formulating the fermion sector in the minimal RS model in a completely
general way, the KK decomposition performed there can be applied to the extended matter
sector of the custodial model straightforwardly. The main formulae are identical to the ones
presented in Section . However, the contained flavor structure is now given by ,

(13.214), and (3.215)), as well as (3.216) and (3.217)) below, which replace the expressions of
Section for the custodial model. Explicitly,

e the KK decomposition is given by (3.76)), with (Q,q) = (U, u), (D, d), (A, X).
e the EOMs are given by (3.78)), where (Q,¢) = (U,u), (D, d), (A, X).

e the BCs are given by .

e the orthonormality relations are given by , together with —.
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e the determinant, determining the masses of the 4D states, is given by ([3.96]).

e all fermion fields, Yukawa matrices, bulk-mass matrices, profiles, and flavor vectors are
to be replaced by (3.212)), (3.214]),(3.215)), (3.216)), and (3.217)), respectively.

The profiles in the custodial model are given by

CY = diag(CZ™,Cc89), C! = diag(C¥ ™M, c0) PO,
S = diag(S9™M, 82)), S¥ = diag(S¥™, 81§
CcP=co™", C! = diag(C2™M,cT),
(3.216)
SP =g S? = diag(SP™, 1)),
c) =) 7 C) = diag(C’Tl(f), CTQ(*)) ’
SA =890) S) = diag(SZl(*), 52—2(*)) ,

while the flavor vectors read

c

av CL;; CLD A
U — n U — G,U — n A — a)\ A — an (3 217)
n — au’ ) n — n ’ ) n — CLD’ ’ n — Yno> n — aA . .

n U n n

Ay,

S
I
S

S

l
U

The 3x 3 matrices C2®) (¢) (84 (¢)) with A = Q, u, T;, T; correspond to even (odd) profiles
on the orbifold, and the superscript (£) indicates the type of BC on the UV brane. With some
abuse of notation, the superscripts of the odd profiles refer to the UV BCs of the associated
even profiles. The quarks present already in the minimal RS model hence all carry a (+) super-
script. Labels for the IR BCs are again omitted to simplify the notation. The flavor structure
is encoded in the three-component vectors a?* with A = u, ', u¢, U’ U,d, D', D, \, A, A, which
are then combined into the larger flavor vectors defined above. As stated below , the
spinors on the right hand side of the KK decomposition q(L") (x) and qgl)(a:) are still 4D spinors
in the mass basis, and the index n labels the different mass eigenstates with masses m,,, i.e.,
miy = My, Mgy = M., M3 = My, etc. in the case of up-type quarks.

Bulk Profiles

The form of the solutions (Cf (+)(gb))1. and (S;? (+)(¢))i associated with bulk mass parameters
My,,, has already been given in (3.97)). The functions (Cf(_)(gb))i and (S;?(_)(gzﬁ))i can be

derived in a similar fashion by requiring a Dirichlet BC for the even mode, (C’;;1 (_)(0))i =0,
to account for the additional twist of the non-SM-like fermions on the UV boundary. In
consequence, the treatment is analogous to that of the odd modes of the SM-like fermions, for
which (S{f (Jr)(()))i = 0. In the following we will drop the label A and the index i since they
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should be clear from the context. In t-notation, one finds in the bulk (i.e., for t €]e, 1])

C(i)(qb) _ N(i)<c) ﬁ f}ii)Jr(t’C)’
T (3.218)

S59(6) = N () sam() | L 79 (10),

where the overall “+” sign entering the Z;-odd profiles holds if ¢ = ¢g = +Mg/k refers to the
bi-doublet, while the “—” sign applies in the case of ¢ = cx = —My/k, where A = u®, 71, 7.
The functions f,si)i(t, ¢) are given by

? (3.219)

They satisfy the relations
fr(z+)+(t7 C) - fT(L_)_(t7 _C) ’ f15+)_<t7 C) - _fr(z_)+(t7 _C> : (3220)
The orthonormality conditions ([3.88)) imply

@ 2 1 A1) 77 (1,¢)
2/6 dtt[fn i(t70)] = [_/\/;sa)(c)]Z + . , (3.221)

where a = £, from which we derive

N@()] 2 = [f9(1,0] + [£9(1,0)]

. ) , 3.22
-2 (1,0 01,0 - @ ([ el + [ wo) .

This extends the result of Section to the case of Zy-odd profiles with a non-zero
value on the UV boundary. For the special case where ¢+ 1/2 is an integer, the profiles must
be again obtained from the above relations by a limiting procedure.

For the SM fermions, it is again a very good approximation to perform an expansion in

x, < 1. Using the results (3.101)), in combination with (3.220)), we obtain

14+c _ 142c4—c
O | R, S(0) ~ sn(6) | 2w F(e) T

1+2

e (3.223)
B Le th=c — gl—2c¢e B Le e
COO) ~ =\ = wnF(—c) ——5—  S\7(0) ~ dsgn(o)y| — F(—c)t™°,

with the zero-mode profile F'(¢) as defined in (3.102)). Remember that this profile is exponen-
tially small for UV-localized fermions, while it is of O(1) for IR-localized fields. Moreover, note

that the profiles C5™ (¢) and S5 (¢) are of O(1), while C\7(¢) and 557 (¢) are of O(v/Mgx).

As we will explain in detail in the next section, this feature will be important for the (partially)
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shielding of the Zb.b;, and Z dici% vertices from corrections due to mixing of zero-mode quarks
with their KK excitations.

3.4.3 Gauge-Boson Interactions with Fermions

In this section we examine explicitly, how a protection of the left-handed down-type couplings
of the Z boson can be achieved. A protection from both gauge-boson as well as fermion
corrections is possible by choosing an appropriate embedding of the fermions into the enlarged
gauge group in the bulk. Later we will also derive the four-fermion charged-current interactions
and show that a custodial protection is not at work in this case. First, let us give the covariant
derivative of the custodial RS model in the UV basis. It reads

- 9Ls (14t — = - 9R5 (ot — -
D,=0,— 1= (LT +L T;)+i=—= (R'"T, + R T
M H \/5( noL M L) \/5( R [z R) (3'224)

— igZ5 QZZM — Z.gZ’E) QZ/Z/; — ie;,QAM .

The fundamental Z-boson couplings to fermionic currents are given by

9z =/ 97 + 9% , gz =\/ 9%+ 9% »

2 P (3.225)
QZ:TS__)Q/Q7 QZ’:_T}%_ ;{Y7
9z 9z

where we have replaced 5D couplings by 4D couplings as in . At this point we have to
specify the form of the SU(2)., g generators when acting on different fermion representations.
Acting on fermion bi-doublets, the generators TA r With 2 = 1,2,3 are given by the Pauli
matrices in the standard convention times a factor of 1/2, as defined below . As usual,
we define T[ij =T} p £ 117 p. If, on the other hand, the generators act on SU(2) g triplets,
they read explicitly

V2 0 0
V21, Trp=|V2
0

0
0 0
0 0

—1

0
T/ p= 0, Tir= (3.226)
0

o O O
OO =
O O O

Note that the current-operators in interaction terms involve a trace with respect to the fun-
damental gauge indices, and that again the Tj act to the left. When they are not needed,
we will often drop the subscripts L, R in the following. For the calculation of the corrections
to the quark-mixing matrices (which will be performed in Section it will turn out to be
useful to introduce the vector of couplings

- 92Qz
= , 3.227

9z (92/@2/) ( )
as well as the charged-current vectors

S 1

JV’IL/Q = E (QLTT [QV“TiQ} ygr'Ir [QVMQTﬂ )’
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s

1
WT:E(

which will multiply (L/f ,Rff)T from the left.

Before going into the interactions of fermions with massive gauge bosons, note that in
the custodial model the interactions with gauge bosons that have massless zero modes (which
can be worked out from ) are in complete analogy to the corresponding expressions
presented in Section The fermion structure present in the latter section is to be trivially
replaced with the objects of the custodial model, presented in Section [3.4.2] In addition to
the interactions with up- and down-type quarks, there will also be photon as well as gluon
interactions with the charge-5/3 A-quarks.

T T T, grTe [ LT ), (3.228)

Custodial Protection: Gauge-Boson Contributions

Using ((3.207)) and (3.208]), we find that the coupling of the Z boson to a current of ¢-quarks
is proportional to

= + —=— | 2Lt°wL+1——=+2t* = —Int +0 ,
(gZ) Xo (QS) \/% 4M12{K Z L 2 MI%K
(3.229)

with .
_ 1 529297

Cz 9z QZ
This is an important result, as it allows us to understand the custodial protection of the Zb.by,
vertex. Note that the first term in the square bracket in , which is enhanced by the
volume factor L, gets modified by the prefactor w}, i.e., a combination of the fundamental
charges and couplings. While w}, = 1 for all quarks in the minimal RS model, it is possible to
arrange for

(3.230)

WF =0 = ngbZL—i—ngI % (3.231)

by virtue of the extension of the gauge group in the bulk. It is interesting to observe that
the interplay of neutral gauge bosons can only protect leading term in L, while no such
mechamsm IS available for the subleading terms in L. Those arise from the fact that the
profiles Xo ( ) obey different BCs, which represents an irreducible source of Ppr symmetry
breaking. Numerically, the corrections to the Zby by, vertex arising from the gauge sector are
thus suppressed by a factor of L ~ 37 in the SU(2)1, x SU(2)g X Prg custodial model relative
to the minimal RS model.

Formula (3.230)) can be recast into the form

& (g +gh) (T + T + (gf — o) (1" = T3
29% qu - Squq

wl = , (3.232)

which allows to read off that the choices

T} =T =0 (Pc symmetry) , (3.233)
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and
Jr = 9r, qu = —T;’zq (Ppr symmetry) , (3.234)

are suitable to protect the Z-boson vertices from receiving L-enhanced corrections. Since the
representation features T; % = ngL = —1/2 and T;"" = Tp"" = 0, it is then
immediately clear that the Zd Ld] and Zupui, vertices are protected to leadlng order in L by
the Prr and Po symmetries, respectively. On the other hand, the Zd% dJ and Zuluj vertices
do receive L-enhanced corrections, since the corresponding quantum numbers are T3 v — (),
ngﬁ" =1 and TE“L = Tg”L = 1/2. We also add that devising the quark sector as in (13.209))
implies w%R > 0, so that the shift in the right-handed Z-boson coupling to bottom quarks
arising from the gauge-boson sector is predicted to be strictly negative. This suggests that
the well-known tension in the global fit to the Z — bb pseudo observables cannot be softened
in the model under considerations. We will come back to this point in Section [5.1.3

Fermion Couplings to the Z Boson

We will now identify all phenomenologically relevant RS contributions to weak neutral gauge
interactions of quark currents at relative order v?/M2 in the custodial model. The Z-boson
couplings to left- and right-handed quarks can be read off from the Lagrangian

2
g m 1 —-m n —m n
Lip > C_L {1 + 4M§K (1 - Z)} Iy X E [(Qg)mn (@' vudr) + (g]%t)mn (@R VuaR) |5 (3.235)

w
q,m,n

where the prefactor accounts for a universal correction due to the t-independent terms in
(3.229)), identical to ([3.147)). The left- and right-handed couplings g4 , are infinite-dimensional

matrices in the space of quark modes, and can be parametrized as

T (TP - 2Q,) |1 - my (WELA —A’)—5+mZ Copo o
gr =\ Swidq YE Wz Q Q QT 52 7 LEQ —Eq |
KK KK \9L
) P (3.236)
Z
20, [1_2M12<K( ;RLAq_A;)]Mq_QME{K ( e )

The labels of the charges appearing in these expressions (as well as above) indicate that the
quantum numbers of the corresponding zero modes are to be employed. In g% they read
THr(= T3y = To"s (= T3%) = T (= T3%) = 1/2 and Ty (= T3?) = —1/2, whereas for
g% one has Tp"F (= T3") = To"R(= T3%) = T (= T3P) = 0 and T3 (= T3P) = 1. The
quoted numerical values correspond to the choice . We do not consider the sector of A
and A") quarks at this point, as these fields do not possess zero modes. The L-enhanced term
proportional to w}, vanishes for the assignments and , making the custodial
protection explicit. Following , we have split the corrections to the Z-boson couplings

into leading contributions in the ZMA, denoted by qu, and subleading ones, parametrized
by eg)y .~ The elements of the leading-order matrices Ag) , are defined as

(80) = 2= [t a1 030 02003 +at 31,0 53(0) .
€

n
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2
A=, | e [ €0 Oy a1 + a8 89(0) 90 a2,
€

m m n

2 1
(%), = 1, / e (5 -me) [ad €80 020 a2 + @ sp.0 S10 @)
mn €

(AL) i” dt 12 (% - lnt) {a‘gj C (1) C9(t) @1 + aQt S9(t) S9(t) *n], (3.237)
mn €

while the elements of the matrices sg) q take the form

9 1
0l = 1o [t a2 €200 {at (111~ 73°) + g7, (1371 - T38) } €2 (0 2

+ag si,t) {g3 (1371 - 1Y) + g3 (Th1 - T) b suny i,

2T

(o) = T dt & |arf cn, ) { g T - i (T - T3 )  Chwy

+adl 890 {ai T30 — gk (i1 - T32) | 821y . (3.23)

(), ZLZ dt ? (% —In t> [ag* C9(t) (qun - TiQ) C(t) a2

g s5,0) (1301 - T30 ) s ax),

27 1 . . . .
() = T dt t? (5 — lnt> [agj CI ()T CLt)al +adt SY() T3° S%(t) afi] .

Finally, the elements of the matrices d¢ 4, which arise because of the non-orthonormality of
the quark profiles and describe mixings between the different multiplets, read

2T . o
0 = 2 [ a9 020) (71 - T39) €20y

A ON (A B A CHOLA

2T

G = 72 dt @ o T camar +ag SN T S2wag].  (3.239)
€

In the expressions above we have used the charge matrices Ti%’q, defined as

Ti'% (3.240)
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One can easily check that for our choice ([3.209)), the quantities sg), , are indeed suppressed by

v?/MZy with respect to the matrices Ag) ;- Note that with this embedding, the matrices TB}JT‘R
vanish identically.

Custodial Protection: Fermionic Contributions

Finally, we want to have a look at the custodial protection of the Zb.b;, vertex from effects
arising from quark mixing, parametrized by the matrices d¢,. These objects scale in general
as v? / Mz, but as they appear with an O(1) coefficient in (3.236)) they contribute at the same

order as the matrices Ag) - In the case of the left-handed down-type quark-sector, one has

(6D),n 2; dt[ Dt (4 (1) (TidL —TED)S?(”(t) ay,
€
120 [T Dt aB(a) oy Q) () D D't QT (g QTi(=) () D
=57 [ [am S () S (1) ay) —ap ' SR 7(1) S (1) ay ]
€ €

where in the second step we have inserted the quantum numbers corresponding to our choice
(3.209) of multiplets.

The relative sign between the two terms in the second line of suggests that also for
the corrections due to quark mixing, a custodial protection mechanism could be at work. To
see analytically if this is indeed the case, let us derive the ZMA expression for d . Using the
approximate expressions , the system of equations can be brought into the form

\/_mn Ad Yeff D \/_mn AD (Yeff)

, (3.242)
and
aP = 1, diag (F_l(cTQi) F_l(—cTu)) al | (3.243)
where we have defined the effective Yukawa couplings
(Y3")ij = Fleq,) (Ya); Fler,) (3.244)

in analogy to (3.106). Moreover, the rescaled vectors a! = v/2 a2 with A =d, D, D', obey the
normalization conditions

aPtal =1,  altad +alta =1, (3.245)

We obtain from (3.242) the LO equalities

2
(m2 1- % & (Y;ﬁ)*) al =0, <m2 1- 2 (v Yff) a? =0, (3.246)

n
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and the mass eigenvalues are the solutions to the equation
g iy T
det (mi 1-— 5 Y (Y ) =0. (3.247)

This exactly resembles and implies that to LO in v/Mkk the values m,, are unaffected
by the presence of the D’ quarks embedded in the multiplet 7;. In the ZMA, but not in
general, the vectors al and a? belonging to different n are orthogonal on each other.

In complete analogy to the discussion below , the eigenvectors al and a2 of the

matrices Y5 (Yfff)T and (YZH)TYZE, with n = 1,2,3, form the columns of the unitary
matrices U, and W, appearing in the singular-value decomposition

YF=U AW, (3.248)

with Ay as given in . Similar relations hold in the up-type quark sector and will be
given explicitly in Section [3.7] In the ZMA, the definition of the CKM matrix is identical to
the one of the minimal RS model, given in . As the quark profiles, in combination with
the Yukawa matrices, are fixed such that the physical quark masses and CKM parameters are
reproduced (and the formulae above are identical to those of the minimal model), the profiles
of the SM-like quarks will be to LO identical to those of the minimal RS model.

With these results at hand, it is a matter of simple algebra to find the expression for dp

in the ZMA. Working to first order in v?/MZ, and using ([3.223)) and (3.243)) we arrive at

1 , 1 1 1~ 2¢q, F(cr,)
§p=——a, W' d [ —. L R T - L %%
b g T a I8 {1 — 2cq, <F2(CTQJ { FQ(—CTM-)} " 3+ 2cr, 1
(3.249)

where x; = diag(mg, ms, mp)/Mgk. Compared to the ZMA result in the minimal RS model
(3-154)), this relation contains an additional term involving the zero-mode profile F(—cg,). It
stems from the admixture of the 77 multiplet in the zero mode, which is parametrized by the
value of &5)/. Notice that although this admixture is suppressed by v/Mxkg, the fact that the
profile 871(7)(#) is enhanced with respect to S72(F)(¢) by the reciprocal factor promotes the
second term in the last line of (3.241]) to a leading contribution.

Note that the relations (3.242) and (3.243)) are valid to leading order in v/Mgk. Beyond
that order the first relation in (3.242)) receives corrections from the profiles C’Zl(*)(lf) which
scale like z,,/F(—cx,) as can be seen from ([3.223)). Thus in order to avoid exponentially en-
hanced terms of the form v/Mgx €' 727 in the mass eigenvalues m,,, which, barring accidental
cancellations, would make it impossible to reproduce the observed zero-mode down-type quark
masses, one has to require that all the bulk mass parameters belonging to the multiplet 7;
obey the relation ¢z, < 1/2. In this case the profiles C7*(-)(#) are IR localized and one has
to an excellent accuracy

1 , 1 1 1—2cq, F(cq,)
6p=—ax, Whd =T, | YT 35ae, )| Wame
b 2 Tata dog {1 — 2¢gy, (FZ(CT%) { I 2671i:| i 3+ 2, e
(3.250)

This result implies that the leading term in dp, i.e., the contribution that is inversely propor-
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tional to F?(cp,,) < 1, is absent if the bulk-mass parameters cz,, satisfy

Thus, due to quark mixing, the conditions and alone are not sufficient
to entirely shield the Zbpb;, vertex from the leading corrections. However, since already for
not too different values of ¢z, ~ —1/2 and ¢z, < 0 the first term in brackets in (3.250))
is smaller in magnitude than 1, a partial protection is in place for a large range of bulk
parameters. In consequence, effects due to quark mixing entering the left-handed down-
type Z-boson couplings are generically suppressed in the custodial RS model relative to the
minimal scenario as long as the corresponding Zs-odd quark fields are not too far localized in
the UV. The subleading terms in §p are independent of ¢z, and therefore not protected even
if Cr; = CTy;-

Notice that can be enforced by requiring the action to be invariant under the
exchange of the D" and D quark fields,

Prr(D') =D, (extended Ppr symmetry) (3.252)

which extends the Ppr symmetry to the part of the quark sector that mixes with the left-
handed down-type zero modes. This extended symmetry will necessarily be broken by the
different BCs of D’ and D, which embody irreducible sources of symmetry breaking and lead
to non-vanishing sub-leading terms in . The symmetry can also be broken softly
by choosing bulk masses for D’ that differ from those of D, which is a phenomenological viable
option as long as ¢z, < 1/2, because it does not affect the SM down-type quark masses in
an appreciable way. The protection mechanism discussed here has also been studied in [242]
employing a perturbative approach. Our analysis based on the exact solution of the EOMs
including the BCs goes beyond the latter work in the sense that it makes the
dependence of d p on the bulk masses M7, , explicit. It therefore allows for a clear understand-
ing of the custodial protection mechanism in two respects. First, it makes transparent what
the requirements are that need to be satisfied to achieve a protection and, second, which the
terms in dp are that inevitably escape protection. Compared to the perturbative approach,
the exact solution thus has the salient advantage that the protection of the Z diLJJL vertices
from effects due to quark mixing can be clearly deciphered.

3.5 Summing over Kaluza-Klein Excitations

When calculating Feynman diagrams involving tree-level exchange of a SM gauge boson, ac-

companied by corresponding KK excitations, one encounters a combination of propagator and

vertex functions, which in the low-energy limit, 4.e., for small momentum transfer ¢, can be

expanded as

— — o0

X)) Xn () 3
N=

(m2)? — ¢*

A N-1x Xn (D) X (1)
e (q ) zn: (ma )2V

N (3.253)
=35 () =00
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The gauge-boson profiles ¥? will be integrated with further profiles at each end of the propa-
gator. As stated above, the formula holds for gauge bosons in the custodial RS variant with a
massive zero mode, for which we will discuss these sums in the following. However, the special
case of the minimal RS model will be easy to obtain at the end, where we will also study
towers featuring a massless zero mode.

The infinite sums over profiles weighted by inverse powers of (m®)? can be calculated in
closed form by generalizing a method developed in [243]. The key to perform these sums
is to make use of the fact that the bulk profiles y, form a complete set of orthonormal,
even functions on the orbifold, subject to the BCs given in and in Table . The
corresponding completeness relations read

> X)) X)) = % 60— @)+ (6 +¢)1, Y % Xe(t) xaT(t) = % 5(t—t)1. (3.254)

n

Integrating the EOMs (3.197)) twice and accounting for the BCs on both the UV and the
IR brane leads to

) _ Fag) - (12— ) X, T0(0) + [1- (7 — &) X, Py 2 (3.255)

(27)?

where we have defined

B LX?
24 LX2%2(1—¢?)

t 1= g
- dt -
1) = / dt't’ / 7;2;;(#’), X, =X’D, D,. (3.256)
€ 4

Using the completeness relation (3.254)), it is then easy to prove that
L

T 4r

S THH () (2 -1, (3.257)

where t. = min(t, t'). With the help of these results we finally arrive at the result

V() = % [ (2 -1+ (B -é) (- é) Xa]

+[1- (=) X, Py SP(e,0) Py [1- (12 - &) X, ",

(3.258)

for the leading sum, which is exact to all orders in v?/MZ.
Using the orthonormality relation (3.194]), the remaining sum over gauge profiles evaluated
on the UV brane can be written as

(%e(0)), { /j% [(1-ex - &) (o),

b K2 (12— ) (550),] ] P,

L

PSP (e ) Py = 5—

(3.259)

where ( _’g(t))i denotes the i*" component of the corresponding zero-mode vector. This formula
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can easily be expanded in powers of v?/MZ by employing (3.207) and (3.208)), leading to

1 1 1 1
P IWV(e,e) P4y = ( + - {1 ~ 57~ €2 (L - ﬁ)} + O(xg)) Py (3.260)

2
In the end, we obtain

L 1 1 1
S (¢, ¢ :—[t21—Pat2—PTt’2} S (1 =) | P +0O@2). (3.261
a (7 ) A < a + 27T$Z+47T 2L (+)+ (xa)7 ( )

where we have employed that X? = z2/c? + O(z?) and defined
1
P, - (_S_a 8) . (3.262)

Notice that we have dropped phenomenological irrelevant terms of O(e) ~ 10716, which we
will also do in the following.
It is also useful to have an analytic expression for the zero-mode contribution to (3.253))

alone .

§ (1) X§(t
TL(t,t) = Mw (3.263)

aj(l
With the help of (3.207]) and ([3.208]), we obtain
/ L 2 T 412
L (1) = —— [Pat + PT }
T

(3.264)

1 1 1 1 1
—|— |:27Tx2 —|— E (1 — E+t2 (5 —lnt) +t/2 (5 —lnt’))} P(Jr) +O(ZL‘Z)

Comparing (3.261)) to (3.264)), we infer that all the L-enhanced terms in £V (¢, '), besides
the non-factorizable term proportional to ¢2 , arise from the zero-mode contribution IT, (¢, ).
Factorizable contributions due to the W#*- and Z-boson zero-modes are thus enhanced by the
logarithm of the inverse warp factor with respect to the contributions from the tower of KK
excitations [I]. The term t2 reflects the full 5D structure of the RS model, which is lost when
considering only a few low-lying KK modes [I57].

To obtain the corresponding results for the weak gauge bosons of the minimal RS model,
one just needs to replace the two component profile vectors to start with in by the
simple profiles x2 of the minimal model, see , and to use the appropriate relations of the
minimal model. However, it is easy to see that the corresponding sum is already contained in
the upper left element of ES)

> (1min _ (25})) . (3.265)
11

For the case of the photon and gluon, which possess massless zero modes, the ground state
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with z, , = 0 must be subtracted from the sum. We find

" Xn(t) Xn(t') 1 2 o (1 n(l / 1
A A o L -2 (= —Int) —t? (= —Int' )| + — 2
2. 22 i |F 2 SR T (3-266)

n

where the prime on the sum indicates that n runs from 1 to oo, 7.e., the zero mode contribution
is missing. Notice that the terms proportional to t? and ¢ in the “massive” sum are
enhanced by a factor L, whereas this is not the case for the “massless” sum . This fact
has important consequences for the phenomenology of flavor-violating processes (see [213]).
It implies that in the RS model the NP contributions to AF = 2 processes, such as KK or
B-B mixing, are dominated by the tree-level exchange of KK gluons, while those to AF =1
processes, such as rare meson decays, arise predominantly from the FCNC couplings of the
Z-boson zero-mode.

It is possible to extend the procedure presented above in an iterative way to sums with

N > 1in (3.253)). For example, for N = 2 we get
. 1 1 1 1 29 3
w(2min g 4 — l—— | ——(L-5+> - =
SCLY 2mad * 4rra2 L 327 YA

1 1 1 1 1
—— 4+ —(1==)||*(L—=4+Int|+t?(L—-=+In? 2
{4M3+8ﬂ( 2L>H ( 2+n>+ < 2+n>} (3:267)

L 1
+ 3o {ti + 4t%¢” (L— 5+1nt<>] +0 (z2) ,

while for the massless case we arrive at
Z’ Xn(t)Xn(t/> o 1 5 1
- zt - 32m \8L L2
1 [ 5 2t? 1
—— |#* (L == +1nt — | L—-=+Int
327r_< 4+n>+L( 2+n)1
1 [ 5 2t'? 1
—— "L -=+1Int — (L—-—=+Int
321 | < 4+n>+L( 2+n)]

[ 1 1
+ 35 _Lti + 4t%t” {Llnt< — (L— 5) (lntt’— 5) —lntlnt’” :

(3.268)

The analytic results presented here are phenomenologically quite important, since they allow
for a clear understanding of the structure of AF = 1 and AF = 2 FCNC interactions, mediated
by towers of KK modes.

3.6 Four-Fermion Charged-Current Interactions

With the help of the low energy expansion derived in the last section, we are able to integrate
out the complete towers of the W*-bosons and their KK excitations and to derive the induced
effective four-fermion interactions, for the minimal as well as for the custodial model, see
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Um

Figure 3.12: Four-fermion interactions due to the exchange of the W*-bosons and
their KK excitations.

Figure [3.12] The effective Hamiltonian reads

Hgg/) = 2\/§GF{[amL7u(VL)mndnL + ameYM(VR>mnan]
(3.269)

where m,n,m’,n’ € {1,2,3} and a summation over the flavor indices is understood. The
tensor symbol merely indicates that the full analytic result contains terms that can not be
separated into independent matrix products. This is due to the sum over W*-boson profiles
, which contains a term o t2< that prevents a factorization into separate vertex factors.

The elements of the mixing matrices V7, g are computed with the help of this expression,
as well as the currents and the respective simpler expressions for the minimal model.
Including corrections up to O(v?/Mgy), we obtain

2 *
g [(A;ff - \/557;;1) (N,Q, +v2eh1 )

(3.270)
+ (A:ﬂ? +V2 a,;g) <A;ﬁ, +V2 aj/j{n,)*
- (A,’{ﬁ +12 s%,) ® (Af?j{, +12 sg;ﬁnﬂ ,
where the other combinations are obtained by the replacements
Vp —Vg: Aeceg, (3.271)

and, for the custodial model,

2 1
AL =T [ deatontn el a,

€ Je

- 2m
A+ qu —_
mn Le

1
[ areai el atetimae,

n
€

9 2 1 1 B B
AUD @ Ade (L—”> / dt / dt't? (ag* cl ) Q% cP ) 5}3) ® (a,gj, cl, ) Q' o) a*un)
6 € €

etc. (3.272)
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Note that in the last integrals (a + b) ® (¢ + d) = ac + bd and the corresponding expressions
with A — ¢ are obtained by the replacements Cf — Sﬁ, A =U,D,u,d at the appropriate
places. Moreover

0 0
1 0 0 _ 1 _ 0o 1
QQ: , Qq: 0 1 , QQ: g2 s Qq: s
0 0 o —7hy 9
gr, __21 0
g1,
o (1 I
Q° = | gr , Ol —
—1 9R
gL
(3.273)

Notice that in [2], the simplifying assumption of an interaction with leptons featuring SM-
couplings at one vertex was made, whereas here we have included deviations from the SM at
both vertices.

For the semileptonic case we assume all the left- and right-handed 5D lepton fields to have
the same bulk mass parameters and to be localized sufficiently close to the UV brane so as not
to violate the constraints imposed by the electroweak precision tests. Then, the interactions of
the lepton zero modes with the W* boson and its KK excitations are flavor universal and the
deviations from the SM are numerically insignificant. In that case, the right hand side of the
tensor structure in reduces to a SM leptonic current Zl([ Y*v;) and the remaining
(factorizing) quark transition is described by the left- and right-handed “CKM-matrices”

2
V= At9 4 2et7 JIM—VZVL (A*Q + \/§§+Q> ,
S (3.274)
Vi — \/§A+q+€+Q_m_WL<\/§A+q+§+Q> .
20iE,

The definition of the CKM matrix as V accounts for the fact that in four-fermion inter-
actions one automatically measures the effect of the entire towers of W+ bosons and their KK
excitations. Thus the experimentally determined CKM-matrix elements rather correspond to
those of the matrix V7, and not V, (if the RS setup is realized). This differs from the
definition of the CKM matrix employed in [I, 242], which is based on the Wu’ d) and Wukd),
vertices.

Note that above we have absorbed a universal factor (1 + mj, /(2MZ)(1 —1/(2L))) into
the Fermi constant G in , due to the normalization to muon decay, from which G is
extracted, see Section . This factor is independent of the (possibly extended) gauge group.
Proceeding in this way renders the individual factors in the combination GV r physically
observable.

From the formulae it is evident that no custodial protection mechanism is at work
in the charged-current sector. This is due to the embedding of the up-type quarks in (3.209)
and has already been pointed out in [239]. The leading contribution to (V7). stems from

AFQ which is unitary to very good approximation. Corrections of order v?/MZy arise from
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the non-universality of KK gauge boson couplings encoded in A9 as well as the admixture
from U" and D’ quarks described by € 4. Contributions arising from the admixture of U, D,
and v’ quarks are of order v!/Mj and will be neglected in the following. The full expression

for V1, obtained by employing the ZMA, is given by

2 F?(cg,)
Vi =U, N2, diag (3 T 20,
(3.275)
2
+ 2]\1/}2 diag (F(cq,)) Yadiag (F*(—cz,)) Y] diag (F(cg,)) | Ua,
KK

which is obviously not unitary. Note that this matrix agrees with the matrix V 1, defined in

(3.159) only to leading order _
V=V + 0w /M). (3.276)

As far as (Vg)mn is concerned, the dominant contribution is given by €} @, which is suppressed
both by v?/M2 and a chiral factor m¥m¢ /v?. The chiral suppression present in each of the
terms contributing to Vi reflects the mere fact that they all originate from quark mixing. As
a result, right-handed charged-current interactions are small in RS models.

In the minimal RS model the expressions above will be modified. First, the € matrices in
(3.270)) will not be present (however the replacement rules below still apply). This means also
that in Vi (Vg) in the e t9 and £77 (A" and A" %) contributions are not present.
Moreover, the profiles appearing under the integrals are now given by those of the
minimal model . The same holds true for the flavor-mixing vectors @, which are now
three-component vectors. Finally, the € matrices are replaced by the identity €2,, Q —
13.3. As a consequence, the third term in the ZMA expression is not present in the
minimal RS model. However, identifying the whole expression ([3.275]) with the experimentally
determined CKM matrix, such a deviation will not be observable in measuring single CKM
matrix elements. In Appendix we will give ZMA expressions for the charged current four-
fermion interactions, after having identified factorizable contributions with measured CKM
matrix elements. We will study the impact of the mentioned unitarity violation briefly in
Section £.2.7]

The four-fermion interactions resulting from the exchange of the remaining SM gauge boson
and their KK partners can be worked out similarly from the formulae of Section |3.5| For the
minimal RS variant they can be found in [213].

3.7 Fermion Couplings to the Higgs Boson

In the SM, the couplings of matter and gauge fields to the Higgs boson are directly proportional
to their masses, due to the mechanism of EWSB, see Section [1.1.2l Thus they are flavor
diagonal in the mass basis. However, within RS models, this is not true anymore [244]. As
the fields receive masses from couplings to the Higgs sector, as well as from compactification,
a misalignment between the masses and the Yukawa couplings is present, leading for example
to FCNCs at tree level. As they will be important for the following analyses, we will now
discuss the Higgs-couplings in RS models in detail.
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Working in unitary gauge, we first identify the relevant terms in the 4D Yukawa Lagrangian,
describing the couplings of the Higgs boson to quarks. They read

Lip> =Y (g)mn h @y +hoc., (3.277)

q7m7n

where the couplings (g})m, are given by

(93 ) = “;” / A6 3(1| - m) e [a2! C2(9)Y ¢ CL(6) al + sl S1,(0)Y | S2(6) al.
(3.278)
Note that this equation, as well as the following derivations, hold for both the custodial as
well as for the minimal RS variants. By making use of the EOMs one can eliminate the term
bi-linear in the Zs-even profiles from ((3.278|) and express the tree-level Higgs FCNCs solely in
terms of overlap integrals involving Zs-odd fields.
Defining the misalignment (Ag} )., between the SM masses and the Yukawa couplings via

My,
(Gh)mn = Omn = = (Ag)mn (3.279)
it is easy to show that
mi, md .
(AgZ>mn = T ((I)q)mn + (q)Q)mn T + (Agg>mn s (3280)

where in ¢-notation

(@), = iﬁ / dt a%T 89 (t) S9(t) a, (®q),,, = iﬁ dt*qTSQ()sg(t)dg, (3.281)
€

€ Je €

9 1
(AGmn = —V2 [ dts(t—1) a5 S50 YESI(t)af (3.282)
€ €
The latter contribution is induced only by operators of the form (Y;(m))ij (QiR)aa qzj D,q,
containing Zs-odd fields evaluated at the boundary of the extra dimension. In order to eval-
uate (Ag})mn one has to regularize the d-distribution appearing in (3.282) as explained in
Section [3.2.2 Employing

1
_ 1 _ -
/ dt' (' = 1) [sinh (07(¢ = 1) A)]* = 5 [sinh (9(¢ — 1)24) (24) " = 0"(¢ — 1) 1],
t
(3.283)
we obtain the following regularization independent result
(AG ) = —= 2T v QTCe1 Y, Y g ——— /Y YL Y,0u1)ar, (3.284)
r \/_ Le 3MI2(K T V2Myk T o "
with ;
g(A) = 3 |sinh (24) (24) " — 1 (cosh (4)4) " (3.285)
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It is also straightforward to express (3.284]) in terms of the rescaled Yukawa matrices
introduced in (3.86)). Using

v / t -1 v 5 ot
—— 1/ YzYL = tanh Y:Y.), 3.286
\/§MKK i N <\/§MKK 1 q) ( )

we obtain - )
By T v o ot -
<Agg)mnzﬁL_e—3Mf<K T CI(1T) Y YL Y Cl17)al, (3.287)
where
ot _ ot v il 3 —2 1 1 2
Y- =Y-h Y:Y . h(A)==-1|A tanh™ (A) A" (1 - A )
=Pk (i VFTL) R = S [A ! (4) A7 (1 A7)

(3.288)
The relevant matrix-valued functions can be computed by diagonalizing the hermitian products

f’(j }7; and f’; f’q with the help of unitary matrices Uz and Vg,

v vl - oy -
YiYi=Ur G070 Uy, YiYe=VeG] 4,V (3.289)

Here g is, depending on the value of the index ¢, a non-square matrix of dimension 3 x 6

or 6 X 9 (in the custodial model) containing the non-negative eigenvalues of 1/ f’(;f/; on its
diagonal. It follows that

Vv

Q) —+

Y;=U;9:9: h (IMKK \/ Uz gqf) g V5. (3.290)

Note finally that the Yukawa matrices introduced in and ( satlsfy Y# =
Y ;+ O(v?/MEy) and YZ = YZ-.—I— O(v?/MZx). In consequence, as long as one is interested in

the ZMA results for (Ag})m, only, one can replace f’@}_’;f’q by the combination Yq»Yng
of original Yukawa matrices.

It will be useful to derive ZMA results for the elements (Ag}),n,. For this purpose, we still
need the O(v?/MZy) expressions for the rescaled eigenvectors a7 with A = u, v/, u¢, U’ U in
the custodial RS model. First note that the relations (3.242)), (3.244), and (3.246) to (3.248)
also hold in the up-type quark sector after the replacements d — u, D — u, ¢z, — c,e with

A = V2/vdiag (m,, me, m;). The remaining a2 are found to satisfy

&;Lz = x, diag (F_l(_CQi)F (CQ1)> d,,
af = diag (F(~cr,) F~'(~er,)) al (3.291)

c

~ Tyn . _ -1 .. _ A
ag = — diag (F 1(—07—21.)) in [YL] diag (F 1(cu§)) an .
It is also easy to show that the eigenvectors satisfy the sum rules

atav +avtar =1,  a'ta +aVtal +altal =1. (3.292)
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With these relations at hand, it is straightforward to derive analytic expressions for the
O(v?/MEy) corrections to ®,, @, and Agl. Studying first the custodial model, we find in
the case of down-type quarks,

1 1 F2(CQ.)

&, =x,U" di 1+ —%% )y

I Fatla GI8E |:1_26Qi (FQ(CQi) * 3+26Qi):| ad;

, 1 1 1—2cq, F2(cq,)

&, =x,W'd 14— i | gy = VR )W 2

b . 4 188 {1 - 2C7§¢ (F2(CT2¢) { * F2(_C71i):| * 3+ 207—21’ 4 (3 93)

- V202 . .
Agh = YWE U} diag [F(co,)] YaY Y 4 diag [F(cr,,)) Wa,

KK

while for up-type quarks we obtain
1 1 1—2co F(cq,)
®, = x, Ul di 1 9| 14+ %) U,x,
v w S8 |:1 - QCQi <F2(0Qi) |: " F2(_0Qi):| " 3+20Qi):| T

1 1 FQ(C’LLC) 1
Oy =z, W} < di o ) L i (F e Y'Y
o ’ { " L_ZCU? (FZ(Cug) +3+2cuf)} +2 1ag( (C)) w Yd

1 1 .
x dia, + YT YL dia F—l Cue Wu T,
g(m—%) F2<_%>) § (V1] diag (F7'(c))

Agy = Y= Ul diag[F(cg,)] Yo Y1Y, diag [F(cy)] W,

u

(3.294)

with x, = diag(m,, me, m;)/Mgk. Remember that U, (W) are the left- (right-)handed
rotation matrices diagonalizing the effective up-type Yukawa coupling.

At this point some comments are in order. First, notice that the ZMA expressions in the
minimal model can be obtained from the expressions above by dropping all terms involving
the zero-mode profiles F(—cg,), F(—cz,;), and F(—cg,) and performing the replacements
CTy — Cd;y Cug — Cu;. Note that ®, is the same in both models. The corrections Agﬁ’“ have
to be divided by a factor of 2 in the minimal model. The new terms in and
arise from the admixture of the ST (¢), 82()(¢), and S9)(t) profiles in the corresponding
zero-mode wave functions. In each case, the suppression by v/Mgkgk due to the admixture is
offset by the O(Mkx /v) enhancement of the Z;-odd (—) profile relative to its (+) counterpart.
For cq, < 1/2, the leading contribution in @, is numerically enhanced by a factor of 2 with
respect to the minimal model. If the Z dici]i vertices are protected from fermion mixing by
and ¢z, < 1/2, then the same is true for ®p. Depending on the structure of the
Yukawa matrices and bulk masses, a similar enhancement is possible in ®;;. Notice that the
extra suppression by factors of m /v in ®,p,, ¢ imply that for light quark flavors the Higgs-
boson FCNCs arising from the latter terms are parametrically suppressed relative to those
mediated by the exchange of a Z boson. This makes the chirally unsuppressed contributions
Agi’“, that arise from the Zs-odd Yukawa couplings, the dominant sources of flavor violation
in the Higgs sector. This has been pointed out in [203]. As far as the O(v?/Mg) corrections
to AQZ’“, as given in and (3.294)) are concerned, we find perfect agreement with the
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results presented in the latter article for the case of a brane-localized Higgs sector. The results
presented here generalize these findings to our exact treatment of KK profiles and thus to all
orders in v/Mxg, for both the minimal as well as the custodial RS model. Notice also that
the factor of 1/3 arising in the ZMA expressions for Agi’“ follows immediately if one applies
to a composite operator containing two Zs-odd fermion fields.

A model-independent analysis of the flavor misalignment of the SM fermion masses and the
Yukawa couplings has been presented in [245]. There it has been shown that, in models where
the Higgs is a bound state of a new strongly-interacting theory, at the level of dimension six,
chirally unsuppressed contributions to flavor-changing Higgs-boson vertices generically will
arise from composite operators like g} H qé (HTH). If present, the latter terms will dominate
over the chirally suppressed contributions originating from operators of the form ¢ iqui (H'H),
because the couplings yg4. of the composite Higgs to the other strong interacting states can be
as large as y7,/(167%) > mg/v. Notice that in our concrete model, considering all relevant
dimension-six operators in lowest-order of the mass insertion approximation, leads to the ZMA
results and quantifying the misalignment between the Yukawa couplings and
the zero-mode masses (see [203] for a illuminating discussion). We emphasize that in our
exact solution (3.279), (3.280)), (3.281), and (3.287)), all new-physics effects induced by the
mass insertions are resummed to all orders in v?/M2y at tree level. Note that in the case
of AF = 2 processes, the importance of Higgs FCNCs turns out to be limited. The most
pronounced effects occur in the case of the CP-violating parameter ey, but are still typically
smaller than the corrections due to KK gluon exchange [246]. In Chapter |5 we will apply the
results derived here to analyze AF = 1 Higgs-couplings as well as the impact of the RS model
on Higgs-boson production and decay at hadron colliders.




Chapter 4

5D Propagators

We have seen that particles in the presence of a compactified extra dimension can be described
by towers of KK modes. Often it turns out to be easier to avoid the presence of these KK
excitations as virtual particles in amplitudes and to work directly with the 5D fields. This
evades the necessity of performing infinite sums over profiles (that just appeared due to the
decomposition), weighted by 4D propagators, which can easily become impractical. In this
section we will derive propagators of 5D gauge bosons, including their scalar components, and
of fermions. While such propagators have been studied in the literature [162] 247, 248 249
250], we will include effects of EWSB, mediated by a boundary Higgs-scalar, as well as present
for the first time analytic solutions that include the full flavor structure of the SM. The flavor
mixing will be included in a completely general way. Our results will make calculations of loop-
mediated flavor-changing processes in RS models, which in the KK picture involve multiple
sums over fermion profiles, more feasible. The following formulae hold for the minimal RS
variant, however, the generalization to the custodial model is straightforward.

4.1 Massive Gauge Bosons

The quadratic part of the gauge-boson action, which is the starting point to derive the corre-
sponding 5D propagators, has already been given in [3.45] employing the gauge fixing ([3.44)). It
is possible to retain this gauge-fixing Lagrangian in the 5D approach due to relations between
the scalar fields, as discussed below . This will lead to a propagator that mixes the
scalar components of the gauge fields with the brane-localized Goldstone bosons. However,
for the following applications of the 5D propagators it will be sufficient and more convenient
to follow [201] and to use the gauge fixing

1 By e 2@ A, N\ 1 0y e 7,7\
conm (e[ e[
1

_1 w]) (auwﬂ_ glw
_ _ 1% _5 3 2_} 1% +_€ + I —_§ -
+(5(|§Z§’ 7T> 0 Z,u Mzgo 0 WM MWgO 0 W# ’I”MWSO .

<af~éwu+ Iy

5 7’2 T2
26 r ¢ r
(4.1)
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This still eliminates mixed terms containing vector bosons and scalar fields. The quadratic
terms in the resulting action, denoted by Sgauge 2, follow from 1) by a proper replacement
of the gauge fixing

ggaUgeQ - /d41‘ 1”/ d¢ (Egauge,Q - EGF + EGFQ) . (42)

When deriving the propagators corresponding to the fields present in the action (4.2)), we have
to be careful to take into account the non-trivial determinant of the RS metric in the right
way in order to arrive at the correct covariant expressions in curved space-time.

4.1.1 Derivation of the Green’s Functions

We start with the propagator for the vector components of the massive Z bosons, i.e., the
two point Green’s function D, (21,22, ¢1, ¢2) = (Zu(21, 1) 2, (22, ¢2)). Afterwards, we will
turn to the scalar component. The propagators for the other gauge bosons can be derived in
a similar way.

We perform a Fourier transformation to momentum space for the non-compactified 4D
space-time but work in position space for the compactified direction. In this way we can
easily impose the correct BCs at the orbifold fixed points and account for geometric overlaps
with KK-decomposed fields at vertices. The sought position/momentum-space propagator,
[),,p(p, ®,¢'), corresponding to a four-momentum transfer p#, is given by the solution to the
differential equation

9 v 1 u 6_20(¢) »
[—p n" +(1— E)P“p — Oy — 500"
1 y (4.3)
501 =) (ot + )| Duptp.0.6) = - 10— ).

Note that the factor of 1/2 on the right hand side above is necessary for the correct normal-
ization on the orbifold. The ansatz [162]

Dyu(p, 6,¢) = —iGy(6,¢) (n,w - pr) —iG(6,0) P (4.4)
leads to
5 (40,0, Xt~ m)) G009
28 (40,0, - Moo - m)) Gylo. ) (45
~(Zva. R0 - (2B a0 - m) Gyt0.6)] = 5606 - ).

It follows that G}, = G o where @p has exactly the same form as G, in the bulk, but different
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BCs on the IR brane.
The shape of the solution is now determined by

2@ M
(00 0 = 2280101 = m)) Gyf0. 61 = 5800 - ) (4.6)

Switching to ¢ coordinates, we arrive at

Gp(t, 1) = Ntts (AJi(p/Mxx t<) + BY1(p/Mxk t<))

(4.7)
x (C Ji(p/Mxx ts) + DYi(p/Mxx t>)) ,
where, as before t. = min(¢,t') and t- = max(t,t'), and p = y/p?. The correct normaliza-
tion is obtained by matching the result to the J-distribution on the right-hand side of (4.6)).
Integrating this equation over ¢ in an infinitesimal interval around ¢ = ¢’ leads to

L
N=raap—Bone, (4:8)

The remaining coefficients are dictated by the BCs, which can also be determined from
(4.6) and read (remember that the vector components are chosen to be even under the 7,

parity)

05.Gpl,__, =0,
M (4.9)

™z
2¢2 p’¢>—”'

a¢>> Gp }¢> ——

This leads to

A =Y, (pe/Mkx) , B = —Jo(pe/Mxxk) ,

M2 M2 (4.10)
C =Y, (p/Mkxk) + ﬂ}/l (p/Mxx), D=—Jy(p/Mkx)— ﬂjl (p/Mkk) -

For G, the same BCs hold with the replacement M} — M2 — rp® which translates into the
same replacement in the coefficients C' and D.

We now turn to the derivation of the propagator for the scalar components of the 5D gauge
fields. From the action (4.2) we deduce

(1 + 502719) Deotp6.) = i, 506 - ). (411

Defining D¢¢(p, o, ¢9) = % (¢, @') leads to

5L
f

N

1 r/ / " o /
P+ ;026‘2”‘@) D5, (¢,¢) = 5 ¢ Dd(o — &) (4.12)
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The fully normalized solution can finally be written as

Lk 262

x (C Jo(p/Mxx ts) + D Yo(p/Mxx t))

Dgp(t, t') =

where the coefficients are derived from the (Dirichlet) BCs and read

A =Yy (pe/Mxxk), B =—Jo(pe/Mkx) ,

(4.14)
C =Yy (p/Mkx), D =—Jy(p/Mxx)-

4.1.2 Limits of the Propagators

In the following we discuss several limits in the momentum of the 5D propagators. For this
purpose, we switch to the euclidean momentum, ie we substitute p® = ip% and evaluate
scalar products in euclidean space. The solutions ) and - become

2(BC — AD)MZ, (AL(pe/Mxxt<) + B Ki(pp/Mkx t<)) (4.15)

X (C Ii(pgp/Mkk ts) + D Ky (pp/Mxk ts)) ,

G,(t,t) =

A=K (pE €/MKK) , B=1I (pE E/MKK) )

(4.16)

M2
Z I, (pp/Mxk)

C =Ky (pg/Mkx) — e

(pe/Mkx), D =Iy(ps/Mxk)+

2PE
where pp = \/p% and M% — M2 — rp? for G,, as well as

LWL s/ M t2) + B Kolps/ My 12))
QWQ(BC—AD)MI%K o\PE/MKK < o\PE/MKK < (4.17)
x (CIo(pe/Mkk t>) + D Ko(pr/Mkk t)) ,

A=K, (PE G/MKK) , B=-I (pE E/MKK) )
C = K (pE/MKK) ., D=-1I (pE/MKK) .

D (t,t) =

(4.18)

Small Momenta

Vectors: The limit of pp < Mgy is particularly interesting, since in that case the 5D gauge-
boson propagator

(Zu(x, )2, an X (N2 (2) 2 () (4.19)

is related to the KK sums derived in Section |3.5l The successive expansion of the expression
(—r G,(¢,¢")) in pg corresponds to the series of KK sums on the right hand side of (3.253).
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In particular, the lowest order KK sum ({3.265]) will be given by the first term in the expansion

Z Z (4
Xn (t) Xn (t ) (1) min .
2 T () (420
We arrive at
1 L(t2-1)

Gp(t<,t>) (4.21)

pE< MKk _M% 47TT’MI2<K ’
We emphasize that this is the exact result for the corresponding KK sum, i.e., no higher order
terms are missing, c.f. (3.261). For the massless case (Mz = 0) we get [162]

1
— =
pe<Mygx  2Trpy

Gp(t<7 t>)

(4.22)

and the next term in the p% /M2y expansion reads

B 1 N (t2 +¢2 — 2t2 Int. — 2t2 Int, — 2L12)
8mr M2y L 8mr M2y

. (4.23)

This coincides with the KK sum ({3.266). Note that, again, we neglect terms of O(e).

Scalars: The scalar propagator behaves like

L*2¢2Int. (L + Int.)
pE<<MKK 2rr WZMéK '

Dy (tes ) (4.24)

Large Momenta

Vectors: We first consider the limit pg > Mgy, but ppt./Mxx < 1 and pgts /Mg < 1,
which means that the momenta are below the position-dependent cutoff, see (3.30]). We arrive

at
L

_27rrp2E (In(2k/pE) — )
Note that the regions of momenta that fulfill the hierarchies quoted above get smaller and
finally vanish, the closer the propagator is evaluated to the TeV brane. Therefore the ex-

pression is just applicable for large momenta near the Planck brane. On the TeV brane, the
large-momentum limit pg > Mgk (but still pg < k) leads to

Gylt<,ts) — (4.25)

L

G,(1,1 -
p(7 )—) 2mr pp Mkx

(4.26)
The propagator changes to a 1/pg behavior and thus cannot be trusted for pg > Mgxk on the
TeV brane. Here, the theory has to be cut off in the TeV region, as discussed before. Finally,
for pp > Myk and ppt./Mgk > 1, pets/Mgk > 1, the propagator becomes

o>t LTS (4.27)

G,(te,ts) — —e 7P Mk ,
P( < >) 47TTpE MKK
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and vanishes if . and ¢ are well separated from each other.

Scalars: In the following we consider the scalar propagator in the limit of large momenta.
For pp > Mxk, but ppt./Mgk < 1 and pgts/Mgk < 1, the Green’s function becomes

L*2t2 (L + In(t.)) (hl (%) i 76)
2mr w2 Mgk (ln (12)_%) - %)

Dép(t<7t>) - - (4.28)

On the TeV brane it vanishes due to the BC, while for pp > Mgk and ppt./Mgx > 1,
pets/Mgk > 1 we arrive at

~ e L3 t3/2t3/2
Dép(t<7t>) — —e " VR Sy

—_—. 4.29
drrmipr My (429)

The results derived here will be applied in Section to calculate the anomalous magnetic
moment of the muon in the RS setup.

4.2 Massive Fermions

We consider the 5D action for quarks as given in (3.72). The generalization to the lepton
sector as well as to the custodial model is straightforward. First we introduce our notation.
We merge the SU(2), doublets @) and singlets ¢° into 2-component vectors

0,=(2) a=@n. (450)

and introduce the projection operators

_ (€ aq — (Y
PQQq_<O>, PQq_<qc), (4.31)

acting on states in the doublet /singlet (representation) space. In matrix notation, correspond-
ing to the basis introduced above, they read

P = (é 8) . P1= (8 (1)) . (4.32)

Furthermore we introduce the off-diagonal operators

01 00
Qq _ qQ __
PR = (0 0) , P9 = (1 o) : (4.33)
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which pick out the singlet and doublet component of €2,, respectively, and raise/lower it to
the other position in the vector. The bilinear terms in the action (3.72)) can now be written as

Sferm 2 = Z /d4ﬂf ’l”/ d¢ { U(¢)Qq Z@ Qq - ‘

C—u(, dC

—20(¢) _
Qq 8¢ 6_20(¢)"ys Qq

e 17 sgn(¢)Q, (PYMg + PIM ) Q,

(4.34)
) =379 V2r
L

—51(|¢| — [Qu (YO P2 4+ YSt pi9) prq,

+Qy (ch P 4y St PQQ> PrQy + h.c} } ,

where Q,4 = (u,u®)T, (d,d°)" and M, = M,, defined before. The 4D Yukawa matrices
YCS describe the couphngs of the nggs doublet to Zs-even and -odd fermions, respectlvely,
normahzed according to . Note that we will understand Q = (@, 0)7 and ¢ = (0,¢)"
two-component vectors in the followmg derivations.

4.2.1 Derivation of the Green’s Functions

Before calculating the 5D propagator Gy(p, ¢,d') = (Q,(p, #)Qy(—p, ¢')) with ¢ = u,d ex-
plicitly, let us have a look at the matrix structure of this object. As the following deriva-
tions will be similar for up-type and down-type quarks, we will drop the subscript ¢ of the
propagator from now on. First, G is a 2 x 2 matrix in representation space with pro-
jections G¥ = PYGP? = (Qq), etc. Second, it is a 2 X 2 matrix in Dirac space with
G%’% = PLGYP, = (Qrqr), etc. Furthermore, it is also a 3 x 3 matrix in flavor space. It is
determined from

20(6)

Oy e 270" —son(¢) <PQMQ + Pqu>

2
—0"(|¢| — ) e”(‘f’)@ ((Yf pPQa 4 YfT qu) Pr (4.35)

do(9)

+ (YT PR+ Y2 PO Pp) 1 G(¢,¢') = 5(¢p — @)1

where we have suppressed the dependence of G(¢, ¢') on the four-momentum transfer and the
index ¢ now corresponds to up type singlets. Applying all possible combinations of projec-
tion operators introduced above from the left and the right on eq. , we arrive at four
blocks of differential equations. Each of them contains four coupled equations for certain
components of the propagator, while the four blocks are decoupled from each other. Note
that the matrix equation above mixes different components in representation space, due to
the Yukawa couplings. For example, P? PRIGP? = PRIGPY belongs to the non-vanishing
entry of G, mediating off-diagonal transitions in representation space. However, it features
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the corresponding entry in the upper-left corner. After employing the ansatz

G99t 1) = iPePp Gt t),  GL(t,t) = iP?PRGYY(t, 1),

GQQ t.t) = .PqQP GQQ ot GqQ f ) = .PqQP GqQ 'y (4.36)
LL(a )—Z L¢ 7+(7 )7 RL(? )_Z 'R ++(’ )7

the first block of equations becomes

t QQ ’ o QQ N _Sn(4 S Q@

—MKKG_+(t,t)+(tat 2 — ¢)G9(t, 1) =0"(t 1)\/_MKKY G™ (t,1'),

t 2

M];KGSE(H) (tat—2+cQ)G9$(t,t')zan(t—nf YOG 1, t)+ 5(t—t)
KK

G0+ (10— 2+ )LL) = 1) \/_ Vi 1 G,

'
P’ PG (1) — (10, — 2 — )G (4, ) =6"(t — 1) ———

MKK G—+( )

\/_ KK
(4.37)

where we have performed a transformation to the coordinate t. Remember the definition of
the regularized J-distribution (3.46)) and that c¢g, = =M ,/k. The first propagator in (4.36)
mediates diagonal transitions in both representation space, as well as in chirality, the second
is diagonal in representation space but off-diagonal in chirality, the third vice versa, and the
fourth propagator is off-diagonal with respect to both spaces. The subscripts +(—) denote
even (odd) functions in ¢,¢" with respect to the Z, parity on the orbifold. The corresponding
propagator functions are still 3 x 3 matrices in flavor space, while the further matrix structure
has been pulled out in terms of chirality projectors and the matrices defined in and
(4.33]). The other three blocks of equations can be obtained from by the replacements

Zyi+ o —, Qeq, cgeo—c, YooY (4.39)
Q g, (tat - 2) - _(tat - 2) iy €@ & —Cq, ch’s - YqC’,ST ’ (440)

where the first replacements (first two replacements in (4.39))) correspond to the indices of the
ansatz, respectively, given by

GY(t,t') = iPPPrp GOt 1) GY%(t,t") = iPYPL,G(t, 1),

(4.41)
Gl (t,1) = iPOPpp G2 (t,t)),  GiG(t, 1) = iPCPLGI(t,1),
GrLt) =P Py G (t,t),  GR(t,') = iP'PRGY (L, 1), (4.42)
GIj(1.t) = iPUPYGIL(LY),  GRI(LI) = iPUPG (L),
GngR<t7 tl> PqPRZé G?ﬁ-&-(t? t/> ) G%QR@’ t/) = quPLG(I—q-&-(t? t/> ) (4 43)

GY%L(t, 1) = iPUPRp GOL(t, 1),  GYL(t,t) = iPYP,GYL(t,1).

In the following we will show explicitly how to solve the first block. The other components
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of the propagator can be obtained with the help of the replacements —, taking into
account the correct boundary conditions. First note that the presence of the §-distributions
gives rise to discontinuities of some components of the propagator (or its derivative) at the
boundaries (in the limit 7 — 0) and at t = #'. For example G2 (t,t') will jump at t = #/,
whereas G9%(t, ') will be continuous at that point while its derlvatlve G2 (,1') will jump.
The behavior at the boundaries is similar to that of the KK modes in the decomposed theory
and has already been discussed in Section [3.2.2] It is straightforwardly generalized to the 5D
propagators. Combining the first two equations of block (4.37)) decouples the system and leads
to a second order differential equation in ¢ for G¢9(t, t’ ), Vahd for t € (e,1), t # t', which
reads

(t%)f — 410, + t* ]\ZQ{K —ch+eg+ 6) G =0. (4.44)

The solution to this equation is given by

G99t t) = 7 (dg (Tegpos (/M 1)) @527 () g (g (0 Micrc 1)) B2 (0 )) (t2t).

(4.45)

Note that, here and in the following dg = diag. For the case of ¢g, = 1/2 + 2, z € Z,

the solution has to be obtained from (4.45)) by a limiting procedure. The propagator (4.45)
>

depends on ¢’ through the 3 x 3 coefficient matrices a$$< (t') and BY? < (¢'). These are to be
determined from the BCs at the branes and the jump conditions at t = ¢/, which introduce
the dependence on the second coordinate. They will be discussed in detail below. Similarly,
we can derive second order equations for the other components present in , which leads
to

G9(0.0) =12 (1 (7, 30/ Miact)) %27 0) 4 e (S o3 0/ Mac)) 62970 ). (120
G (1,¢) =12 (dg (Ve (/M 1)) @ () + dg (o (/ Micic )) b2 <t'>>,
G (t,1) =t/ (dg( 1 (p/Mxxk t)) al® () + dg (J_cqﬁ%(p/MKK t)) b‘fi(t’)) :

(4.46)

Up to now, we have only determined the general form of the solutions following from the
second order differential equations in ¢. These feature 12 coefficient functions which still have
to be derived. In the following we will again work in the limit Yf = Yf =Y, On the UV
brane, we impose standard Dirichlet BCs for the propagators that are Zs odd in ¢

G%(e,t) =0, G™(et)=0. (4.47)

The IR BCs follow from a regularization of the delta distributions at t = 1, in analogy to the
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derivation within the KK decomposed theory presented before, and read

G (1) = ——Y GEE( -1,

\/_KK
\/_KK

with f’q as defined in (3.86)). By integrating the second equation in 1) over an infinitesimal
interval around ¢ = t/, we obtain in addition the jump condition

(4.48)

GOY17t) = =V ,G18 (1. 1),

t=t/+ 4
lim G931 QLAY (4.49)

t=t'—n el
Furthermore, from the second order equation for G?f we obtain

t=t'+n U
i [ GQQ t.t } =—1 B
a0 G, 1) t=t'—y Mgk -

as well as from continuity of Ggf at t =1t/

lim [Gﬁf(t,t’)]t - (4.51)

n—0 t=t'—n
So far we have collected 7 conditions for the 12 unknowns functions of ¢’ which is not sufficient
for determining the solutions uniquely. Imposing just the BCs above is not enough, we have to
extract additional information from the system . This is indeed possible. In the course
of deriving the decoupled equations, we lost the information about the relative normalization
of the components of the propagator with respect to each other. This can be implemented by
evaluating at t = ¢, taking into account , which leads to

(td, — 2 — o) GYL(t, 1) _ =0,

2
/ € /
<tat—2+cQ>G9$<t,t>t_=M%<G$$<e,t>, o
- 4.52
(0, —2+e)G (11)| = - =GP (et),
t=e KK

(td, — 2 — ¢ )G9 (t, 1) _ =0

The last missing piece of information is provided by evaluating the second equation in (4.37))
att=1t'+n

t=t'+n
GY%(t, t)} . (4.53)

t=t'—n

t=t'+n tp?
li [ t0, — 2 Gt = 1l
ﬂll’% ( t +CQ) —+( ) t=t/—n T]li)% MKK

It is now possible to determine the coefficient functions by solving the equations (4.47))-(4.53))
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for them. We obtain

() =dg (J_CQi_é(p/MKK €)> QQ<

a b t/ )
++ JcQz.—f—%(p/MKK 6) ++ ( )

> < 7r
a(ﬁ (') :agf (t') — el 2 dg (JfCQiJr%(p/MKK t') sec(cQﬂr)) ,
> <
b7 (1) = b9 (t’)+mt'5/2 dg (Jch,%(p/MKK #) sec(chn)) ,
< < < < (4.54)
a®? () = —pbYT(¢), YY) = pafYT (1),
> > > >
a®?”(t')y = —pb%9T (), b4 () = pa¥l(t),

aQQ (t/> _ dg J_qu_%(p/MKK €> qu (t/)
i T (p/Micice) | 700

@t (1) =p D), BH) = —p el ()

where bBY9<(¢') and % (t') can be determined from the TR BCs (4.48)). Finally, we arrive at

1 =«
bQQ< ) = —tl5/2

(dg <J 1(pl/MKK ) (chQf%(P/MKK €)Jeg, +1(0/Mxx) = Jo 1 (0/Mkx G)JCQZ.;(P/MKK))>

0?2 - J ey -1 (0/Mkx €)J,, _1
J %(p/MKK G)chﬁ% (p/MKK) - chi—s-%(p/MKK G)J_C

(p/Mxxk) + chi+%(p/MKK G)J—cqi+%(p/MKK) ¢
(p/MKK) 1

1
%2

dg (J 1(p1/MKK J (LCQF%(P/MKK €)eg, -1 (0/Mkk) + Jog 41 (P/ Mk E)JCQi+é(p/MKK>)> )

(p/MKK)> &

J (p/Mxx €)J,, 1

—Cq; i

v? ¥ 4 Iy —1(0/Mxx €)J,, _1(p/Mxx) + J,, +1(p/Mxk€)J_., 1
! 1 1(p/Mxx) = e, 11 (p/Mxx €)J_, 1 (p/Mxx)

a;

dg <JCQ1—%(19/MKK ) _cq,+1(p/Mxx) = J oy 1 (p/Mxx t')JCQi_%(p/MKKD

g (Vo 3 (/M V) (0 Micic) + T 3 (0/ M ) gy 43 (p/ Mick)) )dg (sec(cq,m)) |

(4.55)
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bI@ (¢ p v m t'5/2
()= My v/2My 2€
|

1
dg <chi+;(pMKK €) (J—cqi_;(PMKK €) ey 11 (PMik) = J, 1 (PMik E)J_cqi_%(PMKKD ) Y,

. I o, %(p/MKKE)J (p/Mgx) — Jeg,+1 1 (p/Mkx €)J —cq,— (p/Mxkk)
S\ Ty 0/ Vi ) (07 Vi) + o (0 Mo g 3 (0 M)

p/Mix) + T, 1 (p/Micce)J_,, </A4KK)> §J>1
)J_

I\D\b—‘ m\»—\

s ¥ d Sy -1 (p/Mxx €)J;, _1(

My "N\ T, 0/ Mk T 1 (0/Mick) — oy o1 (/M €) T, 1 (p/Mick)

V2 ¥ d Iy, 1(0/Mkx €)J, f%(P/MKK)JFJc Ji(p/Mxk€)J_, 41 (p/Mkx) ¥
WMz O\ T /M), 1 (p/ M) — Ty o3 (0/ My ), 1 (p/Mixc) )~

dg <Jch_%(P/MKK ) g 41(p/Mx) = J 13 (P/MKK ) oy, -1 (p/MKK)>

+dg (Jch—%(p/MKK t)J e -1 (p/Mxx) + J_c, 11 (p/Mxx t/)JCQi+%(p/MKK)> )

+@Q@iﬁmequwﬂMMMJ—J%g@Mhﬂ%@iﬂMMmD}@@%MMﬂ-
(4.56)

In the case of a vanishing Higgs VEV, the coefficient b?ﬁ (') is zero. This makes the propa-
gators mediating singlet-doublet transitions vanish, which could be expected from (4.34)). In
this limit, the other coefficient becomes

1 /5/2
o Vgt dalsec(cq,m)

dg( oo, —1(0/Mixc t')J_,

b9 (1)

Jeg, +1(P/Mkx €) 7 N j

(p/Mxx) + J_e, 1 (p/Mxx t') ., 1 (/M)
—cQ,; —7(p/MKK E)JCQ +3

(P/Mkx) = Jeg 1 (0/ Mk €)J ¢, 1 (p/Mkx)
(4.57)

4.2.2 Limit of Small Momentum Transfer

Let us finally give the expressions for the Green’s functions in the limit of a negligible mo-
mentum transfer. For p — 0 the propagators reduce to

2412

. t°t
GOt t) =0, GRF(tt)— —zPQPR

rdg (/1)) 0t — 1),
MKK t2t/2

V2u e

The zeroes reflect the fact that the chirality-diagonal propagators are induced only by a non-
vanishing momentum-flow.

(4.58)

Gii(t,t) =0, GIZ(t,t) — —iP™Py Y dg (toutear) |



Chapter 5

Warped Extra Dimensions:
Phenomenology

After studying in detail the setup, the interactions, as well as KK sums in both the minimal as
well as the custodial RS model, we will now apply these results to analyze the phenomenology
of these models. First, we will give an overview of the status of RS models, in particular
concerning the compatibility of a low KK scale with experimental constraints. In Section [3.3],
we have already explored electroweak precision observables and discussed possibilities to end
up with KK scales in the range of a few TeV, which can e.g. be achieved by employing a
custodial symmetry. We have also argued that the RS-GIM mechanism will suppress the
majority of flavor-changing transitions in the quark sector below their experimental limits.
Thus, at first sight the (custodial) RS model seems to offer a reasonable chance to be directly
discovered at the LHC, when running at /s = 14 TeV.

In the last decade, various studies of the flavor structure of RS models have been performed.
Properties of the (generalized) CKM matrix, neutral-meson mixing, and CP violation were
studied in [I75]. Z-mediated FCNCs in the Kaon system were examined in [211] and effects
of KK gauge bosons on CP asymmetries in rare hadronic B-meson decays, induced by b — s
transitions, were explored in [252]. A first analysis of AF = 2 and AF = 1 processes in the
RS framework was presented in [176] [I77], where the second paper treats a variety of possible
effects and analyzes several rare decay processes. The branching ratios for the flavor-changing
top-quark decays t — c¢Z(v,g) were discussed in [244]. Model-independent approaches for
analyzing NP contributions to AF = 2 and AF = 1 operators were developed in [217, 253].
The first complete examination of all operators relevant to KK mixing was presented in
[220]. A comprehensive analysis of By B, mixing has been performed in [241]. Moreover,
rare leptonic K- and B-meson decays [254], 255] as well as the radiative B — Xy decay [256]
have been studied quite recently. A comprehensive analysis of AF =1 and AF = 2 processes,
taking into account the exchange of the whole towers of KK excitations has been presented in
[213]. Higgs- [203] 245] and radion-mediated [257), 258] FCNCs have been investigated, too. It
has been recognized that the only observables where a considerable fine-tuning of parameters
seems to be unavoidable are the neutron electric dipole moment [I76) [I77] and CP-violating
effects in the neutral Kaon system [220, 253, 259, 260]. For generic parameters, these turn out
to be too large unless the scale of the first KK-gauge bosons is raised to O(10) TeV, beyond
the reach of the LHC. Due to these problems, several modifications of the quark flavor sector
of warped models have been proposed. Many of them try to implement the idea of MFV
into the RS setup by means of a bulk flavor symmetry [205], 206, 261, 262], see also [263].

151
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Others explore the possibility of textures of the 5D Yukawa matrices [221] or use a bulk-Higgs
[256], 260] to weaken the constraints. The idea of spontaneous CP violation in the context of
RS models has been used to address the problem of too large electric dipole moments [207].

Recently, a model of “flavor triviality” has been proposed [264], where the solution to
the puzzle of fermion hierarchies is given up (see also [265, 266]). This model assumes that
both the bulk and the IR brane are invariant under the (gauged) SM flavor symmetries. The
Yukawa hierarchy is assumed to be generated by some unknown physics on the UV brane.
The model belongs to the MFV class and can have a KK scale as low as 2 TeV, while being in
agreement with flavor as well as electroweak precision constraints. Beyond that, it offers an
interesting phenomenology [267]. However, we do not want to give up the anarchic approach
to flavor and thus assume other alternatives of flavor protection to be at work.

What concerns the lepton sector, flavor violation also leads to generically quite stringent
bounds on the masses of the first KK gauge bosons in the range of 25TeV [250] 268]. These
bounds, however, depend quite strongly on the concrete model parameters. They can be
lowered by an appropriate choice of the lepton representations under the custodial gauge
group [269] or by flavor symmetries [270, 271, 272], 273].

After this general survey of the status of RS models with respect to (precision) measure-
ments, let us review to what extend the setup can answer some of the additional open questions
in the SM, besides solving the flavor puzzle and the gauge hierarchy problem. First of all, it
has been shown that warped extra dimensions offer the possibility of high-scale gauge-coupling
unification [274] 275] 276]. Moreover, viable dark matter scenarios arise naturally in some vari-
ants of RS setups, typically involving (sterile) neutrinos, GUTs, fields with special boundary
conditions, or discrete symmetries like KK parity [209, 277, 278, 279, 280, 281, 282]. Brane
fluctuations, so-called branons, could furnish WIMP dark matter, see e.g. [283]. In addition,
the strong CP problem can be addressed in the context of RS models via spontaneous CP
violation [207]. Note finally that there are interesting possibilities to generate cosmic inflation
in (warped) extra dimensions [284] 285] 286].

Subsequent to this overview we will analyze in detail various observables, which are ex-
pected to show interesting signatures of the RS setup. The first part of this chapter is devoted
to precision tests. We start by discussing modifications of SM input parameters due to warped
extra dimensions. We will go into a tension between different determinations of the W*-boson
mass and elaborate on RS modifications concerning the Higgs VEV. Next, we will continue
our examination of the Peskin-Takeuchi parameters. A careful analysis of the bottom-quark
pseudo observables at the Z-pole follows, where we will study in detail the parameter depen-
dence and the level of custodial protection for the RS corrections. A possibility to improve the
agreement of the forward-backward asymmetry in bottom-quark pair production at the Z-pole
with experiment will be examined. Randall-Sundrum models have been used to address the
enhancement in the ¢t forward-backward asymmetry, measured at Tevatron, with respect to
the theoretical prediction. We will investigate if it is possible to account for this anomaly in
an anarchic approach to flavor. After that, we apply the formalism derived in Chapter {4 to
examine RS corrections to the anomalous magnetic moment of the muon. Then we will turn
to flavor physics and CP violation. First we will study numerically the unitarity violating
corrections to the matrix which would be identified with the CKM matrix of the SM. After
an analysis of rare top-quark decays, the phenomenological survey will be continued with a
discussion of B%~BY mixing. A calculation of the absorptive part of the mixing amplitude in
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the presence of new physics is presented and the impact of the Randall-Sundrum setup on
several CP-violating observables is investigated. Finally, we will perform a detailed survey
on Higgs Physics in warped extra dimensions. We will analyze the Higgs-boson production
cross sections at Tevatron and at the LHC, as well as the most important branching fractions.
For the first time, a complete one-loop calculation for the (custodial) RS model is presented,
incorporating the effects stemming from the extended electroweak gauge-boson and fermion
sectors. Although deviations are generically expected for an IR-brane localized Higgs sector,
the RS modifications will actually exceed the expectations. This observation could have an
significant impact on the LHC physics program.

In order to present predictions for different observables in the RS setup we need to specify
a large number of model parameters. These are, besides the NP scale Mgk and the logarithm
of the inverse warp factor L, the bulk mass parameters of the 5D fermion fields as well as the
5D Yukawa matrices. As explained in Section [3.2.3] their choice is restricted by the fact that
the known values of the quark masses and CKM matrix elements should be reproduced within
errors, but this information still leaves some freedom.

In parts of our following analysis, we will perform a scan over the parameter space of the
RS model. For this purpose, we generate 10000 randomly chosen parameter sets using uniform
initial distributions for the input parameters. The parameter ranges are Mxyk € [1, 10] TeV for
the KK scale and |(Yy.4)i;| € [0.1, 3] for the Yukawa couplings. Moreover, we require that the
Wolfenstein parameters p and 7 agree with experiment within 1. The bulk-mass parameters
are then determined using the warped-space Froggatt-Nielsen formulae given in Section [3.2.3]
such that all points reproduce the quark masses and CKM parameters with a global x?/dof
of better than 11.5/10 (corresponding to 68% CL), subject to the constraints |cg, 4| < 1 and
Cus €] —1/2,1]. This large set of points provides a reasonable range of predictions that can be
obtained for a given observable[] Only for a subset of the 10000 scatter points the predictions
for the Zbb couplings in the minimal RS model are consistent with experiment at 99% CL.
We will consider these constraints by discarding points that are in conflict with them. We use
Mgk = 1.5TeV as a default KK scale for the minimal RS model, corresponding to masses
of about 3.7TeV for the first KK excitations of the gauge bosons. We sometimes use twice
that value, Mxx = 3TeV, as a second reference point. For the custodial model, being less
constraint by electroweak precision measurements, we will use the scales Mkx = 1TeV and
Mgk = 2TeV. Unless noted otherwise, we set L = In(10'%) for the logarithm of the inverse
warp factor. It will be instructive to have default sets of input parameters, which are consistent
with all experimental constraints concerning the quark masses and CKM parameters. Such
sets will be given in Appendix [C]

The following is based on [I],2, 3, [4]. Note that the numerical analysis of [I] has been redone
with the same parameter sets as used for the analysis of the custodial model. Moreover, the
Yukawa couplings involving Zs-odd fields, that have been neglected in the latter article, are
included. The same holds true for the O(v?/MZy) shift in the Higgs VEV.

'For more details concerning the algorithm that generates the parameter points of the RS model, the
interested reader is referred to [213].
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Figure 5.1: Tree-level contributions to u~ — e~ v,1, arising from the exchange of a
W~ boson and its KK partners. See [I] and text for details.

5.1 Precision Tests

5.1.1 Modifications of SM Parameters

Let us first have a look on how values of SM-input parameters will change if the RS setup is
realized. Recall that the zero modes of the photon and gluon in RS models, interpreted as the
SM photon and gluon, have flat profiles in the extra dimension. Thus their tree-level couplings
to the zero mode fermions are universal and flavor diagonal, just like in the SM, see (3.146]).
As a consequence, the low energy extraction of the fine structure constant «, defined in the
Thompson limit, as well as the strong coupling «, are to excellent approximation unaffected
by the presence of the extra dimension. Moreover, the definition of the weak mixing angle
0, in RS, in terms of (4D) weak gauge couplings, agrees with the one of the SM, see ,

which results in the relation
s Ama

Defined in this way, 8, can be extracted from measuring the left-right polarization asymmetries
of light fermions at the Z-pole. Due to the RS-GIM mechanism, the corrections to the Z
couplings are given to very good approximation by the universal prefactor in (3.147) and

(3.235)), which cancels in the asymmetry

_D(Z = fufr) =T(Z = frfi) _ (91)* — (95)”
"7 T(Z = fufe) +T(Z — fafr) (912 + (g%)?
o (12— 1Qyl50)* = (@Qrsa)®
(1/2 = [Qyls3,)* + (Qrs3)?

From measuring Ay one can thus directly determine the weak mixing angle, which will have
the same value in the SM and in RS models. Note that this discussion holds for the minimal
as well as for the custodial RS model (where g — gr.).

We now turn to phenomenological consequences of the RS corrections to the W* mass.
They have already played a role in determining the 7' parameter. However, will give here
a more detailed analysis, including a survey about different possibilities to determine the
W=*-boson mass and RS predictions in this context.

The mass of the W*-bosons can be measured in several ways, see Section [I.1.2] First, it
can be obtained directly from W#*-decays. Just from this single experiment it is not possible
to differentiate between the SM and the RS model, since the RS corrections to the W mass,

(5.2)
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as given in (3.67)) and (3.206f), can be absorbed into a redefinition of the Higgs VEV in (1.25),
which will then differ from the SM value of vgy = 246 GeV [200]. From (3.67) one deduces

that within the minimal RS model one should use the VEV

vrs = vsm | 1+ U 9 L—1+i +0 Us . (5.3)
2MZ, 8 2L My

Here, we have neglected small loop corrections, which are subleading compared to the L-
enhanced RS corrections (for low KK scales). For the custodial model we derive from (3.206])

the VEV shift

Vrs. = vsnm | 1+ U (9L L—1+i +%L +0 Us . (5.4)
c 2M2, \ '8 2L) " 8 ME

For the case of g, = gg the effect is thus approximately twice as big as in the minimal RS model
and can become quite significant for low KK scales. We will always employ vgs (vrs.) for the
minimal (custodial) RS model, but drop the subscript, as it will be clear from the context.
Note that in many cases, the VEV shift will correspond to a higher order correction in v? / Mz
that will not be considered, however e.g. in Higgs couplings of the W*- and Z-bosons it will
be a LO correction and needs to be taken into account.

The correction to the W*-boson mass can become observable if several quantities are
measured. As explained in[.1.2] one can also determine the W+ mass indirectly by measuring
the electromagnetic coupling, the weak mixing angle and the Fermi constant, making use of the
SM relation ((1.34]). The former quantities are expected to feature negligible RS corrections,
as discussed above. The Fermi constant G, obtained from muon decay however, will receive
sizable corrections in the RS setup. At tree level, this decay receives contributions from the
whole towers of the W* bosons and their KK excitations, as depicted in Figure . The
corresponding KK sum over intermediate states is given in and below for the minimal
model. As muon decay involves only light leptons we can ignore the terms proportional to 2
and t'* due to the RS-GIM mechanism. Thus only the constant term in (3.261)) contributes.
We arrive at the RS prediction

GF g2 m%,v 1 m%v
— = 1 1—— O 5.5
2 osmg | oz U an) T\ am ) | (5:5)

valid both for the minimal as well as for the custodial RS model. Here, the RS-correction
term receives a contribution (1 — 1/L) from the modification of the W=*-boson ground state
as well as a subleading term 1/(2L) from the tower of KK excitations.

Thus when applying the SM relation (1.34) to determine the W*-boson mass, we will
actually not measure its real mass, but rather

9 4
RS My 1 T
(mW)lndlreCt mw |: 4MI2(K ( 2L> + O (MéK):| (5 6)

In Figure [5.2] we show again the comparison between the indirect constraint and the direct
measurements of my, and m; in the SM (see Section , this time overlaid with the RS
prediction for myy, following from (j5.6) for Mxk € [1,10] TeV and depicted by the blue (dark
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Figure 5.2: Regions of 68%, 95%, and 99% probability in the m;—my plane due to
the direct measurements of my, and m; at LEP2 and the Tevatron. The black dot
shows the SM prediction based on G for our reference input values, whereas the green
(medium gray) shaded band corresponds to the SM expectation for varying values
of the Higgs-boson mass of my, € [60,1000] GeV. The blue (dark gray) line and the
corresponding points represent the RS prediction for Mgk € [1,10] TeV, valid for both
RS variants studied in this thesis. See [I] and text for details.

gray) line and points. The SM limit (Mkk — o0) is shown by the black dot, where we assume
the SM reference point from Appendix [D| with m; = 150 GeV. Recall that the ellipses show
the regions of 68%, 95%, and 99% probability, following from the direct measurements at
LEP2 and the Tevatron. The SM prediction based on , for Higgs-boson masses in the
range of my, € [60,1000] GeV, is depicted by the shaded band. As noted in Section [1.1.2]
the direct and indirect W*-boson mass determinations, assuming the SM to be valid, deviate
by about 20 . However, such a shift of about 50 MeV can be explained in the RS
model. Here, we do not expect the two determinations, using SM formulae, to match, see
(5.6). Using this relation to determine the real W* mass from the indirect measurement we
see from the blue (dark gray) line, that a perfect match can be achieved for KK scales slightly
above Mk = 1.5TeV. Note that also for a heavy Higgs boson, agreement between my, and
(MW )indirect can be reached at the 99% CL level for KK scales above 1 TeV. Taking for example
myp, = 400 GeV (my, = 1000 GeV) would indicate KK scales of 1.5 TeV (1 TeV).

Due to the RS corrections to the W*- and Z-boson masses, the SM relation between the
weak mixing angle and the masses of the weak gauge bosons, encoded in the p parameter
(L.30), will deviate from its SM value gsas = 1 (at the tree level). If the W*-boson mass is
measured directly, we derive from the result

2 1 4
0= [14—330 2J\7Z§<K (L— 1+ ﬁ> +O (—AZZK)] . (5.7)

Note that the correction term features a contribution enhanced by a factor of L. This L-
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enhanced term vanishes, if the extended gauge group of the custodial RS model is present. It
is canceled by the additional corrections appearing in the contributions to the mass formulae

(:208).

Alternatively, if my, is determined indirectly, we arrive via (5.6 at the RS prediction

m2 1 mi
=1 Z (Ls® -1+ — @) Z . 5.8
o=1+ OMZ ( Sw— L QL) + (MI%K (5-8)

Remember that the T parameter, measuring differences in the corrections to the W* and Z
vacuum polarization amplitudes, which contain differences in the corresponding mass correc-
tions, is (trivially) related to the p parameter. As we have already analyzed RS corrections to
the T" parameter numerically in Section (which will be continued below), we will stop our
discussion of the o parameter here.

5.1.2 S, T and U Parameters

We will now compute the S, T, and U parameters in the custodial RS model for completeness
and compare the findings to the minimal model. The set of oblique corrections, defined
in , can be calculated as described in Section where we have already performed
the corresponding calculation for the minimal RS model. The non-zero tree-level correlators
I1,,(0) with a = W, Z are calculated from the corrections to the zero-mode masses (3.206|) and
profiles (3.207)), where the latter also give rise to non-zero derivatives I1/,(0) of the correlators
at zero momentum. We find to LO

9%“4 2 1 2
KK

2,2
grv 1
I} (0):—(1——),
ww SMZy L

(97 + g7) v* 1 )
I 0) = — L Y 2 2 I — — 2 2 L
22(0) 3202, {(gL +9v) o) o= 9v) L]
2 24,2
+gy)v 1
H/ O — (gL Y 1 _ .
72(0) 8MZy L
Inserting these expressions into ([1.43)) yields the tree-level prediction
210> 1 T 1
S=—[(1—= T=——r—-—— U=0 5.10
M ( L) ’ 42 M2y L’ ’ (5.10)

in agreement with [218] 219]. In contrast to the results in the minimal model, given in (3.164]),
there is no L-enhanced term in the 7" parameter. Like in the p parameter, it has been canceled
by the additional corrections appearing in the mass formulae , which introduce extra
terms in the correlators Iy w(0) and IIz(0), reflecting the underlying (gauged) custodial
symmetry. The S and U parameters however remain unaffected.

The contributions to the S and T parameters in the custodial RS model are shown in the
right panel of Figure [5.3] The experimental regions of 68%, 95%, and 99% probability in the
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Figure 5.3: Right: Corrections in the S-T plane due to the custodial RS model
for Mgk € [1,10] TeV and L € [5,37], depicted by the blue (dark-shaded) shaded
area. The experimental regions of 68%, 95%, and 99% probability are shown by the
colored ellipses. The green (light-shaded) stripe shows the SM predictions for m; =
(172.6 £ 1.4) GeV and my, € [60,1000] GeV. Left: corresponding plot in the minimal
RS proposal for comparison. See [I] and text for details.

S—T plane are again depicted by the colored ellipses, while the SM predictions for different
values of my, and m; are shown by the green (light-shaded) stripe. The blue (dark-shaded)
area represents the corrections of the custodial RS model for different values of the KK scale
and the volume factor L. The corresponding contributions in the minimal RS model, already
given in Section are shown in the left panel for comparison. Requiring the corrections
of the custodial model to satisfy the experimental bounds from S and T leads, for the SM
reference point of Appendix [D] and L = 37, to the constraint of Mgk > 2.4 TeV @95% CL
which we quoted in (3.170). This is now driven by the S parameter, see Figure and is
slightly lower than the corresponding constraint in the minimal RS model with a heavy Higgs
boson my, <1 TeV, given in .

Quantum corrections to the 7' parameter have been studied in [218], in the context of the
gauged custodial symmetry without an additional protection for Zb.b;, couplings. It has been
shown that, due to this symmetry, the loop contributions to 7" are UV-finite. The dominant
one-loop corrections, coming from fermions in the loop, are found to be positive and allow
to lower the KK scale for a sufficiently light Higgs boson. For the model including quark
bi-doublets under SU(2); x SU(2)r to protect the Zbb;, coupling, the one-loop corrections
to T have been studied in [222] 223]. It has been observed that contributions due to KK
excitations that couple to the Higgs via the top Yukawa coupling generically induce a negative
shift in the T" parameter. It is clear from Figure [5.3] that a total negative correction to T,
together with a positive value of S would be rather problematic. However, the authors state
that positive corrections to 1" are possible in some regions of parameter space. The one-loop
corrections to the S parameter in the custodial RS model arising from (4D) Higgs loops have
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been calculated in [224] and found to be logarithmically UV divergent. This could result in a
large and positive S parameter, which is clearly rather problematic in points of the consistency
of the global fit of the oblique electroweak precision observables. A more detailed analysis of
RS loop corrections to the Peskin-Takeuchi parameters would certainly be interesting.

5.1.3 Bottom-Quark Pseudo Observables

We now turn to a more detailed analysis of the bottom quark pseudo observables, which we
already have started in Section [3.3] to motivate the custodial extension of the RS model. In
order to arrive at simple analytic expressions for ¢} = (gL)33 and g% = (g R)33’ we employ the
ZMA to our closed and exact formulae of Section [3.4.3] This offers the possibility to clearly
interpret the RS corrections in terms of model parameters. In the numerical studies, we will
however use the exact ex ressions. First, we need formulae for the leading contributions to
the overlap integrals (A o d) For the minimal model they have been given in (3.152)). For
the custodial RS variant, the corresponding expressions turn out to be identical to those of
the minimal model (with ¢f, — ¢z, and ¢, — cg,). Remember that, while s() vanish at
leading order in the ZMA and can be neglected, the matrices dp 4 have to be Con51dered as
they enter and (3.236) with an unsuppressed coefficient. The ZMA expressions for dp
have been given in @ and , and the last missing ingredient d, takes the form as
given in for both RS variants.

After a Taylor expansion of the mixing matrices U, and W, in powers of the Cabibbo
angle A, as done in Section E| we finally arrive at

1 2 2 F? 5+ 2
g = (__ N s_w) - mg (co,) (waLL 5420, )
2" 3 OM2, 3+ 2¢y, 23+ 2¢3,)
2 1 1 1-2 F?
+ mg 5 1 _ (.L)% ch _ 1 + (CbR)
2MEx | 1— 2, \ F?(cy,) 1—2cy, 3+ 2c,

2
|(Ya)sil? 1 { 1—2%}

4 1—wh—— 2| 4 5.11
Z;\ Y,) 33\21—2% F2(cy,,) 71— 2ecr, (5-11)

)

gb:i - m%  F*(c,) R 54 2c,
B3 2MEy 34+ 2¢, \ 7 2(3 4 2cpy,)

2 2
m; 1 1 () ) |(Yy)ial 1 1
- — 1—|— + E ,
ZMI%K {1_265L <F2<CbL) 3+2CbL ‘ 33|21—26Q FZ(CbL)

i=1

where in the custodial RS model ¢y, = ¢y, Cbp = C, 1, = C734, and wf = 1. Furthermore,

my = my(Mgk) denotes the bottom-quark MS mass evaluated at the KK scale and we have
demanded ¢y, ey, < 1/2 . Notice that we kept c7;, # cx,,, thereby allowing the P symmetry

to be broken by the triplet bulk masses. We also retained the parameters waL and waR. In the

2 Note that these LO formulae still hold for the custodial model.
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custodial model one has )

3
W =0, Wi = 22 10,0, (5.12)
Sw

where in order to arrive at the numerical values, we have employed s2 a 0.23, corresponding

to the value of the weak mixing angle at the Z—pole.ﬁ
In the minimal RS model, (5.11]) holds with

wh =0, WF =Wl =1, e =cay, C1y — Cai- (5.13)
In that case, the non-universal corrections always reduce the couplings with respect to their
SM values in magnitude. With the freedom of reparametrization invariance, see and
(3.142)), one can redistribute contributions between the left-handed and right-handed cou-
plings, without changing the zero-mode quark masses and CKM parameters. However, the
value of F'(¢p, ) cannot be made too small due to the need of reproducing the large top-quark
mass with O(1) Yukawa couplings.

In the custodial model, we observe that the non-universal corrections to the Zbb couplings
reduce both ¢% and ¢4 if the extended Prp symmetry is at work. If one allows the
Prpr symmetry to be broken by ¢z, # cr,., then the shift in g4 can also be positive as a result
of fermion mixing. As we will see, this always worsens the quality of the Z — bb fit. Due
to the custodial protection w%L = 0, the constraints arising from the bottom-quark pseudo
observables are naively much less stringent in the custodial model with respect to the minimal
model, where the shift dg% is large and positive while dg% is small and negative. In order to
gauge the improvement and to fully understand the parameter dependence, in particular on
the bulk mass parameters cz,,, one has to perform a detailed numerical analysis. This exercise
is the subject of the next pages.

Consider the ratio of the width of the Z-boson decay into bottom quarks and the total
hadronic width, RY, the bottom-quark left-right asymmetry, A;, and the forward-backward
asymmetry for bottom quarks, A%’]g. The dependences of these quantities on the left- and
right-handed bottom-quark couplings are given by [287]

4y @)+ (R

Rl()) = [1+ b b\2 b b\2
naco Nqep [(1—62) (98 — g%)? + (95 + g%)?]
b b H.14
oyT— 1z, L 9n 5 (514
Ay = g, bgi —. AOF’EZZAeAb-
1— 4z + (1+22) (%)
9r., — 9r

Radiative QCD and QED corrections are encoded by the factors ngcp = 0.9954 and nqep =
0.9997, while the parameter 2, = m2(myz)/m% = 0.997 - 1073 describes the effects of the

3The electromagnetic coupling and the weak mixing angle are running parameters in the low-energy effective
theory obtained after integrating out the RS contributions at the scale Mkk. We included the associated large
logarithms effectively by replacing s2 (Mkxk) by s2,(mz) in the couplings g%, - However, the value of the
bottom-quark mass entering the matching is frozen at the high scale and does not evolve in the effective
theory.
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non-zero bottom-quark mass. Since to an excellent approximation one can neglect the RS
contributions to the left- and right-handed couplings of the light quarks, gg r, and to the
asymmetry parameter of the electron, A., we will fix these quantities to their SM values
(g%)sm = 0.34674, (g%)sm = —0.15470, (9%)sm = —0.42434, (g%)sm = 0.077345 [36], and
(Ae)sm = 0.1462 [38]. The quoted numbers correspond to the SM input parameters given in
Appendix D]

Evaluating the relations (5.14)) using (g% ) oy = —0.42114 and (9%) oy = 0-077420 [36], we
obtain for the central values of the bottom-quark pseudo observables

R)).., = 0.21578, Ap) e, = 0.935, A%PY =10.1025. (5.15
SM SM FB/sm

One should compare these numbers with the experimental results [36]

(1) o, = 0:21629 = 0.00066 , 100 —0.08 —0.10
(4b) ., = 0.923 £ 0.020, p=| —008 1.00 0.06 |, (5.16)
(AFp)., = 0.0992 £ 0.0016, —0.10 0.06  1.00

where p is the correlation matrix. While the R) and A, measurements agree within +0.8¢ and
—0.60 with their SM predictions for m; = 150 GeV, the A%’g measurement quoted in
is almost —2.10 away from its SM expectationf] Shifts of order +20% and —0.5% in the
right- and left-handed bottom-quark couplings relative to the SM could explain the observed
discrepancy. Such a pronounced correction in g% would affect A; and A%’]g, which both depend
linearly on the ratio g% /g%, in a significant way, while it would not spoil the good agreement
in Ry o< (97)% + (g%)°

Our predictions for the anomalous couplings o g%, R= gg R (gg R) o » following from ,
are shown in Figure as functions of the bulk mass parameters ¢y, ,. These are the most
important parameters as they enter through their zero-mode profiles F'(cy, ). Similar
plots have been presented in [222]. Correlations between these bulk masses will be taken into
account further below. The shown curves correspond to cg, = ¢z, = g, (= cq) = —1/2
and |(Yy)s:| = |(Ya)is] = [(Ya)ss] = 1 with ¢ = 1,2. First we identify the large and always
positive corrections g% in the minimal RS model (red dashed line, c.f. Figure for
¢y, > —1/2, which is the generic range in order to reproduce the large third-generation
masses, see Figure . In contrast, the prediction for g% in the RS model with extended
Prr symmetry (blue solid line) is, owing to , essentially independent of ¢, H It is thus
generically within the experimental 99% CL bound (light gray band), which gives a strong
motivation to protect the Zbyb; vertex through the mechanism of [239]. Notice that in the
case of the minimal RS model, dg% can be suppressed by pushing the right-handed top quark
very close to the IR brane. This feature is illustrated by the ticks on the upper border of
the frame in the left panel. The given values of ¢;, = C 00 have been obtained by solving

my = v/V2 |(Yy)ss| |F(cy, ) Fery,)| for the bulk mass parameter ¢, see (3.126), evaluating

the top-quark MS mass at Mgk = 1TeV and setting |(Y,)s3] = 3. For smaller (larger) values
of |(Yy)s3] the ticks are shifted to the right (left).

4For my, = 115 GeV the discrepancy in A%}g would amount to around —2.50.
°In order not to induce unacceptably large corrections to 59% due to fermion mixing, one has to require
¢p, 2 —0.55.
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Figure 5.4: Anomalous couplings d¢% (left) and dg% (right) in the RS setup as func-
tions of ¢, and c,. The blue solid (red dashed) lines correspond to the predictions
obtained in the RS model with extended Ppp symmetry (minimal RS model). Bulk
mass parameters not explicitly shown are set to —1/2, and all elements of the down-
type Yukawa matrix entering the prediction are taken to be equal to 1 in magnitude.
The light gray bands indicate the experimentally allowed 99% CL ranges. See [2] and
text for details.

In the case of dg% we observe instead, that as a result of , the corrections to the
anomalous coupling are always larger in the RS model with extended Ppg symmetry (blue
solid line) than in the minimal formulation (red dashed line)ﬁ It is however important to
remark that even in the former case the Zbzrbgr coupling is predicted to be SM-like, since
shifts in g% outside the experimental 99% CL range (light gray band) would require the
bulk mass parameter of the right-handed top quark to be significantly larger than 1. Such
a choice appears unnatural, since ¢;, > 1 implies that the corresponding bulk mass exceeds
the curvature scale, in which case the right-handed top quark should be rather treated as a
brane-localized field and not considered as a bulk fermion. The latter feature can be inferred
from the ticks on the upper border of the frame in the right panel. They have been obtained
by combining the equality my = v/v/2 |(Yy)ss| |F (¢, ) F(cp,)| with the one for m, given earlier,
solving again for ¢;,. The Yukawa parameters have been fixed to |(Yy)s3| = 1 and |(Y,)s3] = 3.
For smaller (larger) values of |(Yy)s3| the ticks move to the right (left). Rescaling |(Y,)ss| has
the opposite effect. This observation brings us to the conclusion that, irrespectively of the RS
bulk gauge group, naturalness in combination with the requirement to reproduce the observed
top- and bottom-quark masses excludes large corrections to dg% in models of warped extra
dimensions in which the left-handed bottom and top quark reside in the same multiplet.

The predictions in the g2—g% plane for a scan over 10000 randomly generated points in the
RS parameter space, as described at the beginning of this chapter, are shown in Figure [5.5]
The results, derived by applying the exact formulae for the Zbb couplings, will confirm our

6Notice that in order to reproduce the large top-quark mass with Yukawa couplings of O(1) one has to
require ¢;, > —1/2, corresponding to ¢, = —0.6.

~
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Figure 5.5: Regions of 68%, 95%, and 99% probability in the gi—¢% plane. The
horizontal stripes consist of a large number of points in parameter space for the minimal
RS model (left) and the custodial model (right). The blue (cyan) points in the right
panel represent the result for ¢y, = ¢y, (i, # cby,). The black dot is the SM expectation
for the reference point, and the green dashed line indicates the SM predictions for
myp, € [0.06,1] TeV. See [I, 2] and text for details.

findings from above and allow to study the potential size of Ppg breaking corrections in the
custodial RS setup. The regions of 68%, 95%, and 99% CL, obtained from a global fit to the
Z — bb pseudo observables , are indicated by the colored ellipses. The RS predictions
for the minimal (custodial) RS model are superimposed on the left (right) panel. For the
latter, the predictions with (without) extended Ppr symmetry are depicted as blue (cyan)
scatter points. As discussed before, it is evident that the prediction for g5 in the minimal
model is always larger than the SM reference value indicated by the black dot, while g% is
essentially unaffected. The corresponding negative shift is tiny. In turn, the values gg R are
necessarily shifted further away from the best fit g8 = —0.41918 and ¢% = 0.090677 (black
cross). For the custodial model featuring the extended Ppr symmetry, the prediction is more
or less SM-like. The potential size of Prr symmetry-breaking corrections is shown by the cyan
points in the right panel. They have been obtained by allowing the bulk mass parameters c;, ,
with i = 1,2,3, to take any value in the range [—1,0] m While in the case of the extended
symmetry, the small RS contributions always drive g4 to smaller values with respect to the SM
reference point, in the latter case moderate positive and large negative corrections in g% are
possible, leading further away from the best fit values. In both cases g% remains essentially
unaffected, confirming the discussion in the context of Figure [5.4f] In conclusion, in the
custodial RS model, as well as in the model featuring a SM gauge group, the corrections
alone cannot account for the positive shift in g% needed to explain the anomaly in Ag’g.

"Note that here we still keep g, = gr, as we will do for the remainder of this thesis.
8Also in the custodial model the corrections to g% are always negative but tiny and hence hardly visible in
the figure.



164 CHAPTER 5. WARPED EXTRA DIMENSIONS: PHENOMENOLOGY

—-0.3Fg -040 T T T T T T

I Mck=15TeV - [ Mck=1TeV

; A 045 W

—04; Ya)ssl=0.1 | : ]

r |(Ya)33l=0. _0507 7

& ~05 ] & 055 ]

o 7 - ot

: ; —O.GOj oy N

-0.6¢ o3 1 i T e S |

~0.65/ 7

—077\\\\\\; —0.70:’\www\www\www\www\www\www\’:

—0.60-0.55-0.50-0.45-0.40-0.35-0.30 -06-04-02 00 02 04 0.6
Cb|_ CbL

Figure 5.6: Region of 99% probability in the ¢;, —¢p, plane for the minimal RS model
for Mxk = 1.5TeV (left) and the custodial extension (right) for Myxx = 1TeV. We set
co, = ¢y, = ¢, (= ¢q;) = —1/2 for i,j = 1,2 and Ny = |(Ya)ij|/|(Ya)ss|] = 1. The
colored contours indicate the value of |(Yy)s3] necessary to reproduce the bottom-quark
mass. For the minimal RS model the results with (without) the m?/MZy terms are
indicated by bright (faint) colors. For the custodial model the whole colored region
corresponds to the RS results with ¢y = ¢p,, while only the parameter space indicated
by bright colors is accessible for ¢y, = 0. The green dashed, fin-shaped regions contains
99% of the parameter points that lead to consistent values of the quark masses and
mixings. See [II, 2] and text for details.

This should be contrasted with the analysis of [288], which finds sizable corrections in §g%.
However, this is due to chosen bulk mass parameters ¢, , and ¢, that lead to bottom- and
top-quark masses of m; ~ 40 GeV and m; ~ 75 GeV, which are in conflict with observation.
Let us finally mention that, if the left-handed bottom and top quarks arise as an admixture
of the zero-mode fields of two SU(2);, doublets, then the bottom- and top-quark masses are
determined by two independent sets of bulk mass parameters, so that it is possible to account
simultaneously for the quark masses and mixings as well as for the A%’g anomaly [289].

The apparent large positive corrections to ¢% in the minimal RS variant imply that the
RY, A,, and A%’g measurements impose stringent constraints on the parameter space of this
RS scenario. As discussed before, the distribution of points depends strongly on the bulk
mass parameters ¢, and cp,,, while the exact values of the elements of the down-type Yukawa
matrices, as well as the bulk masses of the first two generations and the KK scale have only a
minor impact on the overall picture. The last fact is illustrated by the blue coloring of the RS
predictions in the left panel of Figure Also for low KK scales, indicated in black, the RS
predictions enter the 20 range. This explains the rather low bound on the KK scale quoted
in Section 3.3l

In summary, the allowed values of ¢, , in the minimal model are strongly constrained by
the Z — bb pseudo observables, whereas the other parameters are only weakly bounded. The
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former feature is illustrated in the left panel of Figure [5.6, which shows the regions of 99%
probability in the ¢, ¢, plane for the minimal RS model for Mxk = 1.5TeV. The colored
contours indicate the magnitude |(Yy)s3| necessary to achieve the correct value of the bottom-
quark mass. This requirement correlates c,, and c¢,,. We find that under the restriction
0.1 < [(Yg)s3| < 3 the allowed ¢, , parameters all lie in the intervals ¢,, € [—0.59, —0.44]
and ¢, > —0.56 for Mxx = 1.5TeV. For Mkgx = 3TeV the corresponding ranges read
b, € [—0.61,—0.16] and ¢, > —0.59. Note that the RS results with (without) the m?/MZy
terms in are indicated by bright (faint) colors. These terms result from the matrix
elements (dp)s3 and (J4)s3 in (3.236)), arising due to fermion mixing, They have usually been
neglected in the literature. Comparing the allowed regions makes clear that neglecting these
contributions is in general not justified.

Increasing the magnitude |(Yy)s3| decreases the available parameter space. This can be
understood from the fact that for a larger Yukawa coupling the profiles have to be localized
closer to the UV brane in order to reproduce the correct bottom-quark mass. Naively one
might expect that this feature diminishes the RS corrections. However, the corrections due
to fermion mixing increase in that case, as it is reflected by the dependence on the inverse
zero-mode profile F'~'(c,, ). Notice also that the terms in (5.11)) proportional to m% /Mgy
depend linearly on L, whereas the terms proportional to mj /M2 are independent of the
RS volume factor. In consequence these latter terms cannot be removed by truncating the
volume of the RS background and are typically dominant for moderate and small values of L.
The requirement of obtaining consistent values for all the quark masses and CKM parameters
restricts the parameter space further. This constraint is indicated by the green dashed regions
in Figure [5.6, which contains 99% of the allowed parameter points.

The impact of a possible breaking of the Prr symmetry of the custodial setup by the
bulk-mass parameters cz,, is shown in the right panel of Figure [5.6f The plot is analogous
to the one shown in the left panel with however Mkxx = 1TeV and the m?/MZy terms
included for the whole colored region. This region corresponds to the case of the extended
Prp symmetry. Allowing for ¢y, # ¢, potentially cuts away a sizable part of parameter
space. This is demonstrated by the bright colored region, which shows the allowed range for
the choice ¢y = 0. The Ppp-breaking correction to g, in (o.11)) arising from Cy,, 7 Cbp, Scales
like —v?/MZy |(Ya)33]* F%(cp, ). This explains, why values |(Yg)s3] = 1 are not compatible with
the Z — bb data in the case of cy, = 0.

In the light of the insufficient corrections to g% to explain the Ag’g anomaly with the help
of RS contributions alone, note finally that a perfect fit can however be achieved by allowing
for a heavy Higgs boson. The corrections

Agh =1.77-107 In— Agh=0.92-107% In = (5.17)
my, My,

in g} » due to a Higgs-boson mass different from the reference value miet = 150 GeV are both
positive for my; > mi*. The relations parametrize the leading logarithmic Higgs-mass
dependences of g%’ r- They have been derived with the help of ZFITTERH The shifts in the Zbb
couplings for m;,, € [0.06, 1] TeV are indicated by the green dashed line in the right panel of

9The default flags of ZFITTER version 6.42 are used, except for setting ALEM=2 to take into account the

externally supplied value of Aagd(m 7).
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Figure[5.5] One observes that a Higgs-boson mass in the ballpark of m;, = 0.5 TeV would bring
the predictions of g%, r so close to the best fit values that already the small corrections in the
custodial RS model with extended Prr symmetry are sufficient to reach the minimum of the
x? distribution. Warped models with the Higgs field localized in the IR might thus indirectly
allow for an explanation of the AOF’E anomaly, since, as we have argued in Section m, the
Higgs boson is naturally expected to be heavy in these set-ups. However, remember that
in RS models with custodial protection of the 7" parameter a large Higgs-boson mass is not
unproblematic and can potentially spoil the global electroweak fit.

5.1.4 Top-Quark Forward-Backward Asymmetry

As explained in Section [3.2.3] the top quark plays a special role in RS models with flavor
anarchy. Being mostly composite (from the holographic point of view) it interacts significantly
with the KK excitations. As a consequence, non-negligible effects of the RS setup are expected
in top-quark observables.

The CDF and D@ experiments at the Tevatron have collected thousands of tf events,
allowing to measure the top-quark mass, m;, and its total inclusive cross section, o, with
an accuracy of below 1% [290] and 10% [291, 292], respectively. However, for the search
of BSM physics, kinematic distributions and charge asymmetries in ¢ production are more
interesting. These observables are particularly sensitive to non-standard dynamics. Studies
in that direction have been performed at the Tevatron [293] 294, 295], and a result for the t¢
invariant mass spectrum, do;;/dMyz, obtained from CDF data has been presented [296], 297].

Interestingly, also the ¢t forward-backward asymmetry, ALy, has been measured [105] [106)
298, 299, 300}, B01] and persistently found to be larger than expected. In the laboratory (pp)
frame, the most recent CDF result, obtained from semileptonic tf events, reads

(A%B)ij = (15.0 £ 5.0¢at. = 2-4syst.) % . (5.18)

In the SM the asymmetry ALg vanishes at LO in QCD. This suppression makes it a well
suited observable for the potential discovery of NP. At NLO or O(a?) it receives non-vanishing
contributions. These arise from the interference of one-loop QCD box diagrams with tree-level
gluon exchange and the interference of initial- and final-state radiation. Including NLO QCD
and electroweak corrections [302, 303], the SM prediction in the pp frame for the inclusive
asymmetry is [304]

(Afp)on = (5:1£0.6) %. (5.19)

The total error includes the uncertainties due to different choices of the parton distribution
functions (PDF's) and the factorization and renormalization scales, as well as due to a variation
of m; within its experimental error. General arguments suggest that the prediction ([5.19))
is robust with respect to higher-order QCD corrections [305]. This is supported by explicit
calculations of (ALg)sm, which include the resummation of logarithmically enhanced threshold
effects at NLO [306] and NNLO [307] and which are in substantial agreement with the latter
number, making it a firm SM prediction.

The CDF result deviates from this prediction by nearly 20. A recent combination of
this measurement with a new result obtained in the di-lepton channel [107] slightly increases
the discrepancy [308]. In addition, the very recent DO measurement [309] finds a similar
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deviation from the SM prediction.m An effect of high statistical significance (3.4 o) has been
observed in the distribution of the asymmetry at high invariant masses M;; > 0.45 TeV [106].
The sharp growth of the excess with M;; suggests the exchange of a new heavy particle in the
production of top quarks.

The persistently large values of the observed asymmetry over the last years have triggered
a lot of activity in the theory community [267, 310, 311, 312, 313, 314, B15, B16, B17, BI8],
319, 320, [321), [322], 323, [324., [325] B An apparent option is to generate ALy already at LO by
tree-level exchange of new heavy particles with axial-vector couplings to fermions. However,
a viable model must simultaneously avoid generating too large corrections to o4 or doy;/d Mz,
which are both in good agreement with the SM prediction. This makes it non-trivial to explain
the large experimental value. A first class of models features new physics in the ¢ channel
or u channel with large flavor-violating couplings due to vector-boson exchange, namely Z’
[312, 318, [319] 320} 3211 B822], or W’ bosons [313], 320} [321], or due to the exchange of color
singlet, triplet or sextet scalars [315], [316], 317, 318 319, 3211 324]. In this context, note that it
is not always clear, how the necessary flavor-changing couplings can be generated without ad
hoc assumptions. A second class of models involves tree-level exchange of new vector states in
the s-channel, which have to exhibit sizable axial-vector couplings to both the light quarks, g%,
and the top quark, ¢4 [267, 310, B11], 314 318, [319] 321, 323] 324, [325]. Suitable candidates
are color octets, which maximize the interference with QCD[™] The new states need to have
axial-vector couplings to the first and the third generation of quarks with opposite sign [327],
implying g% ¢, < 0, in order to achieve a positive shift in ALy. Examples of theories that turn
out to lead to a positive shift in the charge asymmetry are flavor non-universal chiral color
models [314, 323], and warped extra dimension [267, [310] [325], which both contain heavy
partners of the SM gluon. Indeed the RS model seems to be a prototype for models that
address such an anomaly. However, a thorough analysis is necessary to answer the question if
the RS setup can really naturally account for the enhancement in the asymmetry.

In the following we will show that, in the wide class of BSM scenarios that rely on the
virtual exchange of vector bosons in the s channel, the NLO corrections to ALy can exceed the
LO corrections if the axial-vector couplings to light quarks are suppressed[©’| This applies in
particular to NP models that explain the hierarchical structures observed in the masses and
mixing of the SM fermions geometrically, see Section Since this sequestering of flavor
allows for an effective suppression of FCNCs, it is likely to be an integral part of any setup that
addresses the problems of the SM via a low NP scale in the reach of the LHC. Although our
discussion will be inspired by warped extra dimensions, as a prototype of the models described
above, the use of EF'T methods will make the considerations rather model-independent.

We will work out in detail the relevant LO and NLO corrections to ALy in the RS setup.
To this end, the heavy KK modes of the model are integrated out explicitly. At Born level,
contributions due to the exchange of KK gluons and photons, the Z boson and its KK partners,
as well as the Higgs boson are included. Beyond LO, we consider the interference of tree-level

10Beyond that, in an approach based only on the rapidity of the final state lepton, the asymmetry AlF 5=
(15.2+4.0) % is obtained, to be compared with the theory prediction by MCONLO of (2.1+0.1) %, which amounts
to a 2 30 deviation.

UF¥or an overview including additional references, see [326].

12For a thorough analysis of direct and indirect constraints on massive spin-one color octets see [328].

13Note that the importance of NLO corrections has been briefly mentioned in [329] in the context of the
charge asymmetry in the exclusive channel pp — ttX.
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KK-gluon exchange with one-loop QCD box diagrams and corresponding bremsstrahlungs
corrections. We will then answer the question about the potential of the RS setup to explain
the observed ALy anomaly. As we stick to the EFT approach, our final results will be applicable
to a wide class of scenarios with non-standard dynamics above the electroweak scale.

Top-Antitop Production

At the Tevatron, tt pairs are produced in proton-antiproton collisions, pp — ttX. In the SM,
this hadronic process receives partonic tree-level contributions from quark-antiquark annihi-
lation and gluon fusion.

q(p1) + @(p2) — t(ps) + t(pa),
9(p1) + g(p2) — t(ps) +t(pa) -

Here, p; 2 denote the four-momenta of the initial state partons, which can be expressed as
fractions x; o of the four-momenta P 5 of the colliding hadrons, p; 2 = 212 P 2. The hadronic
center-of-mass (CM) energy squared is given by s = (P, + P»)? . The partonic cross section is
a function of the kinematic invariants

(5.20)

~

§=(p14+p)?, ti=(p1—p3)?—m?= —3(1—50089) , up = (pa—p3)?—m? = —§(1+ﬁcos(9) ,
(5.21)

which for m; — 0 reduce to the Mandelstam variables. In the following we will be interested

in the differential cross section, with respect to the angle € between p; and p3 in the partonic

CM frame, and with respect to the invariant mass Mz = \/(ps + p4)? of the ¢t pair. Thus, we

have expressed t; and u; in terms of 6 and the top-quark velocity 8 = /T —p, p = 4m?/s.

Momentum conservation at Born level implies that § + ¢; +u; = 0.

We write the hadronic differential cross section as

da_pﬁﬂth 2

Qs 4m
I — = # K —
dcos m? 12/4 ﬁj s/s 'uf) < S

t ,cos@,,uf) , (5.22)

where 1y denotes the factorization scale. The corresponding parton luminosity functions are
given by

Ydx
Fotvons) = [ finlasig) i), (523)

and, for 1§ = qq, qq, are understood to be summed over all light species of quarks. Finally, the
functions fi/,(x, iy) (fi/s(x, pu)) are the universal (non-perturbative) PDFs, which describe
the probability of finding the parton i in the proton (antiproton) with longitudinal momen-
tum fraction z. The hard-scattering kernels K;;(p, cos @, uus) are related to the partonic cross
sections and have a perturbative expansion in ag

Qs

Kig(preosb.) = 3 (32) " K8 . cost ). (.20

n=

At LO in ay only the kernels with ¢ = ¢q, 4q, gg are non-zero within the SM. For the ampli-
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tudes corresponding to s-channel gluon exchange we obtain

KO _ w6p Cr (12 + u? 2mf
@ =% g N 2 T )

s s
52 24+u?  4m?  4Am?

KO — ) Top C _N, 1 1 t t
99 @ 8(N02 — 1) F t1u1 52 + S t1u1

(5.25)

Note that the coefficient K, ég) is obtained from K, (gg) by replacing cos @ with — cosf. The color
factors of SU(3). are given by N, =3 and Cr = 4/3.
The forward-backward asymmetry in top-pair production is defined as

1 pp—ttX 0 pp—ttX
/ dcosf da— —/ dcosf da—
0

AL = dcos? _1 dcos? ‘ (5.26)

1 p—tt X 0 p—itt X
doPP doPP
dcost) ——— dcost) ————
/0 Y T cos o * / 1 O cos 0

Our notation is such that in a process labeled by the superscript pp — ttX (pp — ttX) the
angle 6 corresponds to the scattering angle of the top (antitop) quark in the partonic CM
frame. Since QCD is symmetric under charge conjugation, which implies that

d O_pﬁHtEX

dcosf

d O_pﬁHEtX

e 2
dcos ’ (5:27)

cosf=—c

cos =c

for any fixed value of ¢, the forward-backward asymmetry can also be understood as a charge

asymmetry
1
do,
/ dcos@d c i o
cos a
App = AL =75 o "o (5.28)
/ dcos6 -
0

dcosf

where the charge-asymmetric (a) and -symmetric (s) averaged differential cross sections are
defined as [300]

(5.29)

dO'a 5 1 do_pﬁ—nﬁfX do.pﬁ—n?tX
dcosf — 2 [ dcos@ | dcosd

This notation, with do??~"X /dcos@ given in ((5.22), will turn out to be convenient for the
following discussion. The total hadronic cross section is now given by

! do
;= dcos @ = 5.30
Tt / 1 o8 dcosf ( )

We write the asymmetric contribution to the cross section as

Z/4m _ﬁm (3/5,15) Ai (%mf) : (5.31)
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and similar for the case of the symmetric contribution o,, where the hard-scattering charge-
asymmetric coefficient A;;(4m?/3) is to be replaced by its symmetric counterpart S;;(4m?/35).
Note that the perturbative expansions of the symmetric and asymmetric kernels are defined
in analogy to ((b.24]).

In the SM, the LO coefficients of the symmetric contribution to the cross section read

TBp

S‘gg) = Qs (2+p)7
27 (5.32)
0 mhp |1 1+7 5 :

while the asymmetric contributions AEI%) and Aég) both vanish.

Below, we will discuss in detail how at NLO a non-zero coefficient Aé}]—) is generated in the
SM. This will lead to a charge asymmetric cross section which is suppressed by a;/(4m) with
respect to the symmetric one.

Cross Section and Asymmetry in Warped Models

For the following discussion, recall from Section the RS mechanism of generating fermion
hierarchies geometrically, via wave-function overlaps. An important consequence, following
from the structure of the overlap integrals is, that the effective coupling strength of KK gluons
to heavy quarks is enhanced relatively to the SM couplings by a factor v/L , see Section 13.2.4}
Since left- and right-handed fermions are localized differently in the bulk@, the KK-gluon
couplings to quarks are in general not purely vector-like, but receive non-vanishing axial-
vector components. These couplings lead to a charge asymmetric cross section o, already at
LO due to quark-antiquark annihilation g7 — tt mediated by tree-level exchange of KK gluons
in the s channel.

Further tree-level contributions to ALy arise in RS models due to the fact that KK gluons
and photons, the Z boson and its KK excitations, as well as the Higgs boson feature flavor non-
diagonal couplings, which have been discussed in Chapter 3| These couplings lead to flavor-
changing uti — tt transitions, affecting the ¢ channel. In principle, also dd — tt transitions
receive corrections due to the t-channel exchange of the W= bosons and their KK excitations.
However, it turns out that these effects are negligibly small for realistic input parameters and
can be ignored in the following. In contrast to processes with quarks in the initial state, the
gluon-fusion channel gg — ¢t does not receive a correction at the Born level. Due to the
orthonormality of gauge-boson profiles, the coupling of two massless gluons to a KK gluon
is zero. The Feynman diagrams that need to be considered at the tree-level are shown in

Figure

Calculation of LO effects As we expect the NP scale (here Myp = Mxkxk) to be at least
of the order of several times the electroweak scale Myxx >> Mgw and also well above the
energies directly probable at Tevatron, virtual effects appearing in RS models can be described

4Remember that although the bulk-masses are associated to the representations under the gauge group and
not to the chiralities, a SU(2)-doublet zero-mode will be mostly left-handed, etc., so that for zero-modes the
both can be identified to first approximation.
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by an effective low-energy theory consisting out of dimension-six operators, see Appendix [A.4]
In the case at hand, the appropriate effective Lagrangian which accounts for the effects of
intermediate vector and scalar states reads

La=) Y, [ s Qs + Cla i Qi s + Cha i Qs + Cla s Qb A)B] (5.33)
q,u A,B=L,R
where
Qs = (G7.T" Paq) (" T° Pyt)
Qs = (@7, T Pat)(iy"T" Ppu),
i = (@, Pat) (" Pyu)

(5.34)
(@,
Sy = (aPat)(fPpu).

The sum over g (u) involves all light (up-type) quark flavors and the superscripts V' and S
(8 and 1) label vector and scalar (color-octet and -singlet) contributions, respectively. The
SU(3). generators T are normalized such that Tr (T “Tb) = Tr 0gp with Tr = 1/2.

With the help of the effective Lagrangian we can now easily calculate the interference
between the tree-level matrix element describing s-channel gluon exchange in the SM and the
s- and t-channel new-physics contributions arising from the diagrams displayed in Figure [5.7]
We arrive at the hard-scattering kernels

(0) 5P CF t] (V8 U1 (V8) 9
KO [ c )+ md (Chd + )]

qq.RS — 32 N qaq, L g ||
8y C ) ) (5.35)
(0) bp Cr | (ui 9 (V8) o (V1) L 2\ (1)
Ktﬁ,RS 39 N |:( 3 + mt) ( Ctu Nl QC’tu I ) + ( B + mt) Ctu,J_:| ’
where we have defined appropriate combinations of Wilson coefficients,
P,a (Pa P,a P,a P,a P,a
Cii” = Re|Cii + ] | o =Re [+l (5.36)

Just like in the SM, the coefficient K (q rs (K éS?RS) is obtained from K ég?Rs (KfS}RS) by replacing
cos @ with — cos 6.

The LO corrections to the symmetric and asymmetric parts of the cross section, as defined
in (5.31)), are now obtained by integrating over cosf. We find in the partonic CM system

Suins = i% (2+0)8 [O al + Ol + 3 C(vg)_wgl)] +I5(e) G

(5.37)

(0) 5P (V,8) (V,8)
Sairs = 216 (2+p)38 [Odd I +Cu1 |
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U t
g®
u t
- : \Lr’j'/
Z,Z®) 5 k) hi
- - ’/a,/l\;\

Figure 5.7: Upper row: Tree-level contributions to ¢g — tt (left) and ua — t¢ (right)
transitions, mediated by s- and t-channel exchange of KK gluons. Lower row: Tree-
level contributions to the uu — tf transition arising from t¢-channel exchange of the
Z boson and its KK partners, of KK photons, as well as of the Higgs boson. The
s-channel (¢-channel) amplitudes involve all light up- and down-type (up-type) quarks.
See [3] and text for details.

as well as

—C<M+ O =200 + falz) O

ud,| w ta o

40 Bp [C’ V,8)

wii,RS —
' 144
(5.38)

o B oS _ AVE)
ddRS ~ 144 dd,)| ~ “dd,L | -

Obviously, there is no flavor-changing t-channel contribution to the coefficients involving down-
tyPe quarks. For the following considerations it is important to note that the coefficients
and C” 7L enter ([5.37) in the combination C;g = (C(Y’S) + Cé;ﬁ)), while in ([5.38]) they

qq I aq|l
always appear in the form C’;‘Q = (C’g’ﬁ) — C’g’f). This reflects the fact that the symmetric

(asymmetric) LO cross section o5 (0,) measures the product g, gt, (gz1 gil) of the vector (axial-
vector) parts of the couplings of the KK gluons to light quarks and top quarks. As we want to
include a potentially light Higgs boson with m;, < Mgk into our analysis, we have kept the
full Higgs-boson mass dependence arising from the ¢-channel propagator. This dependence is
described by the phase-space factors fsa(z) with z = m3 /m?, which are given explicitly in
Appendix [B.1} The new coefﬁment cs 1s the dimensionless counterpart of th i

So far, the expressions and contain in a model—mdependent way possible
new-physics contributions to Os.a that arise from the operators given in . Thus they are

15Note that we do not have to introduce form factors for the ¢-channel contribution arising from Z-boson
zero-mode exchange, since these corrections are of O(v*/Mgy), which we will neglect in the following. The
t-channel exchange requires a flavor changing transition at both vertices, which at O(v?/M2 ) is only mediated
by the non-factorizable t. contribution in the KK sum. However, this is only induced by the KK excitations,

see (13.261)) and the discussion below.
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appropriate for general models that feature tree-level exchange of color-octet vectors in the
s and t channels, as well as t-channel corrections due to both new color-singlet, vector, and
scalar states, making them useful beyond the context of RS models. However, we now want
to apply the results to models with a Warped extra dnnensmn

The Wilson coefficients appearing in S iirs and Azy rs can be worked out with the help of
the formulae derived in Section 3.5l In the minimal RS formulation we find™|

277_(15 1 / / A A
i =T 3 [+ G2t e o]}
a=,q

Cq(;’/ﬁ) - _?\Zgé {% - Z [(Ag)n + (A;)33} + 2L |:(£Q)11 ® (zq)Si’) + (Aq)ll & (KQ)?B] } ;

a=Q,q
V.8 4o ~ ~
Ct(ﬂ,ll) - _ME(K L Z [(Aa)w ® (Aa):sr] , (5.39)
a=U,u
dra, L T ~ ~ ~ ~
Ct(;/’ul) — _—M2 7 2 |:( g2 Qu)2 (AU)lg & (AU)31 + (SiQu)Q (Au)13 2 (Au)gl]
7 KK SwCw

Sl Y [Bowe B,

a=U,u

for ¢ = u,d and QQ = U, D. Because the coefficient C’t(g ’P is of O(v* /M), we do not present
its explicit form. Similar expressions with the index 1 replaced by 2 hold if the initial-state
quarks belong to the second generation. The effective couplings (A(é) q)w, encoding the overlap
between KK gauge bosons and SU(2),, doublet and srnglet quarks of generations ¢ and j, can
be found in . The non-factorizable products (Ag)i;; @ (Ag)w , etc. , arising from the ¢
contrlbutlon in the KK sums of Section are given in Appendix for completeness. The
Wilson coefficients are understood to be evaluated at the scale Mkk. The inclusion of
RG effects (see Appendix from the evolution down to the top-quark mass scale has only
a subleading impact on the results. Details on thls evolution can be found in Appendix B.3
While the expressions for C (‘;ﬁg), Cq;/f , and Ct H ) are exact, in the coefficient th ”1) containing
the exchange of towers with a massive zero rnode, we have only kept the leadlng terms in
v?/MZx. The complete expression for CV H , including the subleading O(v*/My) effects
from the corrections due to the mixing of fermlon zero modes with their KK excitations, can

be obtained from the exact formulae given in Chapter [3
The expressions can be easily generalized to the custodial RS model based on the
2) xSU(2)g x U )x X Ppr bulk gauge group with the help of the expressions presented in

sectlons g and 3 5 One finds that the left-handed part of the Z-boson contribution to C,; (V’l)
is enhanced by a factor of around 3. The right-handed contribution, however, is protected by
the custodial symmetry and thus smaller by a factor of roughly 1/L ~ 1/37. Importantly, the
KK-gluon contributions C C’(};i , and CtY ?), remain unchanged at LO in O(v?/M2y). As
these corrections will turn out to be the most &gmﬁcant ones, this implies that the predictions
for the tt observables are rather model-independent.

16See [213] for the effective D = 6 Hamiltonian of the minimal RS model.
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Explicit analytic expressions for the Wilson coefficients (5.39) in the ZMA are given in
Appendix . Considering just the a; contributions, and suppressing relative O(1) factors
and numerically subleading terms, one finds from the expressions given in (B.3)) the scaling
relations

(0) 471'@3

SuiRs ™ 2 F2<CtA)7
Mix A=L,R
(5.40)
0 47TO&S 1
Aq(m),RS ~ _M2 L { H |:F2<CQR) - FQ(CQL)} + g Z F2(CtA)F2(CuA)}7
KK g=tu A=L,R

for the (up-quark) coefficient functions introduced in and . Here, ¢;, = cg,,
Ctp = Cug, Cuy, = CQ,, and Cyp, = ¢y,

Given that the bulk-mass parameters of the top and up quarks satisfy ¢;, > —1/2 and
cu, < —1/2, as required to reproduce their masses in an anarchic approach to flavor (see
Section m Figure , the zero-mode profile-factors can be approximated by

F?(c;,) ~ 1+ 2¢,, F2(cy,) =~ (=1 = 2¢,,) eFBeuat) (5.41)

where A = L, R. Note that the difference of bulk mass parameters for light quarks (c,, —cu,) is
typically small and positive, while (¢;, —¢;,,) can be of O(1) and is usually negative. Applying
the approximations given above and expanding in powers of (c,, — ¢, ), we finally find

0 47TOéS
S’ELE),RS ~ M2 2 (]' + CtL + CtR) 3
KK
0 471'045 c c
AEJIB,RS ~ M2 2L6L(1+ up,t uR) (1 + Cuy + CuR) (542)
KK

1 1
X {(2 + §> L (ciy, — cip) (Cup — Cug) + 3 (14 + CtR)} :

The symmetric function Sz(L?-L),Rs is entirely induced by s-channel KK-gluon exchange, whereas
the contributions to the asymmetric coefficient ASQ,RS arise from s channel as well as ¢ chan-
nel exchange, corresponding to the term(s) with coefficient 2 and 1/3 in the curly bracket,
respectively.

From the relations (5.42)) one can read off a couple of interesting consequences. First,

the symmetric contribution Si%)’RS, entering the RS prediction for o, in (5.31]), is in this
approximation independent of the localization of the up-quark fields and strictly positive (as
long as ¢;, > —1/2). This leads to an enhancement of the inclusive ¢t production cross section,
which gets the more pronounced the closer the right- and left-handed top-quark profiles are
localized towards the IR brane.

On the other hand, the asymmetric function AEL%)’RS is exponentially suppressed for UV-
localized up quarks, i.e., ¢,, < —1/2. For typical values of the bulk-mass parameters of
¢, = —0.34, ¢, = 0.57, ¢, = —0.63, and ¢,,, = —0.68 [213], one finds numerically that the
first term in the curly bracket of , which is suppressed by the small difference (¢, — cyy,)
of bulk mass parameters, but enhanced by the volume factor L, is larger in magnitude than the
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second one by about a factor of 10. As a consequence, to first order the charge asymmetry can
be described by only keeping the effects from s-channel KK-gluon exchange. Since generically
(14cy, +cuy) (Cup —Cuy) < 0, we find that a positive LO contribution to ASL’),RS needs (¢, —ctp)
to be negative. This can be achieved in a natural way by localizing the right-handed top quark
sufficiently far in the IR. Employing the formulae derived in Section [3.2.3] we obtain, to leading
powers in hierarchies, the condition

my 1

Ctp 2 ——— — —. 5.43
tr ~ 2’U|}/;| 2 ( )

The top-quark mass is understood to be normalized at the KK scale and Y; = (Y,,)33. Numer-
ically, we find that for m;(1TeV) = 144 GeV and |Y;| = 1, values of ¢;,, bigger than 0 lead to

AEL%)’RS > () and in consequence to a positive shift in o,.

However, the exponential suppression of AS;)’RS due to the UV-localization of up quarks,
as well as the small difference in the bulk-masses for their chiral components (leading to very
suppressed axial-vector couplings) render the tree-level contribution to the charge asymmetry
in the RS framework tinyF_TI As we will explicitly verify in our numerical analysis, the inclusion
of electroweak corrections due to Born-level exchange of the Z boson and its KK excitations,
KK excitations of the photon, and of the Higgs boson, do not change this conclusion.

Calculation of NLO effects We have seen that in models with small axial-vector couplings
to light quarks and no significant FCNC effects in the ¢ channel, the charge-asymmetric cross
section o, is suppressed at LO. In the following we want to study if this suppression can be
evaded by going to NLO, after paying the price of an additional factor of a,/(47). Therefore,
we first recall how the charge asymmetry arises in the SM (in QCD). Since QCD has only
vector couplings, the lowest-order processes qg — tt and gg — tt, appearing at O(a?), do not
contribute to ALg. Starting at O(a?), quark-antiquark annihilation ¢g — tf(g), as well as
flavor excitation qg — gtt receive charge-asymmetric contributions [302, B03]. Gluon fusion
gg — tt(g), remains charge-symmetric to all orders in perturbation theory.

Using charge conjugation invariance of QCD, one can show that, as far as the virtual
corrections to qq — tt are concerned, only the interference between the lowest-order and the
QCD box graphs generates an asymmetry at NLO. For the real bremsstrahlungs contributions,
along the same lines only the interference between amplitudes that are odd under the exchange
of t and t contribute to the asymmetric cross section. Since the axial-vector current is even
under this exchange, the NLO contribution to the asymmetry is completely due to vector-
current contributions.

This implies that at NLO the charge-asymmetric cross section is proportional to the d2,, =
(2Tr ({T“, Tb}TC))2 terms that result from the interference of both the one-loop box and the
ttg final state diagrams with the tree-level quark-antiquark annihilation diagram [302, 303].
The relevant Feynman diagrams are obtained from the ones shown in Figure by replacing
the operator insertions by s-channel gluon exchange. The QCD expression for o, can be
derived from generalizing the result from the electromagnetic process ete™ — putp~ [331 332]
by an appropriate replacement of the QED coupling and the electromagnetic charges. Explicit
expressions for the asymmetric contributions to the ¢t production cross section in QCD are

17See also the statements made in [330] concerning the mostly vector-like couplings of light quarks.
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Figure 5.8: Representative diagrams contributing to ALy at NLO. The black square
indicates the insertion of an effective operator. The two-particle (three-particle) cut,
represented by a dashed line, corresponds to the interference of q7 — tt (q@ — ttg)
with Q%’?B. The SM contribution can be obtained by replacing the operator insertion
by s-channel gluon exchange. See [3] and text for details

presented in [303]. Because contributions from flavor excitation are negligibly small at the
Tevatron, they will not be taken into account in the following.

From the considerations above we learn that, beyond LO, vector couplings alone are suf-
ficient to generate non-vanishing values of ALg. In the case of the EFT this means
that cut diagrams like the ones shown in Figure 5.8, can give a sizable contribution to the
charge asymmetry, if the symmetric combination C;g = (C’;(‘;ﬁs) + C’é;’f)) of Wilson coefficients
is large enough. Interestingly, this combination is not suppressed by quark localizations in
the RS setup but can become sizable due to the large overlap of the third-generation up-type
quark wave functions with those of the KK gluons. From , , and it is not
difficult to show that for the RS model the NLO corrections to o, should dominate over the

LO corrections, if the condition

Qs

(e +a,) 2 L elUteus+eug) (5.44)
I

is satisﬁedﬁ Employing the values ¢;, = —0.34, ¢,, = —0.63, and ¢,, = —0.68, the condition
tells us that for ¢;, = 0.57 the NLO contributions exceed the LO corrections by a factor
of ~ 25. This first look suggests that it might be possible to lift the LO suppression of the
asymmetry and reach contributions to ALy at the per cent level at NLO with typical and
completely natural choices of parameters.

Unlike in QCD, the RS model features further diagrams that generate a charge-asymmetric
cross section at NLO, besides those shown in Figure 5.8 Self-energy, vertex, and counterterm
diagrams will also contribute to the asymmetry. However, just as the Born-level contribution,
these corrections are all exponentially suppressed by the UV localization of the light-quark
fields (and the small axial-vector coupling of the light quarks for what concerns the contribu-
tions from the operators Qg‘;i)B). Compared to the tree-level corrections, these contributions
are thus suppressed by an additional factor of as/(47), so that they can be safely ignored.
Moreover, we will not consider corrections due to box diagrams involving the virtual exchange
of KK gluons.

Encouraged by these considerations we perform a calculation of ALy in the RS model
beyond LO. The Feynman graphs that we consider are those displayed in Figure [5.8. The

18This relation only corresponds to a crude approximation, valid up to O(1) factors.
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most important contributions stem from the interference of ¢q¢ — tt and g7 — ttg with
Qé‘q/iB After integrating over cosf, we obtain in the partonic CM frame (¢q = i, dd) the
asymmetric functlonﬂ

AW VAL, (5.45)

a@.RS — 167?04 qq

Here, A((qu) is the NLO asymmetric SM coefficient, normalized according to (5.24)), which can
be parametrized by the function

s day,
ALY — 16N’; 5.994 Bp [1 +17.948 8 — 20.391 5% 4 6.291 3% + 0.253 In (1 — ﬁ)] , (5.46)

which is accurate to the permille level. Here, N, = 3 and d?,, = (N2 — 1) (N? — 4) /N, = 40/3.
The function (5 - ) has been obtained by integrating the expressions for the charge-asymmetric
contributions to the differential ¢¢ production cross section given in [303] over the relevant
phase space. For more details see [3]. To judge the quantitative impact of the RS contribution
(5.45)) we will now perform a numerical analysis.

Numerical Analysis and Discussion

For the numerical analysis we have to take into account that the Wilson coefficients appearing
in the effective Lagrangian are not only constrained by the measurements of the forward-
backward asymmetry ALy, but also by the total cross section oy, and the tf invariant mass
spectrum doyz/dMy;. The Tevatron results (y/s = 1.96 TeV) for these quantities read [291],
296, 297

(O-tt)exp (7 50 + 0 3]-stat + O 34syst + 0 151um1 ) b,
( dUt[ ) M,z € [800,1400] GeV b (547)

—(0.068 £ 0.032410: %+ 0.015000 + 0.00d1mi) —— ,
dM; ( tat yst hom.) GeV

where the quoted individual errors are of statistical and systematic origin, and due to the
luminosity uncertainty, respectively. In the case of the ¢t invariant mass spectrum, we consider
only the last bin of the CDF measurement, i.e., My € [800, 1400] GeV, as this is most sensitive
to the presence of new degrees of freedom with masses in the TeV range.

These results are to be compared to the predictions obtained in the SM, supplemented by
the dimension-six Lagrangian . In the following we will ignore tiny contributions due
to the (anti)strange-, (anti)charm-, and (anti)bottom-quark content of the proton (antipro-
ton). By convoluting the kernels with the parton luminosities ff;;(5/s, pr), by means
of the charge-symmetric analogon of formula , one finds in terms of the dimensionless

%Note that the quark luminosities ff;;(8/s,us) fall off strongly with 8, behaving roughly like 1/3%. This
compensates the factor of /s in ([5.45)) so that the integrated asymmetric cross section in (5.31)) is saturated
well before the upper integration limit s is reached [3].
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a, | an | Chalos | Chjas | CFfog ik /o CY o cs
—0.41 | 0.09 4.50 0.71-1072 0.68 ~1.40-1072% | —1.35-107* | 8.2-10°7
—0.47 | 0.48 4.95 0.22-1072 0.27 | —0.03-1073 | —0.70-107% | 4.1-1077
—-0.49 1 0.90 | 5.31 1.79-1072 | 0.08 | —0.64-1073 | —2.45-107*| 122-1077

Table 5.1: Results for the Wilson coefficients corresponding to three different parameter points
of the RS setup with SU(2);, x U(1)y bulk gauge symmetry and brane-localized Higgs sector.
The coefficients in the first five columns (last column) scale as (1 TeV /Mxxk)? ((1 TeV/Mgk)?).

coefficients C)z = 1 TeV? C). and CY, = 1 TeV? (1/3 Cgf) — 205;"‘1)) the RS results [3]

(04)Rs = [1 +0.053 (Cy + C) — 0.612 C3 + 0.008 édVg] (6.73%5:33) pb,

doyg \ M€ [800,1400] GeV'
dMy;

= [1+0.33(Cl, + Cl) - 0.81C5 +0.02Cl | (0.06173582) et

(5.48)

RS

The numerical factors multiplying C’,% correspond to a Higgs mass of my, = 115 GeV, which we
take as the reference value for the present analysis. The Wilson coefficients are understood to
be evaluated at m;. The RG evolution from Mgk down to m; is performed with the formulae
given in Appendix The result corresponds to the MSTW2008L0 PDF's [333] with
renormalization and factorization scales fixed to the reference point p, = py = my, = 173.1
GeV. The strong coupling constant reads as(mz) = 0.139, which evolves to as(m;) = 0.126
using one-loop RG running.

We now present our NLO prediction for the ¢t forward-backward asymmetry. Inserting
(5.38),(5.45)),(5.46) into and (5.28)), performing the convolution with the MSTW2008LO
PDF's with the unphysical scales fixed to m,; and transforming to the pp frame one obtains [3]

140.22(Cfl + Cl) +0.72C5 4 0.03C4, + 0.034CY; 4 0.005CY;
1+0.053 (CY, + C) — 0.612C + 0.008CY

(Ap )i = (5.6515) %,

(5.49)
Here, the NLO result for o has been used for the normalization of the asymmetric cross sec-
tion, which has been calculated with the help of MCFM [334]. All coefficient functions should be
evaluated at the scale m;. The SM prediction for the asymmetry has been obtained by inte-
grating the formulae given in [303] over the relevant phase space, weighted with MSTW2008L0
PDFs with the unphysical scales fixed to m;. It is in good agreement with as well as
with the results of [306], B07].

In the central value of , we have decided not to include electroweak corrections to
the asymmetric cross section. These have been studied in [304], 335] and found to enhance
the tt forward-backward asymmetry by around 9% to 4%, depending on whether only mixed
electroweak-QQCD contributions or also purely electroweak corrections are included. In order to
account for the additional uncertainty in neglecting these effects we have added in quadrature
an error of 5% to the combined scale and PDF uncertainties.

To get a feeling for the importance of the different contributions that enter the RS predic-
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Figure 5.9:  Absolute corrections to (Akg)? in the ¢, —c;, plane for a KK scale of
1TeV. The solid lines indicate the value of Y; necessary to reproduce the mass of the
top quark. In the left (right) panel the parameter region which satisfies the constraints
from the Z — bb pseudo observables for the minimal RS setup (custodial RS setup
with extended Ppr-symmetry) is displayed in green. See [3] and text for details.

tions and for the ¢t observables, we give in Table [5.1] numerical results for the
relevant Wilson coefficients at the KK scale. The quoted numbers correspond to Mgk = 1
TeV and can be easily translated to other scales via the given scaling relations. We present
result for three different typical sets of parameters that reproduce the observed quark masses
as well as the angles and the CP-violating phase in the quark mixing matrix within errors
(68% CL). Out of these parameters we show in the table just the values of the left- and
right-handed top-quark bulk mass parameters ¢;;, and ¢;, in order to keep the presentation
simple. The complete parameter points, including numerical values for the remaining bulk
mass parameters and for the Yukawa matrices, are spelled out in Appendix [C] It is important
to emphasize that the magnitudes of the shown results are generic predictions in the allowed
parameter space and do not reflect a specific choice or tuning of model parameters.

The coefficients in the table exhibit significant hierarchies ‘which are given approximately
by [Cpil/|Cql = O072), |CHI/|CYal = O(1079), and |C5|/|Cyi| = O(107°). The contribu-
tions due to flavor changing interactions in the ¢-channel, encoded in C’V and C’t‘i, are strongly
suppressed in the RS model. This is due to the fact that the light up quark is involved, for
which the RS-GIM mechanism is very effective. In the minimal RS setup, the ratio of neutral
electroweak gauge boson (Higgs-boson) to KK-gluon effects in the ¢-channel is roughly 1/3 (on
average 1/50). In custodial extensions one finds approximately the same suppressions. These
factors imply that the predictions for the ¢t observables considered here are to very good ap-
proximation model-independent, as they do not depend sensitively on the exact realizations
of neither the electroweak gauge, nor the fermionic, nor the Higgs sector. The numerical
dominant corrections arise from s-channel KK-gluon exchange. Here, the contributions from
up quarks CV. and C4 are a factor of a few larger in magnitude than their counterparts
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involving down quarks. This feature is amplified by the suppression of the down-quark lu-
minosities ff;7 relative to their counterparts for up-quarks entering our predictions, rendering
the contributions of the former negligible, not exceeding the per cent level. In the rest of
this section we will thus restrict our attention to the coefficients C2* that furnish by far the
largest contributions to the ¢t observables in RS models.

From the first three columns of Table , we observe that CV. grows with (ct, + ctp),
i.e., with increasing localization of the top-quark in the IR. This behavior has been expected
from (5.42)) and . A similar (expected) trend in terms of ¢;,, can be seen in C2 | however
being less pronounced. Our main conclusion from the last Section of strongly suppressed axial-
vector couplings, |C2|/|CV| < 1 is also confirmed by the numerical analysis. Inserting the
corresponding values into the numerator of , we observe that also our third expectation
holds true. Indeed, in RS models the NLO corrections to the asymmetric cross section, arising
from C}fﬂ, are significantly bigger than the LO contributions, stemming from C‘fﬂ. Numerically,
it turns out that the vector-current contributions are, despite their loop suppression, typically
larger by about a factor of 100 compared to the corrections due to the axial-vector current. In
the light of the experimentally observed enhancement of the asymmetry with respect to the
SM prediction, this strong enhancement looks promising at first sight.

However, a closer look at shows that in the ratio of the asymmetric and symmetric
cross sections the effects of CV. tend to cancel. Because both ¢” and o, are enhanced for
év > 0, but the dependence of 2?7 on C’V is weaker than the one of o, the found positive
values of C’V will effectively lead to a reduction and not to an enhancement of the ¢t forward-
backward asymmetry. Here, o?” denotes the asymmetric contribution to the cross section in
the pp frame. Due to the fact that CN’Xﬂ > ( is a robust prediction of the RS framework,
following from the IR localization of the top quark, we conclude that the RS corrections to
Al are necessarily negative.

Due to the aforementioned cancellation, however, the impact of the RS setup on the ¢t
forward-backward asymmetry is very small. This is confirmed by the numerical results pre-
sented in Figure [5.91 Here, we show our predictions for the absolute RS corrections to the
forward-backward asymmetry in the pp frame as a function of ¢;, and ¢;,,. We have employed
Myx = 1TeV and the typical bulk-mass parameters of ¢,, = ¢4, = —0.63, ¢,, = —0.68,
cip, = —0.66, ¢, = c5, = —0.56, c.,, = —0.53, ¢;, = —0.63. Moreover, we have set all minors
of Y, 4 equal, however Y; = (Y,)s3 is allowed to vary in order to reproduce the correct top-
quark mass. Note that only the dominant KK-gluon corrections to CN%A have been considered.
In the left (right) panel the parameter region which satisfies the 99% CL constraints from the
7 — bb pseudo observables for the minimal RS setup (custodial RS setup with extended
Ppr-symmetry) is displayed in green. These constraints have been discussed in detail in Sec-
tion m Both panels exhibit that in the whole ¢;,—¢;,, plane the RS corrections to (Akp)%
interfere destructively with the SM contributions. On the other hand, even for the optimistic
value of Mxk = 1TeV, the maximal possible effect after imposing the Z — bb constraints
amounts to —0.10% (—0.05% ) for the extended (minimal) RS model. While the Z — bb
constraint is very restrictive in the minimal model, cutting the allowed parameter space to a
thin stripe of ¢;, € [—0.60, —0.49], it does not affect the extended scenario significantly. Note
that the inclusion of the NLO RS contributions to the asymmetric cross section is impor-
tant to arrive at a consistent result. They contribute at the same order to as the RS
tree-level corrections to the symmetric cross section. Including all RS corrections, we obtain
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Figure 5.10: Results of a combined fit to oy, the last bin of doy/dM;;, and the

value of (ALg)P? allowing for NP in s-channel exchange. The green contours indicate

the experimentally allowed regions of 68%, 95%, and 99% probability in the CA-CV.

plane. The horizontal (almost vertical) dashed lines correspond to the values of the

total ¢t cross section (forward-backward asymmetry in the pp frame). Further details
can be found in the text. Figure from [3].

for the three parameter points considered before the absolute shifts of —0.04%, —0.05%, and
—0.05% with respect to the SM value. In conclusion, despite the strong IR localization of top
quarks, the RS impact on ALy is deemed to be far too small to be able to explain the observed
discrepancy between experiment and the SM expectation.

The results presented here should be contrasted with the analysis performed in [310], which
finds positive corrections to the ¢t forward-backward asymmetry of up to 5.6% (7%) arising
from KK gluons (Z’-boson exchange) at LO. These large corrections are generated by localizing
the left- and right-handed components of the light-quark fields at different ends of the extra
dimension by choosing ¢,, = cq4, € [-0.4,0.4] (IR-localized) and ¢,,, = ¢4, = —0.8 (UV-
localized), which leads to large axial-vector couplings and thus sizable corrections to é;}j
However, in an anarchic approach to flavor such a choice is in conflict with observation, as
it fails to reproduce the hierarchies of light-quark masses and mixings. Also the more recent
analyses of [267] ([325]) abandon the anarchic approach to flavor completely (to some extend).

Our studies have shown that the sensitivity of ALy = 0,/0s to vector currents is not
very pronounced. Our arguments do not only apply to the RS setup but to the broader
class of models with new heavy vector states that have suppressed axial-vector couplings to
light quarks. In such new-physics scenarios large contributions to the ¢t forward-backward
asymmetry are essentially impossible to achieve, once the experimental information on o, and
the high-energy tail of the tf invariant mass spectrum doy;/dMy; is taken into account. This

20Notice that the convention for the bulk-mass parameters used in [310] differs from ours by an overall sign.
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feature is illustrated in Figure , which shows the results of a fit to the ¢t data (5.18]) and
(5-47)), in the presence of NP in the s channel. The green contours display the experimentally
allowed regions of 68%, 95%, and 99% probability in the CA CV plane. They makes evident,
that in order to achieve a significant improvement in the quality of the fit, large corrections to
the axial-vector coefficient C’Af are needed. Vector contributions C’Vf alone are not sufficient
to get from the SM point (black dot) at (0,0) to the best-fit value (black cross) at (8.3,1.4).
If we require the ¢t predictions to be within the combined 95% (99%) CL region, the maximal
possible values for (ALg)PP from vector contributions alone are 5.8% (6.0%). A possibly large
correction to the tf forward-backward asymmetry inevitably has to arise from tree-level effects
involving either axial-vector currents in the s channel with flavor-specific couplings of opposite
sign to light quarks and top quarks or large flavor-changing currents in the ¢ channel. Both of
these options are not easy to realize in explicit BSM models, without ad hoc assumptions about
the structure of the light-quark sector. In consequence, there seems to be a tension between
generating large effects in ALy and achieving a natural solution to the flavor problem.

We have seen that it is not very likely to find hints for warped extra dimensions in measuring
the tt forward-backward asymmetry. Also the current experimental and theoretical errors on
the total and the differential cross sections o,z and doyz/d Mz are still too large to see a possible
impact of the RS setup (see (5.47) and (5.48))). However, in the much cleaner environment of a
possible International Linear Colhder (ILC), avoiding the complications of colored particles in
the initial state, corresponding observables allow to probe very high KK scales. For example
a sensitivity to KK masses of (10-30) TeV is possible by a measurement of o7 to better than
1% or of the top-quark left-right asymmetry to the same accuracy [336]. Another promising
sector where we expect sizable deviations from SM expectations and sensitivities to large KK
scales, without having to wait for a new linear collider is Higgs physics, as we will demonstrate

in Section 5.3

5.1.5 The Anomalous Magnetic Moment of the Muon

In the following, we will apply some of the results derived in Chapter |4{to study the anomalous
magnetic moment of the muon in the background of a warped extra dimension. In particular,
we will show that the corresponding one-loop diagram leads to a finite result. As the muon is
a light fermion, we may assume it to be localized on the Planck brane to good approximation.
Thus, we will neglect possible contributions from KK fermions in the following. It will turn
out that, due to the special structure of the emerging sum, the calculation is also possible
in the decomposed theory. We will present this derivation further below. Although the RS
EFT is defined with a cutoff, showing the convergence is useful, as this means that it will be
possible to sum up the complete tower in closed form.

The magnetic moment g of a fermion of mass my and electromagnetic charge e is pro-
portional to its spin S via

e

The constant g; is called the Landé g-factor. In terms of the form factors Fi(¢?) and Fy(q?)
it is given as

g5 = 2[F1(0) + F»(0)]. (5.51)

These form factors are defined as coefficients of the possible Lorentz structures in the vertex
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Figure 5.11: NLO contribution to the magnetic moment of a fermion. A straight line cor-
responds to a fermion while a wiggly line represents a photon. In the RS model, heavy KK
excitations of the photon propagate in the loop. See text for details.

function .
w0t q,

T (p',p) = V" Fi(¢®) + F(¢?), (5.52)

2m f

where p (p') is the momentum of the incoming (outgoing) fermion and ¢ = p’ — p is the mo-
mentum of the external photon, see e.g. [16]. Note that F;(0) = 1 to all orders in perturbation
theory and F,(0) = 0 to leading order. At the one-loop order, QED predicts a deviation from
the Dirac value for an elementary fermion gy = 2, which is determined by the vertex-correction
diagram depicted in Figure (with ¥ — ~). In the case of the electron, this contribution
was first calculated by Schwinger [251] who determined the anomalous magnetic moment to
be
ge—2 «

2 27

In the RS model, corrections to a; arise at the one-loop level due to the exchange of a

photon that propagates into the extra dimension, as indicated by 4™ in Figure In the
following, we will show analytically that these corrections are finite, working with the five
dimensional mixed momentum /position-space propagators derived in Chapter . To this end,
we look at the region where the loop-momentum becomes large compared to the KK scale, as
this region is critical for the convergence of the result.

(5.53)

(e =

5D Calculation

As we study the case of a UV-brane localized fermion, we use the photon propagator for

p > Mk, given in (4.27), at t =t =e.
Writing the vertex function as I'* = 4* 4 §I'*| we arrive at

u(p")oT u(p) = 2ie?

Le d'k - a(p)) [y H +miyt = 2my(k + K)*] u(p)
/ : (5.54)

2Mix J (2m)* \/(k — p)2 + ie (K — m2 +ie) (k* — m2 + ie)

Here, u(p) and @(p’) are Dirac spinors, belonging to the in- and out-going muon, respectively
(see Figure , and the ze prescription shifts the poles of the expression above infinitesimally
away from the real axis. Note that we have already performed the trivial integral over the
extra dimension. While the numerator algebra is in analogy to the SM calculation [16], after
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Feynman parametrization, the denominator becomes

1
3
— 1) 1/2
/0 dedydzd(z+y+2z—1)z D52 (5.55)
with

D=1 —A+ie. (5.56)

Here, as in the SM calculation,
A=—zy@+(1—2m., l=k+yq—zp. (5.57)

Note that (5.54)) is just correct for (k — p)g > Mgy, which is the region we are interested in.
In consequence, after Wick rotation, we evaluate the integral

dl = . 5.58
v TEUE AR T 3B+ M) (5.58)

/00 ;3 2A + 3M2y

The remaining Feynman-parameter integral can easily be solved after performing an expansion
in m,,/Mgx. We finally arrive at the UV contribution to the form factor

Le 2 m? m?
FRS(0)= L2 (_2 Tn o 5.59
2 O =0 T ", 79 ) ) (5-59)

which shows the finiteness of the RS corrections.

4D Calculation

In the following we calculate the RS corrections to the anomalous magnetic moment of the
muon for the KK decomposed theory. To this end, we have to compute the contributions to
F5(0) stemming from the infinite sum over vertex-correction diagrams in Figure with
massive KK photons running in the loop. After performing the loop integral, we arrive at

o o0 1 1—2 m2 Z(l _ Z)
F: =—|1+2 d d £ I, 5.60
2(0) 27 ( * ;/0 Z/O ymi(l—z)2+m2z ’ (5.60)

n

where m,, (n > 0) is the mass of the n'" KK excitation of the photon. The interactions of the
fermions with the photons in the extra dimension are described by

L = 2mx;(0)x3(0), (5.61)

where X7 (¢) is the profile of the n'* KK photon. Expanding (5.60) in the small ratio m,,/m,,

and performing the Feynman parameter integrals, we arrive at

Fy(0) = o ( %i%(uo(%‘))) (5.62)
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We are lucky because we can actually perform the infinite sum over boson profiles, weighted
by inverse powers of KK masses, appearing in (5.62)). To leading order in the Higgs VEV over

the KK scale it reads, see (3.266)),

= I 1 1 v?
= 4+ O — 5.63
= my 2Mgy 2L i (MI%K> 7 (5.68)
which, neglecting subleading terms in ¢, finally leads to

2 2.2

o m;, 1 m,v
FQ(O):—(l—i- L —)+O( - > (5.64)

2m 3ME 2L My

The RS correction to the anomalous magnetic moment of the muon a,, scales like
af(2m)m? /(LMgy). It is orders of magnitude to small to explain the observed discrepancy
in a,, mentioned in Section While the derivations presented here were mainly for
illustration purposes, there are more complicated situations, where the approach of using 5D
propagators will make calculations more feasible, see Chapter [6]

5.2 Flavor Physics

5.2.1 The CKM Matrix

Remember that our definition of the CKM matrix V, via effective four-fermion interactions
includes the exchange of the whole tower of W bosons and their KK excitations. As discussed
in Section , this matrix is not unitary (which would also hold true for the mixing matrix
V , defined via the Wl d} vertex ).

As a measure of unitarity violation, one can consider the deviation of the sum of the squares
of the elements in the first row of Vi, from unity [213],

AL = 1= (Vi + [V + [Vaol) = (1= Vi) (5.65)
After expanding the mixing matrices U, 4 in powers of the Cabibbo angle A, using the warped-

space Froggatt-Nielsen formulae given in Section[3.2.3] and normalizing the result to the typical
value of the bulk mass parameter cg, ~ —0.63, we obtain

_ F(C ) 2 MKK -2
AN 9. 10 6 Q1
! (F(—0.63)> (TeV

2
2 1 2
diag D E— l_[ diag P E— Ygﬁ
3 + 2CQ1' 1-— 20]’11.

4
where the vector  is given by minors of Y,

2 (5.66)

X

U= (1, =(My)ao1/(My)11, (My)s1/ (M) - (5.67)
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The first contribution in the square brackets in stems from the exchange of the whole
tower of W* bosons and is also present in the minimal RS model. It provides a strictly positive
contribution to A}°", which is typically well below the current experimental uncertainty of
6.5-107* [213]. However, the effects due to the admixture of U’ and D’ quarks add to
with opposite sign and can in principle lead to negative values of A}°". This is not possible in
the minimal RS variant. A detailed discussion of the breakdown of the unitarity of the quark
mixing matrix in the minimal RS model has been presented in [213]. A similar analysis for
the custodial setup has been performed in [242]. However, in that paper the CKM matrix is
defined via the Wu’ d} vertex and not via the effective four-fermion interactions as discussed
above. This prevents us from an easy comparison of the results in [242] with ours. The
non-unitarity of the CKM matrix has also been touched on previously in [I75, 207]. Yet, a
thorough discussion of all relevant effects has not been given in these articles. Note that, while
the misalignment between the mass and flavor eigenbases in the sector of quark zero modes is
small - as reflected by the Froggatt-Nielsen like mechanism of generating fermion hierarchies
in the RS setup - this is not the case for the higher KK levels.

The mixings between the states of the first level of KK excitations are encoded in the
flavor vectors &’i[fé) ) and c?fffg) for the minimal RS variant (and the respective expressions for
the custodial model). Naively, one would expect the mixings between KK fermions to be
suppressed by the Higgs VEV over the KK scale. On the contrary, one finds very large effects,
especially for down type quarks, due to the near degeneracy of the corresponding bulk masses.
The mass splittings of the undisturbed KK states, before EWSB, are typical of the order
of 100 GeV. Since this is not large compared to v, the Yukawa couplings generically induce
O(1) mixings among the KK excitations of the same KK level (see [I]). These mixings give
rise to unsuppressed flavor changing transitions through KK modes within loop diagrams.
Numerical values for the neutral-current as well as charged-current mixing-matrices for a
default parameter point can be found in [I]. In that article we also presented a numerical
analysis of the left- and right-handed CKM matrices, defined via the Wu'd’ vertex.

5.2.2 Rare Decays

As they are suppressed within the SM, FCNCs offer a promising possibility to discover BSM
physics. Due to the large mass of the top quark, that leads to its IR localization, one naturally
expects sizable effects of RS models in processes involving flavor-changing top-quark couplings.
Since FCNCs in the up-type quark sector are less constrained by K- and B-meson physics
than those in the down-type quark sector, the presence of such anomalous couplings of non-
negligible size is not ruled out experimentally. In consequence, radiative and rare AF = 1
processes involving the top quark offer a high potential to test the RS setup. In the following
we study the rare decays t — ¢Z and t — ch.

Rare Decay t — cZ

From (3.147)) we can derive the branching ratio for the decay t — c¢Z, which is given to
excellent approximation by

2(1—r2)* (14 2r2)
(1—7r2)%(1+2r2)

Bt — cZ) =
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u 2 u 2 12T0T% w\* u
X {'(9L>23‘ + [(9R)asl” — 1—r2) (1 +2r2) Re[(ﬂL)QS (9R)23}
~ 1892 [ [(g7)s” + 1(93)s " | — 0.048 Re[ (9135 (g1)zs ] (5.68)
where r; = mfde /my °le " For simplicity we keep only terms up to first order in v? /MEy and

the charm-quark mass ratio 7. ~ 8.7 - 1073. As given above, this formula holds for both RS
variants studied in this thesis.
The flavor-changing couplings in the custodial model are given by

u m> 1 2 up ,

)= gy (5= 52 ) [H L B0y = (O] ~ (.
P (5.69)
(9R)as = 2M§K gszgu [W;RL (Au)ys — (A;)zzs} + (0u) g -

The ZMA expressions for the matrices Ay, A}, and A/, are obtained from (3.152) by the
replacements cg, — cq,, ¢j; — Cye. In the same approximation one has dy = 1/2 ®y with &y

introduced in (3.294)) and

1 1 1 1—2¢o F2(co,)
6, = — x, Ul di 1— @l 2@ ) gL, (5.70
2 v w 198 {1 - QCQi (F2(CQ7;) [ F2(_CQ¢>} * 3+2€Qi v ( )

In the minimal model, holds true with wy* = w;® = 1 and an additional factor of 1/2 in
front of (dy7),5- The corresponding ZMA expressions are given in and ((3.154)). Notice
that, compared to the ZMA result in the minimal RS model, the mixing matrix §, above
contains an additional term involving the zero-mode profile F/(—cg,).

Inserting the quantum numbers of the representation into , we see that the

leading contribution to (g} ),; in the custodial model is enhanced by a factor

2 2
Wit = w99 (5.71)

Z 4 .2
1_§Sw

In contrast to the minimal model, the right-handed coupling does not receive an L-enhanced
contribution, because
wyt =0. (5.72)

Moreover, the contribution that is inversely proportional to F?(cg,) in d,, is highly suppressed,
if co, < 1/2, since F?(—cg,) ~ 1 — 2¢g, in such a case. The leading corrections to the Zuki,
vertices due to quark mixing are therefore protected by the custodial symmetry. While these
features remove a possible source of large effects associated with the composite nature of
the right-handed top quark, they also imply that the chirality of the Ztc interactions in the
model under consideration is predicted to be left-handed. Of course, other choices of the
quantum numbers of the right-handed up-type quarks than those in Table [3.3] are possible, so
that the RS framework does not lead to a firm prediction of the chirality of Ztc interactions.
In the minimal RS formulation a slight preference for left-handed couplings is given due to
the prefactors in , however, there is also a large part of the parameter space in which



188 CHAPTER 5. WARPED EXTRA DIMENSIONS: PHENOMENOLOGY

wt——m—m———-—-—---——/—¢ - 1071

Bt - c2)

10- 13

10~ 15¢ -~~~ 95%CL ATLAS 10715+ ~—— 95%CL ATLAS
WO5%CLCDF 57 ATLAS = 95¢% CL CDF - BrATLAS

S S S S SO S S 10—17\\\\\\\\\\\\\\\\\
2 4 6 8 10 2 4 6 8 10

MKK [TeV] MKK [TeV]

Figure 5.12: Branching ratio of the rare decay ¢t — c¢Z as a function of Mgk in
the minimal RS model (left) and in the variant with extended custodial protection
cr., = cg,, (right). Points that do not satisfy the constraints form the Z — bb pseudo
observables are rejected. The red band is excluded at 95% CL by the CDF search
for t — wu(c)Z. The red dotted and dashed lines indicate the expected discovery and
exclusion sensitivities of ATLAS for 100 fb~! integrated luminosity. See [T, 2] and text
for details.

the chirality of Ztc interactions is predominantly right handed. For more details, also on
correlations with B — X I*]~ decays, see [1].

The predictions for B(t — ¢Z) in the minimal as well as in the custodial RS model with
extended Ppr symmetry, as a function of Mgk, are shown in the left and right panel of
Figure , respectively. The experimental upper bound on FCNC ¢t — u(c)Z from the CDF
experiment amounts to B(t — u(c)Z) < 3.7% at 95% CL [337] and is shown as a band. At
the LHC, one can search for rare FCNC top-quark transitions in top-quark production and
decays. The ATLAS [338] and CMS [339] collaborations have examined this possibility in
simulation studies. The minimal branching ratio B(t — c¢Z) allowing for a 50 signal discovery
with 100fb~! integrated luminosity is expected to be 1.6-10~* at ATLAS. In the absence of a
signal, the expected upper bound at 95% CL is 6.5 - 1075, These values are visualized by the
red dotted and dashed lines in the plots. Our numerical studies show that in the custodial
setup, for low KK mass scales in the ballpark of 2 TeVEl%he branching ratio B(t — ¢Z) can
come close to the region which can be probed at the LHC}*| Such a low KK scale is a realistic
possibility in RS models with custodial protection. In the minimal RS model the possible
branching ratios are smaller. To a large extend this is due to the rejection of points which
fail to satisfy the constraints form the Z — bb pseudo observables. The custodial protection
of the Zbby, vertex thus leads indirectly to improved prospects of a detection of the decay

2L Corresponding to masses of the lightest KK gauge bosons of around 5 TeV.

22As a result of |F(cq,)|/|F(cg,)| ~ A the branching ratio of t — uZ is typically suppressed by two orders
of magnitude compared to t — ¢Z, rendering the former mode unobservable at the LHC. Similar statements
apply to the branching ratio of ¢t — wh.
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Figure 5.13: Branching ratio of the rare decay t — ch as a function of Mgk in
the minimal RS model (left) and the RS model with extended custodial protection
(right). The red dotted and dashed lines indicate the expected discovery and exclusion
sensitivities of the LHC for 100 fb~! integrated luminosity. See [2] and text for details.

t — cZ at the LHC. Note that there is a strong correlation between the left-handed Ztc
and Zbb couplings due to the fact that the left-handed top quark resides in the same SU(2);,
doublet as the corresponding bottom quark. On the other hand, the range of predictions in
the custodial model also reaches lower values compared to the minimal model. This is due to
the custodial protection of the right-handed couplings. These are anti-correlated with the left-
handed ones due to the mass relations (3.119). Points that show a pronounced right-handed
contribution in the minimal model feature a strongly suppressed Ztc coupling in the custodial
model.

Rare Decay t — ch

The general form of the interactions of fermions with the Higgs boson has been given in ({3.277)).
These couplings allow for the flavor-changing decay ¢t — ch (if kinematically accessible) with
a branching ratio

2(1 —r2)*r2 " Y 4r, " "
B(t — ch) = (1—r2 >2 (1h+ 2:}; ) g2 |(9h)23|2 + |(9h)32|2 + 1— 12 Re{(gh)% (gh)gz] ,(5.73)
A w
where as before r; = mP°/mP?® and g is the SU(2), gauge coupling. Again, we have

included terms up to first order in the charm-quark mass. In our numerical analysis we will
use 7, = 0.87, corresponding to a Higgs-boson mass of m;, = 150 GeV.

The predictions for B(t — ch) in the minimal RS model (custodial RS model with extended
Ppg symmetry) as a function of Mgy are shown in the left (right) panel of Figure [5.13] The
LHC is expected to provide a 30 evidence for B(t — ch) larger than 6.5- 107> or set an upper
bound of 4.5- 1075 with 95% CL if the decay is not observed [340]. These limits are indicated
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by the red dotted and dashed lines in the plot. We see that for low KK mass scales, the
predicted values for the branching ratio in the custodial scenario can even exceed the LHC
reach, so that a detection of a possible RS signal with ¢ — ch could become reality. Let us
add that without the inclusion of the Yukawa couplings involving Zs-odd fermion profiles, the
obtained branching fractions would be typically smaller by almost two orders of magnitude,
see [I]. In the minimal RS model the prospects for an observation of ¢ — ch turn out to be
less favorable, since the constraints from Z — bb typically eliminate those points in parameter
space that would show pronounced effects.

5.2.3 CP Violation in B%-Meson Decays

We have seen in Section that the RS setup features nine new phases with respect to
the SM, providing new sources of CP violation. In this section, we will study CP violating
observables in the framework of warped extra dimensions. We will focus on BY-mesons, since
due to the hierarchy of CKM matrix elements, CP violation in B? mixing should be tiny within
the SM (and models of MFV). This offers a nice prerequisite to find signs for NP like warped
extra dimensions. Moreover, B? mesons are promising since they are the only mesons that are
expected to mix but do not contain first-generation quarks. This lets us expect potentially
more significant NP corrections. Beyond that, some anomalies have been reported in the B?-
meson sector, recently (see Section and the remainder of this section). We will analyze
corrections to the width difference ALy, to the semileptonic CP asymmetry Ag;, as well as
to the CP asymmetry Sy,. We will perform a thorough calculation of the decay amplitude
I'1, in the framework of an EFT, based on operator product expansion. As a by-product, we
identify a SM contribution missing in the literature. However, although it is of the same size
as terms that have been considered, it belongs to a class of numerically suppressed terms and
its omission has no significant impact on the numerical predictions. Due to the EFT approach,
our results can be used for many new physics models.

Theory of B-Meson Mixing and CP Violation

We start with a breif review of the theory of CP violation in BY-meson (¢ = d, s) decays. For
a comprehensive introduction see e.g. [73), [74], [75, 118]. Omne can distinguish between three
types of CP violation in meson decays:

(a) CP violation in mixing
(b) CP violation in decay

(c) CP violation in the interference of decays with and without mixing.

Before discussing the origin of these different classes, we have to introduce the theoretical
framework to describe BJ-BY mixing.

For times ¢ that are much larger than the strong interaction scale, the time evolution
of the neutral BJ-BY system can be described by a time-dependent Schrodinger equation
[341], 342, 343]. Writing an arbitrary neutral B-meson state at time ¢ as a superposition of
the strong interaction eigenstates B and BY

| ByP2(1)) = b(6)|BY) + b(t)| BY) . (5.74)
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its time evolution is given by
b(t) \ _ gy (0(0)
i) = (30) o)
The effective 2 x 2 Hamiltonian
HI = (Mq . %Fq) (5.76)

governs the oscillation and decay of B-mesons and therefore contains an anti-hermitian part
proportional to the decay matrix I'?. This matrix and the mass matrix M? are hermitian and
obtained in QFT as the absorptive and dispersive part of the amplitude governing (Bg, Efl)) —
(BS,BS) transitions, respectively. For example, My, corresponds to the dispersive part of
the B) — B transition. CPT invariance guarantees that M}, = Mj, and I'{; = I'}, and
hermiticity leads to My, = M{; and T's; = T'{;. The eigenstates of H? correspond to

L 0 R0 H 0 R0
with eigenvalues
/qu,H = ME,H + ZTQL,H ) (5.78)

where [p|* + [¢|* = 1. Here, M{ ;; and I'] ;; denote the masses and decay widths of the light
and heavy mass eigenstates BqL’H , respectively. We define the mass difference as well as the
width difference between these states as

Amp, = M}, — M}, AI'y=T17-T%. (5.79)
Solving the eigenvalue equation leads to

4Re(M{,I'Y5)
B AmBq
q  2M{5 —iT;
p Amp, +LAT,

1
Al = o (Amp,)* = 2(AT,)* = (4M]° = [Th[),

(5.80)

It is experimentally known that for B-mesons Amp, > AI'; and in consequence also |M{y| >
ITY,| [73, 1344]. Tt follows that to zeroth order in |T'Y,|/|M{,|, which is a very good approxima-
tion,

Amp, = 2|M{,)| . (5.81)
This results in [345], [340]

Ap _ _ 2Re(MATE)

=21 5.82
q |M{12’ | 12| COS¢¢17 ( )
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where we have defined the relative phase ¢, between the mixing and the decay amplitude
according to the convention
M, | MG idhg

F_?z = - m e, ¢ = arg(—MpI) . (5.83)

Note that, including corrections to first order in |[',|/| M|

q |M{]§| 1 Flf2
=1 - =1 —= . 5.84
b ’Mlqg‘ 2 . M1qz ( )

Moreover, we define the decay amplitudes of B-mesons, decaying into a final state f via a
decay Hamiltonian H,, as

Ap = (fIHalB), A= (fIHdlB), (5.85)

where CP relates Ay and flfﬁ Now we can identify conditions for the different types of CP
violation mentioned above to be present (see e.g. [73]).

1. CP violation in mixing: |¢/p| # 1
This type of CP violation is induced, if the mass eigenstates of the mesons differ from the
CP eigenstates. It requires a relative phase between the dispersive and the absorptive
part of the BY — B transition, i.e., ¢, # 0,7 . CP violation in mixing can be observed
through a non-vanishing semileptonic CP asymmetry

o DB () = 1'mX) — D(BYP(t) — 1" nX) (5.56)
SED(BIPYS (1) — 1y X) + D(BIPY (1) — i X)) '

where

1- !q/p\4
&= —" = Im(TY,/ML). 5.87
SL 1 |q/p]4 ( 12/ 12) ( )

Note that, here and in the following, we denote with BJP"*(t) (BIP™(t)) a time evolved,
initially pure BJ-meson (Bg-meson).

2. CP violation in decay: |[A7/A;| # 1
CP violation in the decay of a meson requires at least two terms in the decay amplitude
to have different weak phases, i.e., phases due to complex parameters in the Lagrangian,
and different strong phases, i.e., phases due to intermediate on-shell states. For example
this type of CP violation is the only source of the CP asymmetry in charged B-meson
decays, given by

DY — /) ~T(B = f)

(B = fH)+T(B~ — f7)

ape = (5.88)

23Note that we will not always use an index to denote the decaying meson type, which however should be
clear from the context.
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This asymmetry can be calculated from the decay amplitudes as

1— Ay AP
L+ [Ap-JApe|*

(5.89)

3. CP violation in the interference of decays with and without mixing: Im(\;) # 0
This type of CP violation is an effect of the interference between an amplitude for a me-
son to first mix and then decay and a direct decay amplitude into the same final state.
It is induced by a non-vanishing value for the imaginary part of the quantity

_ a4y

A .
T p A

(5.90)

It enters the time dependent CP asymmetry in the decay into a CP eigenstate f = f =

fCP _
D(ByP(t) — fep) — T(BgP™*(t) — fep)

A (1) = —=t0 - : (5.91)
T TBI) = Sor) +T(BI() — for)
which is given by [73]
A5 (t) = Sysin(Amp,t) — Cy cos(Amp,t),
2Im\ s IREYE (5.92)

TR PWER RSP WER

In the case that CP violation from mixing as well as from the direct decay are negligible,
one has [Af,,| = 1 and thus Cf,, = 0. In consequence Im(As.,) # 0 is the only
contributing effect.

Note that all the three types of CP violation have been experimentally observed in Kaon
physics, namely by measuring non-zero values for the quantities Re(ex ), Re(€)), and Im(ex),
respectively (see e.g. [73]).

Bg-Meson Observables in the SM and Beyond

Many of the quantities introduced above have been measured in the B?-system, which allows
to confront theoretical predictions with experiment.

For example, CDF and D@ presented combined results in the (37 Add ATl')-plane [100]
which differ from the SM prediction by about 20 Here, 87" € [—7/2,7/2] is the CP-
violating phase in the interference of mixing and decay (see below), obtained from the time-
dependent angular analysis of flavor-tagged B? — J/¢¢ decays. In the SM it is given by
[347, 348

BV = _arg (—A—Z) = 0.020 £ 0.005, (5.93)

2 However, the latest individual CDF results disagree by 1o only [101].
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with A» =V, V% . The SM value for the width difference reads [349]

ATSM = (0.087 4+ 0.021) ps ™. (5.94)

The SM prediction for the semileptonic CP asymmetry (A§; )qy; = (1.9 £0.3) - 107° [349],
which is often denoted by a or af, in the literature, agrees with the direct measurement
(A§p)exp = —0.0017 £ 0.0092 [350] within the (large) error. However, recent measurements of
the like-sign dimuon charge asymmetry A% [09], which measures a combination of A% and
its counterpart A%, of the BY-meson sector [351], imply a deviation in A§; of almost 20.

In the presence of NP contributions to Mj, and I'{,, the observables in B?-physics will
receive modifications. We follow [352] and extend the SM expressions according to

s _ sSM sNP __ s SM oA

. 5.95
[iy = D38 4 T = I35V Ry e o
Applying these relations to (5.82) we arrive at the width difference in the presence of NP
1353, 354]

AT, = 2|05 Ry cos(¢3™ + ¢ — or) (5.96)
whereas the semileptonic CP asymmetry (5.87)) becomes

8= —2 1 — " sin(eSM — ) .
SL T TMSM] Ry, (95" + om — or) (5.97)

In order to obtain predictions for these observables in RS models, a calculation of the
corresponding corrections Ry, and ®j; r is necessary. Within the SM, the leading contribution
to the dispersive part of the B%-B? mixing amplitude appears at the one-loop level. If NP
involves FCNCs at the tree level, these give rise to sizable corrections to M7, and thus also to
the mass difference Amp,, see (5.81). In the context of RS scenarios, the corrections to M,
have been calculated in [213, 241] (see also [1706, [I77] for a first estimate).

Moreover, the presence of tree-level FCNCs and right-handed charged-current interactions
gives rise to new decay diagrams. However, NP corrections to the absorptive part of the
amplitude are generically suppressed by m#,/MZp with respect to the SM contribution, where
Myp is the NP mass scale. Yet, as a concrete calculation of such corrections in RS models has
not been presented before, we will provide it in the following, for the sake of obtaining a more
quantitative prediction. We will give the results both for the minimal as well as the custodial
RS variant. Beyond that, since we use an EFT approach, our results will be applicable to
a more general class of NP models. Recently, model-independent estimates on Ag; in the
presence of heavy gluons have been presented in [355], taking into account modifications in
I'Y,. NP contributions from electroweak (EW) penguin operators as well as right-handed
charged currents have not been considered. However, in RS models the former can compete
with or even dominate contributions from QCD penguins. Moreover, part of the latter tend
to give the dominant contribution to I'{3* for the most natural choice of input parameters.
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Calculation of I'{, in the Presence of New Physics
Within the SM, T'j, has been calculated to NLO in QCD [347, [356} 357, 358, 1359, 360, 361]. It
is given by the hadronic matrix element of the transition operator, which converts B? into BY

1
I3, =
12 om

(BJIT|By),
b (5.98)
T:Disc/d4a:2T [HA= () HEP=H(0)]

Taking the discontinuity in the expression above projects out those intermediate states, that
are on-shell. A systematic evaluation of the matrix element in powers of 1/my, is possible in
the framework of the heavy-quark expansion (HQE), assuming local quark-hadron duality (for
a review and references see [362]). At zeroth order, the momentum of the B-meson in its rest
frame is equal to the momentum of the bottom quark, while the strange-quark momentum is
set to zero. Long-lived intermediate states (with respect to hadronic scales) would normally
jeopardize a short-distance treatment of the transition amplitude. For Bg—mesons, however,
the bottom quark mass corresponds to an additional short-distance scale, leading to a large
energy transfer into the intermediate states. Thus, at typical hadronic distances x > 1/my,
the transition of B into B? is again a local process [356] and the matrix element can be
expanded in terms of local AB = 2 operators.

We derive the leading contribution to I'{, in the presence of NP. The most important
corrections to the SM result are given by the interference of SM and NP insertions. QCD
corrections are implemented by evolving the Wilson coefficients of the AB = 1 operators
from the matching scale down to my. The leading SM contributions can be written as matrix
elements of the AB = 2 operators

Q1 =(
Qs =(

v -a(sb)va.
B 0(50)s0p (5.99)

where ¢ and j denote color indices (that are summed over). The notation V' + A denotes the
Dirac structure 4#(1 4+ ~°) in between the spinors, whereas S + P corresponds to (1 £ ~°).
Right-handed charged currents, which occur in RS models, bring about the necessity of further
AB = 2 operators,

i

i

Q3 = (5:b))s+p(5;bi)s+p
Q1 = (5:b)s_p(5,b,)ssr (5.100)
Qs = (5ibj)s-p(5;bi)s+p

due to the interference of SM with NP insertions. The appropriate AB = 1 Hamiltonian,
allowing for new right-handed charged currents as well as FCNCs, is given by

10
HAB 1_ ?/f:)\bs [Z (C’ O; + CLLQZ n CLRQLR i C«RLQRL) i ZCQJ
1=1,2 1=3

(5.101)
+ Z (CXQi+CY"Q;).
=3
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The operators

Q1 = (Sicj)v_a(Cibi)v_a,
Q2 = (5:¢i)v-a(Cibj)v-a,
P o (5.102)
1 (5i¢j)v—a(Cibi)via,
MR = (5ic)v_a(Ejbj)via,

arise from (KK) W=*-boson exchange (Q;2), as well as from right handed charged currents
( 1“22) which correspond to a new structure - compared to the SM - see Section . The
operators QFL are chirality flipped with respect to QF*. We do not include operators of the
type RR as their coefficients scale like v? /Mty in the models at hand. Due to the hierarchies
in the CKM matrix and the RS-GIM mechanism, it is sufficient to restrict ourselves on ¢
quarks as intermediate states, when calculating RS corrections involving the charged current-
sector. For the SM contribution however, we will include all combinations uc, cu, and uu
in our analysis, in addition to the operators given above. Concerning the NP corrections
LL,LR, RL, we factor out the CKM factor A% only for convenience.

As explained in Section [3.6] the experimentally determined values for Vi, and V., from
semileptonic B and D decays should be identified with the exchange of all SU(2); gauge
bosons. In turn, the NP coefficients C% arise only due to the non-factorizable corrections in
(3.270]), which can not be absorbed into A». In addition to the operators discussed so far,
there are also QCD penguin operators

Qs = (@'@')V—AZQ (q59)v-a
Qs = (gibj)V—AZq (Gi%)v-a,

(5.103)
Qs = (gibi)V—AZq (Zi@j)v+a
Qs = (§ibj)v—AZq (T9i)v+a,
and EW penguin operators
3 _
Qr = 5 (Sibi)V—AZqu (95)v+a,
3 _
Qs == (5ib))v—a Y Qq(G%)v+a,
! (5.104)

Qo =3 (@'bi)vaZqu (Gi@j)v-a,
(gibj)V—AZqu (3qi)v-a,

DN W DN W b

Q1o =

with ¢ = u, ¢, d, s.

Here, no CKM factors are involved and all light quarks have to be kept as intermediate
states, when considering neutral-current insertions only. Finally, there exist also chirality-
flipped operators with respect to (I5.1OSI) and d5.104|), denoted by @3,_10. Note that the possi-
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bility of a flavor change on both vertices for NP penguins, as well as the dependence of the
Wilson coefficients on the quark flavor ¢, can be safely neglected due to an additional RS-
GIM suppression. For the same reason the chirality flipped penguins C3R o can be neglected
compared to CRS for bs transitions [213].

Despite of the a/as-suppression, the EW penguin operators in the minimal RS model
can dominate over the gluon penguins [I76], 177, 213]. This is due to the enhancement of
the leading correction to the left-handed Z-coupling by the RS-volume L, see Section [3.5]
Note that this is not the case in the custodial RS variant featuring a protection for the Zby by,
vertex. The RS Wilson coefficients for the penguin operators can be obtained from Section
and have been worked out in [213]. We give them in Appendix for completeness. There
further is the possibility of flavor-changing Higgs couplings which, however, can be neglected
compared to the contributions of flavor-changing heavy gauge bosons in RS models.

In double-penguin insertions, we include all light quarks with masses set to zero, besides
for m.. Double penguins also allow for leptons within the cut-diagram. However, as the
related SM coefficient is suppressed by a/ay, it is not possible to obtain large effects from
sb — 7T transitions, which are less constrained by experiment [363]. Note that this conclusion
can be evaded, if this transition is mediated at tree level by light NP particles in the range of
~ 100 GeV. In that case, the double NP insertion can become comparable to the SM diagrams
[364]. Possible candidates are scalar leptoquarks [352,[365]. Given the loose bounds imposed by
existing tree- and loop-level mediated BY .-meson decays, it has been shown recently [366], that
the presence of a single (8b)(77) operator can lead model-independently to an enhancement
of I'{, of maximally 40% compared to the SM value.

Neglecting intermediate leptons, we find to LO in the HQE

m2 2
M, =———t  _GLA\¥) V1-4
1 :
{ (1= 2)(Z1 + SH5) 4+ (1= 42)(S + ) + 32 (S5 + K3

- g VE (OSP4 ST 4 K+ K

+ ﬁ((iﬁ(” + K + ;)K” + ;K;’z) iz (1=2)*((24 2) K1 + (1 — 2)K>)
4= Eii; (2K, + f@)ﬂ (01)

+ [(1 +22)(8) 4+ X — 5, — LY — 3 /Z (28ER 4 nLR _ LR)
+ ﬁ (BEY + K% - 3K - Kly)

Abs ) (A5’
+ 2355 (L= 2P L+ 29y = )+ (K~ )| (@)

= 32 (517 + 28 + K5 (Qs) + 3vE (B — K1) (Qu) + 3vz (55 — K1) (Qs) }
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bs /1 —4
127r(2MBS) V26PN :

1
{ [(1 —2) XN ¢ 5(1 —42) 23 + 3253

1 " " 3 =1 1 //
n 3KINP 4 NPy D RINP o NP]
— 5 i 5 )| (Q1)
+ [+ 2227 - 237
1 //NP //NP =, //NP /NP 1
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1—-4z2 mp
where z = m2/m? and (Q) = (BY Q|B%. In order to get a compact result, we have

defined the linear combinations (A, B € {L, R})

¥, =K, + K+ K/,

P =KMo+ KAP =12,
Ny = Kb+ KV

SN KNP L KNP =1,2,3,

(5.106)

where the coefficients on the right-hand side of (5.106)) are again linear combinations of Wilson
coefficients. In agreement with [356] we get (Cyy; = C; + C})

K =N.C; +2C,Cy, Ky= C3,

K} =2(NC1Cs49 + C1Cap10 + C2C349)

Ky =2C5Cy10,

Ké =2 (NCC’105+7 + 0106+8 + CQC5+7 + CgC@.;,.g) , (5107)

K! =N.C5.9+2C319Css10 + N.C2,7 +2C5.7Cs45

Ké’ = 042+1o + 062—1-8 )

K} =2(N.C3,9C5:7 + C319Cs18 + Car10C547 + Cay10Cs1s) -
The combinations K; are due to insertions of charged-current operators and are responsible
for the dominant contribution in the SM. The coefficients K| and K correspond to the inter-
ference of charged-current operators with penguin operators and penguin-penguin insertions,
respectively. As we consider light quarks (¢ = u,d,s) in the limit m, = 0, there is a can-
cellation in the EW penguin sector due to the electric charges. The coefficients K, therefore

resemble the K;/, with C7 19 set to zero. For strange quarks as intermediate states, there
is a second possibility for the penguin insertion. In the limit m, = 0, there are additional
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contributions from
K =24 N.)(Cy — C10/2)* + 2 (N, + 1)(C3 — Cy/2)(Cy — C10/2) + 2 (C3 — Cy/2)?,
K% =2(C5 — Cy/2)(Cy — C10/2) + (C5 — Cy/2)*.
(5.108)

Note that these terms have not been taken into account in [356]. On the other hand, as all
double-penguin insertions are numerically suppressed, this omission has no significant effect.
Next we come to the interference of SM diagrams with NP penguins, which is collected in

KNP =2(N,C,ONF + C1CNF + CoONR)
KNP =2 020}1\14?10 ;

K;'INP =2 ((N.+ 2)04(C4NP —CNF /2) + (N, +1)Cy(C5F — CF /2) (5109)
+ (N, + 1)C3(CYF — O /2) + 2C5(CYF — CYF /2))
K" =2(C3(C5F = G /2) + C5(CF — O /2) + Cu (G5 — G /2))
and
KNP =2(N.C5C5Fy + CoCYF g 4+ CLCYE + N.C5CF, + C5C5Fs 4+ CsCRE,) |
KNP =2(C,CF ) + CsColy) (5.110)

KNP =2(N.C5CF, + CoCpF 4+ CuONF. + 0,
+ NC5C3ity + CsCig + CoC3fy + CoCio)
Here, we have neglected the tiny contributions from the interference of SM EW penguins with
NP graphs. In addition, there are contributions from the interference of NP charged currents
with SM penguins
KM =2 (N.C3C + C5C5" + C4CFF)
KM =20,00",
K =2 (N.CsCHE + C5CEE + CsCFE + CsCf ),
KPR =2 (N C3CER + C5CLR 4 ¢y CLR) (5.111)
KM =20,05"7,
KM =2(NCsCIR + G057 + GOy
KR =20CsCHE .
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The corrections to the purely charged-current interactions are given by

K" =2 (N.CiCH* + G137 + CLCHY) |
Kyt =2C,C0"
K{F =2(N.C,C" + C,Cy" + CoC1HY
Kt =2C,CH.

(5.112)

The coefficients K resemble K%, with CE® replaced by CFE. In oder to arrive at the
form we have used several chiral Fierz identities [367]. A nice method to obtain them
in an easy way is presented in [368]. All NP coefficients should by calculated at the NP mass
scale and then evolved down to m,. Explicit expressions for the Wilson coefficients of the
minimal as well as the custodial RS model are given in the appendices and

The dispersive part of the mixing amplitude has been calculated for RS models in the
literature [213, 241]. The required effective Hamiltonian reads

5 3
HEG ™ = ZCin‘ +Zézé7, (5.113)
i=1 i=1

Note that there are no tree-level contributions to Cs3 and 5’273 in the RS model. The RS
correction to B
2mp, My, = (BJ|Ha' = | BY) (5.114)

is given by [213] 241]

M = S, 13 [ (CFS0ma) + CI5m)) B+ (o) CES(mu) B+ § Rlms) CE(ma) By
(5.115)
The bag parameters B 45, related to hadronic matrix elements evaluated on the lattice, are
listed in . The AB = 2 Wilson coefficients can be found in Appendix . Compared
to CRS(my), the coefficient CRS(m;) is suppressed by about two orders of magnitude due
to a stronger RS-GIM mechanism. The coefficients CRS(im;) and CBS(my) are even further
suppressed. The SM mixing amplitude can be obtained from [76], 347, [369] and reads

2
MM = 125;2 (/\fs)Qm?,VmBsanésBlSO(xt) ) (5.116)
Here np = 0.837 includes NLO QCD corrections in naive dimensional reduction (NDR). Sy(z;)
is the Inami-Lim function and x; = my(m;)?/m?, with m;(m;) = (163.8 £ 2.0) GeV. We use
mp, = 5.366(1) GeV [12] and fp, = (238.8 £9.5) MeV [370] for the B? meson mass and decay
constant, respectively. If not stated otherwise, all other experimental input for this section is
taken from [12].

Numerical Analysis for RS Models and Discussion

We now present our numerical predictions for the RS setup, based on the anarchic parameter
sets described at the beginning of this Chapter. In Table [5.2] we give the contributions of
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Model/Coef. | |K3| | |K3| | [K3"7] | |KER| | |KFH | %
SM 0.543 | 0.016 | 12.656 - - 1071
mean (min RS) | 0.16 | 0.03 | 0.01 440 | 0.04 | 1073
stand. dev. 0.17 | 0.03 0.05 7.41 0.06 | 1073
mean (cust) 094 | 0.06 | 0.23 2.22 | 0.03 | 1073
stand. dev. 1.39 | 0.09 | 1.38 498 | 0.05 | 1073

Table 5.2: Selected SM-penguin and charged-current coefficients contributing to I'j, compared
to the mean absolute values of the corresponding RS coefficients for Mk = 2TeV and pu = m, .
See text for details.

selected individual ingredients of ', (5.105). The SM coefficients are taken from [371]. As
they are not supplemented with a CKM factor in (5.101f), we rescale the RS penguin coefficients
- for instance K8 = \/i(Gp)\gS)flK;Rs (SM: K} = K}) - to allow for an easier comparison.
The mean absolute values of our RS predictions should be compared to the corresponding SM
results, where the numbers have to be multiplied by the order of magnitude given in the last
column. The maximum values exceed the given numbers by at least one order of magnitude,
as suggested by the large standard deviations. We have set the NP scale to Mk = 2TeV
and have discarded all points, which are in conflict with the Z — bb pseudo observables. For
the purpose of this analysis, we reject all points lying outside the 95% confidence region in
the g% — g% plane. For the minimal RS model this sets a quite stringent upper limit on ¢,
see Section Within the custodial RS variant with a protection for the Zbyby-vertex, the
respective bound vanishes.

Neglecting experimental constraints, there is no difference between the minimal and the
custodial RS variant at LO in v?/MZy in the charged current sector (see Appendix . For
the natural assumption of c¢g, < —1/2, see Figure , the biggest correction stems from
the operator QL%. This is easy to understand if we apply the Froggatt-Nielsen analysis of
Section [3.2.3 to (B.12) and (B.15). Setting all Yukawa factors to one and performing an
expansion in the Wolfenstein parameter A\, we find as a crude approximation

2

CLL 2”]\% L F(cg,)*F(co,)?, (5.117)
KK
2 Flco,) memy, 1
CLRocv—iF(ch)F(cd ) ox — ,
LT 2Mgg Fleg,) Y Mgk Fleg,)?
2 2m.m 1
CFY x —— F(c,,)F e .
2 % My (G Flea) o My Flcq,)

Note that the importance of CL® grows with increasing UV-localization of the (cz,sz)? dou-
blet, which explains its rather large size. This effect is caused by fermion mixing. Technically,
the chiral suppression in small masses is lifted by the inverse zero-mode profiles (which are
strongly suppressed) entering CZ2. The same holds true for CFX| which is however smaller by
a factor of m,/my. The coefficients C{*? with A, B € {L, R} are zero at the matching scale,
but generated through operator mixing in the evolution down to u = my. At u = m,, the
values of |K{'P| amount to about a third of the corresponding values of |K3'Z| . In the RS
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model the contributions from the coefficients CX* and CFL can be safely neglected, just as
those of the chirality flipped penguins.

The coefficients K% and K ®% grow with an increasing IR localization value of ¢;, and
¢s, = CQ,- The reason is, that the RS corrections due to penguin operators are dominated
by overlap integrals of left-handed fermions with intermediate KK-gauge bosons and mixing
effects of the latter with the Z-boson. The corresponding RS expressions are given in . As
KK modes are peaked towards the IR brane, overlap integrals with UV localized fermions are
exponentially suppressed and the RS-GIM mechanism is at work. As mentioned before, the
leading correction due to Z exchange is enhanced by a factor L within the minimal RS variant.
Nevertheless, because of the stringent bounds from Zbb, the total penguin contributions remain
smaller than in the custodial model. In both RS setups, it is sufficient to consider only the
contributions stemming from the coefficients K;NP in the neutral-current sector. The impact
of double penguin contributions amounts typically to about 1% of the leading correction due
to charged currents.

In order to arrive at a global picture, we have to evaluate the whole expressions

and ([5.115)). In terms of

Mpg, ?
R(p) = ( _ B (u)> : (5.118)
the matrix elements are given by

8

(Qi) = 5 M5, f3.Bi(p),

(Q2) =~ M. f, R(s) Baly)

(Qs) = 5 M3, fA.R(:) Bs(), (5119)
(Qu) = 2 M3 f5 R(1)Ba(n),

(Q5) = = M3, f3.R(:) Bs(1).

The bag parameters B; are obtained from the lattice. We take the values of [372] in the
NDR-MS scheme of [357]. They read

By =0.87(2) (*]), B> =0.84(2)(4), Bs=0.91(3)(8),
By =1.16(2) (*3), Bs= 1.75(3) (*3'), (5.120)

where the first (second) number in brackets corresponds to the statistical (systematic) error.
In order to resum large logarithms we employ z = m?2(my)/mi(my) = 0.048(4) [347] in our
numerical analysis. We use m;(my,) = (4.22 £ 0.08) GeV and m4(m,) = (0.085 + 0.017) GeV
for the quark masses in the MS scheme.

The left panel of Figure [5.14] shows the RS corrections to the magnitude and CP-violating
phase of the B%-B? decay width, Rr and ¢r, for the 10000 parameter sets, generated as
described before. For the analysis of this section we do not vary the KK scale but rather
chose Mkx = 2TeV. The blue (dark gray) points correspond to the minimal RS model, where
only points that are in agreement with the Z — bb pseudo observables are shown. The orange
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Figure 5.14: RS corrections to the magnitude and CP-violating phase of the B%-BY
decay amplitude, Rpr and ¢r (left), as well as of the dispersive part of the mixing
amplitude, Ry, and ¢y (right). Blue (dark gray) points correspond to the minimal,
orange (light gray) to the custodial RS model. The dashed lines indicate the 95%
confidence region from the measurement of Amp,. See [4] and text for details.

(light gray) points correspond to the custodial extension, where the latter constraint effectively
vanishes. As we are just interested in the approximate size of RS corrections, we work with
the LO SM expressions. However, for precise predictions for a certain parameter point, one
should include the full NLO corrections to I'j, and M7,. As expected, the RS corrections to
I['%,| are rather small, typically not exceeding +4%. The right panel displays the corrections
to the magnitude and phase of the dispersive part of the mixing amplitude, R,; and ¢;.
For this analysis, important constraints arise from the measurement of the BB oscillation
frequency. The corresponding result for the mass difference reads [373]

AmEP = (17.77 £ 0.10 (stat) & 0.07 (syst)) ps ", (5.121)

and is in good agreement with the SM prediction of (17.3 +2.6) ps~! [349]. As a consequence,
we exclude all points with Ry, ¢ [0.718,1.336], which corresponds to the 95% CL region of
(5.121]). This is indicated by the dashed lines. Note that for a sufficient amount of scatter
points, the phase correction ¢,; can take any value in [, ] within the custodial RS model.
Comparing the results for the new phase ¢r to those for ¢,;, we see that the former can be
neglected to very good approximation, what we will do from now on.

Another important constraint for our analysis comes from the CP-violating observable
ex = &1 + %5 [157) 213, 220, 241]. Explicitly, we demand |ex| € [1.2,3.2] - 1073 [213], where

K, €%

V2 (Amg) oy,

with ¢, = (43.514+0.05)° [12] and k. = 0.92£0.02 [374]. The neutral Kaon mixing amplitude

€ = Im(MS5M + MERSY (5.122)
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Figure 5.15: Left: Corrections in the AT'SM /3, -plane for the minimal (blue/dark
gray) and custodial (orange/light gray) RS model. Bounds from Zbb, Amp,, and
ex are satisfied. See [4] and text for details. Right: Experimental constraints from
flavor-tagged BY — J/1¢ decays. Figure from [101].
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Figure 5.16: Corrections in the Ag; /Sye-plane for the minimal (blue/dark gray) and
custodial (orange/light gray) RS model. Bounds from Zbb, Amp_, and €k are satisfied.
See [4] and text for details.

is defined in analogy to . The input data needed for the calculation can be found in
Appendix B of [213]. As it turns out, without some tuning, the prediction for ey is generically
too large. Note that the dangerous contributions from the operators ij% [220], which can
become comparable to those of Q5 due to Ry = (Mg /(mg+1ms))? ~ 20 for 4 = 2GeV and a
more pronounced RG running, could be suppressed by imposing a U(3) flavor symmetry in the
right-handed down-quark sector [205], as mentioned in Section . Although this symmetry
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will inevitably be broken by the Yukawa couplings, the possibility to choose all down-type bulk
masses equally allows to forbid tree-level down-type FCNCs in the ZMA. This can be seen
from (B.16]), since (WL)mj(Wd) jn =0 for m # n due to the unitarity of W,. Non-vanishing
contributions from the exchange of KK gauge bosons arise only at O(v* /M) from the mixing
of the right-handed fermion zero modes with their KK excitations. For Mkk = 2 TeV, it would
thus be possible to reduce C’Z% by a factor of about 100, by imposing such a symmetry. The
same suppression factor also applies to the B-meson sector. For the coefficient CRS however,
such a protection is not possible. In our analysis, we do not impose an additional flavor
symmetry on the bulk masses, but rather use the bound from ex as an additional constraint

on our scatter points and discard those that are in conflict with it.
Setting the tiny SM phases to zero, the width difference ([5.96) can be written as

ATy = AT®™M Rr cos 23, , (5.123)

where 23, ~ —¢); [I00]. Thus, in the absence of large corrections to the magnitude of T',,
NP contributions always lead to a negative shift in AT, [353]. Note that the preliminary CDF
analysis [I01] uses the older SM prediction ATSM = (0.096 £ 0.039)ps~! [347], which we will
also take as central value for our calculation. Taking the more recent value will not change
our conclusions. In the left panel of Figure |5.15 we plot our predictions for Al'y against [
in the RS model. A comparison to the CDF results in the right panel leads to the conclusion
that both the minimal (blue/dark gray) as well as the custodial RS model (orange/light gray)
can enter the 68% confidence region and come close to the best fit value. They stay below the
desired value for Al';, as there are no sizable positive corrections to |I'f,].

Neglecting the tiny SM phases and the NP phase corrections related to decay, the semilep-
tonic CP asymmetry Ag; is proportional to Sy [348]. The latter quantity is given by the am-
plitude of the time-dependent asymmetry in B? — J/y¢ decays, Aép(t) = Sygsin(Amp,t),
see . Setting just the NP phase in decay to zero, one obtains the well known expression
Sye = sin(QB;]/W — ¢nr) [375). Thus one has to good approximation

T R
St ‘Mf28M| Ry

(5.124)

The results for Agy, and Sy, in the RS model are shown in Figure [5.16, They confirm the
approximately linear dependence between the plotted quantities. The experimentally
favored regions Sy, = 0.56 + 0.22 [376] and A& = —0.0085 £ 0.0058 [350] are marked by the
black cross. The latter has been obtained by a combination of the direct measurement with the
results derived from A% together with the average A% = —0.0047 £ 0.0046 from B-factories.
It is evident from the plot that the best fit value of Sy, can be reproduced (however, some
amount of tuning will be necessary in the minimal RS variant), which has already been noted
in [213] 241]. Furthermore, the RS setup allows to enter the 1o range of the measured value of
Agp. The same conclusion has been drawn in [355] recently, using a different approach. The
authors did not use any concrete sets of input parameters, but rather scanned the predictions
for FCNC vertices in a range constrained by bounds from AI'y and Amp,. Note that due to
Sys =~ sin 203, the corrections in the ATSM /3, -plane and the A§; /Sys-plane are correlated.
An improvement with respect to experiment in the former leads to an improvement in the
latter.
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Figure 5.17: Expected statistical significance for a discovery of the SM Higgs boson at
ATLAS as a function of the Higgs-boson mass for an integrated luminosity of 100 fb~1.
Plot from [377] (with permission).

In conclusion, in particular the custodial RS model allows for a better agreement of the
theoretical values for Ag;, Sy, and Al'y with experiment. However the concrete predictions
for these observables still depend sensitively on the RS parameters (and not only on the scale
Mxkyk). Essentially this is due to the fact that the range for the new phase ®,, is not very
limited by the constraints that are imposed on the parameters.

5.3 Higgs Physics

As we have seen in Chapter [T, a Higgs boson with a mass not exceeding the TeV scale is an
important ingredient of the SM and also of many of its extensions. However, such a boson has
not been observed experimentally yet.

The SM Higgs boson is expected to be found with a statistical significance of = 100 over
the full mass range with 100 fb~! integrated luminosity, see Figure . Imagine that we do
not discover this particle at the LHC in the first years of running. Does this already mean that
we have to abandon the corresponding mechanism of EWSB? The answer to this question is
certainly no. BSM physics could feature a standard Higgs mechanism that however could be
much harder to detect than the one of the SM, even for a Higgs-boson mass easily accessible
at the LHC. It is thus important to study Higgs physics in various models to be prepared
for different possible scenarios. In warped extra dimensions, large effects are expected due to
the localization of this sector on the IR brane, where also the KK modes as well as heavy
SM quarks are peaked. In the following we will study Higgs-boson production and decay
within the custodial RS model. Although Higgs physics has been looked at in related models
[200;, 203, 245], 249] 378, 379, 380, 381, 382], 383], there has not been a complete analysis of the
subject in the context of the models studied in this thesis, taking into account all important
effects induced by the KK excitations at the one-loop order. This will be provided in the
following.
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5.3.1 Higgs-Boson Production

We will start with the leading (SM) production mechanism for the Higgs boson at hadron
colliders, which is gluon-gluon fusion. In the SM, this mechanism, which receives its dominant
contribution from a top-quark triangle loop, has been introduced in Section [I.1.2] Within the
RS framework, one has to take into account in addition the KK tower of the top quark as well
as of all the other quark flavors, since all these modes contribute to the gg — h amplitude
at O(v?/Mzy). The relevant Feynman diagrams are shown on the very left in the top row of
Figure [5.18 and on the left-hand side of Figure [5.19]

In order to calculate the gg — h production cross section in the RS model, we rescale the
SM prediction according to

a(99 — h)rs = |kgl* 0(99 — h)su, (5.125)

AR+ )
Zi:t,b Kidg (i) + ZJ':u,d,)\ Vi

Ky = : (5.126)
=, A

and 7;, = 4m?/m3. The first term in the numerator corresponds to top- and bottom-quark
zero modes running in the loop, with Higgs couplings (normalized to the SM values) given by
[384]

where

ki = Rel(g)al/ (1) o m = Rel(g)asl/ (7). (5.127)

These couplings differ from those of the SM k;;, # 1 due to contributions to the fermion
masses from compactification, as discussed in Section . The form factor AZ(Ti), needed for
a correct weight of the different contributions in the rescaling factor , approaches 1 for
7; — oo and vanishes proportional to 7; for 7; — 0. Its analytic form is given in Appendix [B.§
Due to power suppression, the only phenomenologically relevant correction in (g9 — h)sum
from lighter fermions stems from the bottom quark. We include the interference term of
the bottom- and the top-quark amplitude approximately, by multiplying the cross section
o(99 — h)sm by (1+2ReA%(7)). Numerically, this approximate treatment decreases the SM
cross section by about 9%, 2%, and below 1% for m;, = 100 GeV, 300 GeV, and 600 GeV, which
is in good agreement with the NLO calculation including the exact mass dependence [385].
In Figure we show the ratios as functions of Mk for a set of 150 random
parameter points. These correspond to the custodial model with extended Prr symmetry
(13.252)), which we will always employ in the following analysis. They reproduce the quark
masses as well as the CKM parameters at 68% CL. The same sample of model parameter
points will be used in the remainder of this section. We observe that both the htf and the hbb
coupling are reduced in the custodial RS scenario with respect to the SM, resulting in x;;, < 1.
The same conclusion has been drawn in [203] for the minimal RS model. Numerically, we find
that for Mgk = 2TeV (Mgk = 3TeV) the average corrections amount to around —25% and
—15% (—=10% and —5%) in the top- and bottom-quark sectors, respectively. Since the RS
corrections to the Higgs couplings scale as v? /My, the average value of the ratios r;;, can be
parametrized by 1 — a,; v?/MZy. The resulting coefficients a;, are given in Table . The
quoted values of a; , have been obtained from the best fits to the shown sample of scatter points.
Note that the RS predictions depend most strongly on the KK scale, while the additional
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Figure 5.18: Examples of zero mode contributions to the production and the decay of
the Higgs boson at leading order of perturbation theory. Vertices indicated by a black
square can receive sizable shifts in the RS model relative to the SM couplings. See [2]
and text for details.

dependence on the explicit parameter points is less important. Moreover, as expected from
the arguments of Section the correction to the top-quark coupling is more pronounced
than this to the bottom-quark coupling.

It is not difficult to understand the suppression of the Yukawa couplings of the third-
generation quarks, r;p < 1, analytically by analyzing the structure of . First, one has
m3/v ((®g)33 + (Pg)ss) > 0 since the diagonal elements of the matrices ®, g introduced in
are absolute squares. Second, the third term in can be written in the ZMA as

dmy im; (UL diag [F2(cq,)] Uu)j3 (WL diag [F~(cye)] Wu>  (5.128)

- 2
SvMp 4 3j

(Ag}l:)33

and a similar formula applies to the case of (Ag¥)s3. Because the diagonal elements of the
matrices U diag [F~%(cq,)| U, and W/, diag [F “2(cye)] W, are absolute squares, the term
with j = 3 is positive semi-definite. The terms with 5 = 1,2, on the other hand, can have
an arbitrary complex phase. Yet, due to the strong chiral suppression, m./m; =~ 1/275 and
my/my & 1075, these terms cannot drive the real part of A(g})s3 negative. The same holds
true for (Ag¢)ss, although the chiral suppression is weaker in this case, m,/m; ~ 1/50 and
mq/my, =~ 1/800. Recalling that (Agf)ss = mi/v ((®q)s3 + (Pg)ss) + (Ag})ss > 0 enters
(3.279) with a minus sign, we conclude that the htt and hbb couplings are predicted to be
suppressed relative to their SM values in both the minimal and the extended RS models. This
result seems to be independent of the particular realization of the setup and to hold for a large
class of RS setups. The same conclusion has been drawn in the context of models where the
Higgs-boson arises as a pseudo Nambu-Goldstone boson [249] 380].

The second term in the numerator of represents the contribution arising from
the virtual exchange of KK quarks. Here, all quark flavors have to be taken into account,
since a possible UV localization of a zero mode does not apply for the KK excitations. The
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Figure 5.19: Examples of one-loop diagrams involving KK excitations that con-
tribute to the production and the decay of the Higgs boson at leading order of
perturbation theory. See [2] and text for details.

corresponding Feynman diagram is shown on the very left in Figure[5.19] In the up-type quark
sector the associated coefficient takes the form

o0

ve= v Y Relghn] g
n=4 n
2 5.129
o Ref@retoe) (1- o 7L S0y 120)
_ 2_7T 3MKK Ah( u)
=7 2 po o\ ) -

Similar relations hold in the sector of down-type and A quarks. Since the mass of the first
KK up-type quark is already much larger than the mass of the Higgs-boson, m}/Mkkx =
O(a few) > my, /Mg, it is an excellent approximation to replace the function A(7%) by its
asymptotic value of 1 obtained for 7% = 4 (m*)* /m} — oo.

Before presenting our numerical results for these contributions, some comments about the
infinite sum in are in order. First of all, since the RS model is an EFT defined with
a cutoff Ayy(m) < Mp;, the KK modes above a certain level will not be part of the EFT
anymore. Thus the potentially divergent sum is effectively cut off after a certain KK level.
However, as we will see below, there are in addition cancellations within the sum in ([5.129))
that cause the terms to decrease quadratically with the mass of the KK fermions in the loop,
which renders the sum convergent. At the same time it becomes IR dominated, i.e., the
lowest lying modes become most important, whereas the difference between truncating the
sum at a finite level ny., and eztrapolating till infinity scales like 1/ny,,. This corresponds to
a subleading effect if at least a few modes are present below the cutoff. Importantly, this line
of reasoning with a cutoff prevents UV physics above this RS cutoff to modify the behavior of
the KK sum. For the following analysis we will assume the fundamental parameters of the RS
model to be such that Ayy(w), which cuts off the KK sums, is above the mass scale of O(4)
complete KK levels.

In the SM, the top-quark contribution to the gg — h amplitude is proportional to y;/m;
in the decoupling limit. As mentioned in Section [I.1.2] it can be described by the effective
operator h/v G, G**. Naively, also the contributions of the KK levels in scale like
1/m,,, which would lead to a divergent sum. However, due to low-energy theorems appropriate
to external Higgs bosons with vanishing momentum [386], B87, 388, 389], which apply to any
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Figure 5.20: Predictions for the ratios of the htt (left) and hbb (right) coupling in the
custodial RS model relative to the SM value. The solid lines show fits to the samples
of parameter points. See [2] and text for details.

quantum field theory, the Wilson coefficient of the D = 5 operator above (encoding the whole
KK-towers) is related to the QCD [-function. In the context of the RS framework this implies
that the sum in (5.129) must be convergent, because the running of o, can be shown to be
logarithmic in warped extra-dimension models [162], 275], 390, 391, [392), 393}, 394! [395]. While
the finiteness of the effective hgg coupling is thus guaranteed on general grounds, an explicit
calculation of the complete sum in the KK decomposed 4D theory for the full flavor
structure turns out to be non-trivial. This is due to the fact that the Higgs VEV induces
O(1) mixings between the various modes of a single KK level, see Section m For example,
in the up-type quark sector there are five types of fields, namely u, «’, u¢, U’, and U. Each
of them exists in three different flavors, so that there are altogether 15 KK modes of similar
mass in each level. Since the mixing effects among the states of the same KK level are large,
they cannot be treated perturbatively, and one has to resort to numerical methods or 5D
propagators (see Section |4f) as long as one is interested in the case of three families. However,
in the toy example of a single generation, it turns out to be possible to derive an expression for
in the KK decomposed theory, revealing analytically the dependence on the fermion
localization.

In order to calculate the KK sum numerically, one first has to find the solutions to the
eigenvalue equation . In the case of the up-type quark sector, this requires determining
the roots of a 6 x 6 determinant, which in practice turns out to be intricate, because one needs
to find suitable starting points to search for the roots which feature tiny splittings. We obtain
these starting values by diagonalizing a truncated mass matrix obtained in the perturbative
approach [156] 175, 214]. In Figure we display the results of our numerical calculations for
one parameter point with Mkg = 2TeV. The dots correspond to the individual terms in the
sum for up- and down-type quarks, while the filled boxes indicate the values obtained
by summing up the contributions of one KK level. Results for the exotic A-type quarks are
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Figure 5.21: Numerical results for the coefficients v, 4 corresponding to a specific
parameter point with Mk = 2TeV. The red (blue) dots in the left (right) panel
display the first 60 (36) terms in the KK sum for up- (down-type) quarks, while the
red (blue) filled boxes indicate the sums over complete KK levels. See [2] and text for
details.

not shown, since they resemble those found in the down-type quark sector. By inspection
of the two panels one immediately notices two important features of the KK contributions.
First, even though the contribution of an individual mode can be positive and negative, the
sum over an entire KK level is strictly negative. Second, the importance of higher-level KK
sums decreases quadratically, ensuring that converges to a finite value. This feature is
indicated by the solid lines, which represent the best fits to 1/z? including the results of the
second, third, and fourth KK-level sums. The dashed lines depict the 1/, behavior of the sum
over a single fermion tower. The convergence of the total sum is guaranteed by cancellations
between different modes of the same KK level.

The results for the KK sums v, and v, are shown in Figure as functions of the KK
scale for our set of 150 randomly chosen parameter points. The corresponding results for
the coefficient v, are almost identically to those of v4, and we do not show them explicitly.
We see that the corrections to the effective hgg coupling that arise from triangle diagrams
involving KK quarks are all strictly negative. In the up-type quark sector the corrections
are almost a factor of 2 larger than those appearing in the down- and A-type quark sectors.
This feature can be traced back to the higher multiplicity of states in the former relative to
the later sectors, which suggests that v, /vy = 15/9 ~ 1.7. Numerically, we find that for
My = 2TeV (Mgx = 3TeV) the average value of v, and v, amounts to about —0.59 and
—0.34 (—0.26 and —0.15) with the ratio of the values being quite close to the naive estimate.
Since the leading KK-quark corrections to the effective hgg vertex decouple again as v? /M2y,
we parametrize the average values of v, g\ as @y gz v?/MZy and determine .4, from the best
fit to the shown sample of points restricted to the range Mgk = [2,10] TeV. The resulting
numbers for the coefficients a, 4 are shown in Table . Points with a KK scale below 2 TeV
have been excluded in the fit, since they depend sensitively on higher-order terms in v/Mgg.
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Figure 5.22: Predictions for the coefficients v, and v, in the custodial RS model. The
solid lines indicate the best fits to the shown sample of parameter points lying in the
range Mgk = [2,10] TeV. See [2] and text for details.

This feature is noticeable in the plots, which show that for very low KK scale the exact results
for v, q are typically above the solid lines indicating our fits. This should be kept in mind
when using the parametrizations a, 4 v?/MZx to calculate v, 4 for KK scales below 2 TeV.

Our results for the Higgs-boson production cross sections at the Tevatron and the LHC
for center-of-mass energies /s = 1.96 TeV and /s = 10 TeV are shown in Figure [5.23, The
SM results, on which also our RS predictions are based, correspond to those presented in
Figure and are depicted by red dashed lines. The solid red lines depict the RS results.
The latter have been obtained by employing and using the fit formulae for k¢
and v, 4 discussed before. The relevant values for a;, 41 can be found in Table . All four
panels show clearly that the Higgs production cross sections in gluon-gluon fusion experience
a significant reduction in the custodial RS model. For the considered Higgs-boson masses, we
find in the case of Mxk = 2TeV (Mgk = 3 TeV) suppressions that range between —65% and
—95% (—80% and —90%) at the Tevatron and from —45% to almost —100% (—45% to —90%)
at the LHC, see also Figure [5.25] The found depletions survive even at Mgk = 5TeV, still
reaching up to —40% at both colliders. Such a sensitivity to high scales is very interesting for
the indirect search for new physics. Since both the theoretical accuracy [46, 47, 48], [49] and the
expected experimental precision [339,[396] are at the level of 10%, the pronounced reductions in
Higgs events from gluon-gluon fusion should be clearly visible at the LHC (for reasonably low
KK scales). The non-trivial dependence of the RS corrections on the Higgs mass results form
an interference of zero- and KK-mode contributions. The real part of the zero-mode amplitude
increases until the ¢t threshold is reached. Above, it decreases quadratically with m;,, modulo
logarithmic effects. It is positive for all values of the Higgs-boson mass. On the other hand,
the real part of the amplitude associated to the virtual exchange of KK quarks is negative and
a constant in the heavy-mass limit. Since for Mkk < 2TeV the latter contribution is always
dominant, the correction arising from KK-quark triangle diagrams effectively flips the sign of
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Figure 5.23: Main Higgs-boson production cross sections at the Tevatron (left) and the
LHC (right) for center-of-mass energies of /s = 1.96 TeV and /s = 10 TeV, employing
Myk = 2 TeV (upper row) and Mgk = 3 TeV (lower row). The dashed lines represent
the SM predictions, while the solid lines correspond to the custodial RS model. In
the case of the Tevatron the panels show gluon-gluon fusion (red) and associated W=-
boson production (blue), while for the LHC gluon-gluon (red) and weak gauge-boson
fusion (blue) are presented. See [2] and text for details.

the real part of the total gg — h amplitude with respect to the SM expectation for small
and high Higgs masses. However, in the threshold region where m;, ~ 2m;, the destructive
interference between the individual contributions can become almost perfect, leading to a
strong suppression of Higgs production via gluon-gluon fusion. This feature can be observed
clearly in the upper right panel of Figure|[5.23. Because the RS contributions decouple rapidly
for increasing KK scale, a complete extinction of the sum of individual amplitudes is not
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ay ap ay

15.08 | 9.08 | 3.63

u d A W

—38.80 | —21.80 | —22.58 | —46.46 | 17.98 | —6.38 | 10.76

Table 5.3: Fit coefficients entering the various contributions to Higgs-boson production
and decay in units of v?/Mg2y. Corrections due to zero and KK modes are displayed
in the upper and lower table, respectively.

possible for Mkk = 2TeV. In this case, the zero-mode contribution to gg — h dominates, and
the Higgs-mass dependence of the RS prediction is similar to the one of the SM result. It is
important to stress that, in spite of the in principle many parameters in the fermion sector of
the custodial RS model, the shown results for the Higgs-boson production cross section depend
to first order only on the overall KK-mass scale. This claim is supported by the narrow spread
of scatter points in Figure [5.22]

Let us now have a look on the subleading production mechanisms at the main hadron
colliders. Here, the important LHC channel of weak gauge-boson fusion, ¢} — ¢¢")V*V* —
qq""h with V' = W, Z, receives only moderate corrections of around —10% (—5%) for Mgy =
2TeV (Mgx = 3TeV). The same reduction will affect associated W*-boson production,
qq¢ — W* — Wh at the Tevatron. The RS predictions for the corresponding production
cross sections are illustrated by the solid blue lines in the right and left panels of Figure [5.23]
respectively. The corresponding SM predictions, depicted by the blue dashed lines, are those of
Figure[1.6] Finally, the cross section of associated top-quark pair production, g7 — tt* — tth,
will also experience a reduction. For values of the KK scale in the ballpark of 2TeV, this
suppression can amount up to —40%. Since all these processes happen at tree level, the RS
predictions have all been obtained by a simple rescaling of the SM results. In that context, one
has to consider the VEV shift which partially cancels the depletion due to the mixing of
the weak gauge bosons with their KK excitations. This effect has been included in deriving
the numerical results above.

In summary, we find that the main Higgs-boson production modes at hadron colliders are
suppressed in the custodial RS model relative to the SM. Clearly this affects Higgs searches,
as we will detail below. Suppression effects in gg — h were also reported in [203] 249] B81]. In
this context, see also [382] for a detailed analysis of Higgs-boson production cross sections and
decay rates in a related general setup. A direct numerical comparison of the results of these
publications with our findings is however not possible, since [203] only included zero-mode
corrections, while [249] [381] [382] studied RS variants that differ from the set-up considered
here. In [379], an enhancement of gg — h in a custodial RS variant has been found. However
for a sufficiently IR-localized Higgs sector, this effect is caused by UV physics, above the cutoff
Ayy of the RS EFT. Considering a Higgs profile with a finite width ~ 7, the effect is driven
by KK excitations with a mass of m,, ~ 1/n. It vanishes in the limit of a small width, if the
KK sum is cutoff at Ayy < o0o.

In [383] the authors studied corrections to gluon-gluon fusion arising from virtual exchange
of very light fermionic KK modes. It has been found that for a heavy bottom-quark partner
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with a mass my of a few hundred GeV the Higgs-boson production cross section via gg — h
can be significantly enhanced. However, in order to achieve my < Mgk with the embedding
of quarks as chosen in , the Ppr symmetry has to be broken strongly via the bulk mass
parameters of the 7; multiplets by choosing cg, rather far away from cgz,,. While for ¢z, > 1/2
it is possible to achieve v; > 0 and thus an enhancement of the gg — h cross section, such
choices of parameters do not naturally reproduce the measured mass spectrum of the SM
quarks for anarchic Yukawa couplings. If on the other hand ¢z, < 1/2, the correction vy re-
mains strictly negative, and as a result the gg — h channel experiences a reduction. Moreover,
choices for cg;,, corresponding to a strong breaking of the P;r symmetry, lead generically to
a sizable negative shift in the Zb; by, coupling through , which is problematic in view
of the stringent constraints arising from the Z — bb pseudo observables.

5.3.2 Higgs-Boson Decay

We now move on to study the decay modes of the Higgs boson. In this context, we will consider
all processes with quarks and gauge bosons in the final state that can receive important RS
corrections and have a branching fraction larger than 107%. As we have not explicitly specified
the embedding of the fermions in the lepton sector, we ignore decays into taus and muons,
which we however expect to be SM-like, due to the rather UV localized profiles. Furthermore,
we will not include loop contributions of KK leptons in our analysis of the h — vy and h — vZ
decay channels but rather estimate their impact.

In order to be able to calculate the decay rates of the Higgs boson into massive gauge
bosons, we still need to give the RS corrections to the WWh, ZZh, and WW Z tree-level
vertices. Due to the unbroken U(1)gy gauge group, the WV~ coupling is unchanged with
respect to the SM to all orders in v?/M2,. The weak couplings involving the Higgs boson
are derived from the cubic and quartic interactions given by . In unitary gauge, the
relevant terms in the Lagrangian read

2 2 2
Lip> (B +2hogs,) {% (1—ag)ywrw+ 4 %L Jg N (1-Ag?) Z,2" |,  (5.130)
where
5% 1 4
Ag) =1} [L (1 + —2> — 1+ —} + O (zy), (5.131)
cy 2L

and xy = my/Mgg for V.= W, Z. Due to the Prgr symmetry , one has s, /c, =1
and s%/c} = 1 — 252, which implies that the leading correction due to Agy;"” takes the
form —2m¥,/MZx L. For Mk = 2TeV (Mg = 3 TeV) these terms amount to about —10%
(—5%). However, when comparing the size of the WWh coupling to the value in the SM, one
also has to take into account the fact that the VEV vgg,, differs from wvgy.

The partial decay widths I'(h — f) of the Higgs boson decaying to a final state f are again

obtained by rescaling the SM decay widths. We use

T'(h = f)rs = |ks> T(h = fsu (5.132)
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where the VEV shift enters the expressions

Ky = URSc (1-Ag"), Ky = URSo (1-Ag7), (5.133)
UsM Usm

for the decay of the Higgs boson into a pair of W* and Z bosons via the ratio vgrs./vsu-
This ratio can be obtained from . While the corresponding corrections coming with the
subleading terms o Ag}VZV’Z in the equation above are of O (z},) and will be neglected in the
following, the corrections to the leading terms have to be considered at O (x%,). We arrive at

3

3 1 4—¢c2 1
ﬂwzl—zx%‘,[QL—l—i-—}—i-O(xév), ky=1—"a2, |20 — = v

-] +0 (),

(5.134)
where we have used g;, = gr. In consequence, the depletion due to the overlap of profiles is
weakened by the VEV shift to the few per cent level.

Note that in the minimal RS model the expressions hold in the limit sy, z — 0. Our
finding that the couplings WWh and ZZh experience a reduction from their SM expectations
confirms the model-independent statements made in [386]. The parameters x,,; for decays
into two gluons, top or bottom quarks have already been given in (5.126)) and ([5.127]).

In Figure the diagrams inducing the decay into a pair of heavy quarks and massive
gauge bosons are shown on the right in the top row. Apart from the change in the htt coupling,
we neglect RS corrections to the three-body decay h — tt* (WW™*) — tbW. Relative to the
two-body mode h — t¢ this amounts to a correction of (far below) 1% in the SM. Given the
smallness of this effect, the omission of possible new-physics effects in the Wtb coupling that
would affect the h — tbW channel is well justified.

The RS correction entering the Higgs decay into two photons can be accounted for by
employing

2L 4

D iy NeQiRiAG(m) + w Ay (rw) + 3 NeQF + vl
Do, NeQi AL(m) + Ay (rw)

(5.135)

/Q»Y:

in (5.132), where N. = 3, Q1 = 2/3, Qua = —1/3, Q) = 5/3, and 7w = 4m,/m}. The
explicit expression for the form factor A%, (my), encoding the W*-boson contribution, can
be found in Appendix [B.§ The first, second, and third terms in the numerator describe
the effects of virtual heavy-quark, W*-boson, and KK-quark exchange, respectively. The
corresponding one-loop graphs are shown on the left in the bottom row of Figure [5.18| and in
the center of Figure . Note that the amplitude A%, (7 ) interferes destructively with the
quark contribution A%(;), falling from —21/4 for 7y — oo to —15/4 — 97%/16 at the WW
threshold 7y = 1 and finally approaching —3/2 in the limit 7 — 0. Within the SM, the
W=*-boson contribution to the h — 7 decay amplitude is always dominant below threshold.

Let us estimate the size of the leptonic contributions which have not been included in
. While the precise impact of these effects depends on the exact realization of the
lepton sector, which we have not specified, it is possible to predict their relative sign as well as
their rough magnitude. Generalizing the result to include contributions from triangle
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diagrams with KK leptons only requires to perform the replacement

4v Vq 251/)\
2 2 2 - u
iju,d,,\ N.Qjvy — ijwm N.Qjv; + Qi = 5 + 3 + 3 + (5.136)

where v, ~ 21y =~ 2v, and the parameter v; encodes the effects due to KK-lepton loops.
Under the reasonable assumption that v, ~ 1,/2, we conclude from that the KK
lepton contribution to the h — 7+ amplitude amounts to approximately 10% of the KK quark
corrections and interferes constructively with the latter. In consequence, an omission of KK
lepton effects in the calculation of . has only a minor numerical impact.

The sum entering the quantity v}, representing the one-loop contribution due to W*-
boson KK modes, can be performed analytically in the decoupling limit. The corresponding
Feynman diagram is displayed on the very right in Figure [5.19, Employing the results for the
KK sums derived in Section |3.5] we obtain

2122, (g% + 92) o= dE XV (1) ¥V T(1)d,

" i = (a1)?
2 2 2 2 . 21
_ 4MTy (;2[/“'91%) JI?V [E%}(l,l) —Hw(l,l)} duy (_Z_}_O(l/ﬂ‘zy)) (5.137)
L
=2 ag (o)),

where dy = (cy, —sw)? and 7V = 4(m? 2/m%. Since already m}" ~ 2.5 Mgk > my, the
terms suppressed by powers of 7/ in 1) can be ignored in practice. Note that in I/,IY/V , the
VEV shift contributes only at O(zf;,). The result for Ag}” has been given in (5.131).

The last missing ingredient that is needed to compute the branching fractions for all sought
decay channels in the RS model is the rescaling factor for a decay into a photon and a Z boson.
It reads

2 Vs 20.v;
Z. o N, Cg Kiki AY(Ti, i) + kw Ay (Tw, Aw) —i—Z‘ . N. chj j V%z‘i‘”ng
1=, w J=u,a, W
Rz =
2Q;v;
Zi:t,b Ne AZ(n, Xi) + Aty (tw, Aw)

Cw

(5.138)
Here v; = T} =252 Q;, and \; = 4m7 /m% for i = t,b,W. The amplitudes A}, (7;, \;) encoding
the effects of virtual quarks and W= bosons in h — vZ are collected in Appendix [B.§ The
corresponding Feynman diagrams are shown on the right in the bottom row of Figure [5.18]
Like in the case of h — v, the SM decay rate for h — 7 is in large parts of the parameter
space dominated by the W*-boson loop contribution. The function A%, (7y, A\w) rises from
around 4.6 to 9.8 between 1y — oo and 1 = 1, and then falls to approximately 0.6 in the
limit 7 — 0. On the other hand, one has AZ(Ti, i) = —1/3 for 7;, \; — oo and AZ(Ti, Ai) =0
for 7;, A\; — 0.

The first term in the numerator of depends on the ratios

t = b —
vy ’ Uy ’

LV (g%):ss + (g?%)?):s 1% (g%)?)?) . (g%)&? (5.139)
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Figure 5.24: Left: Predictions for the vector couplings of the Z boson to top and
bottom quarks in the custodial RS model. Right: Different types of KK-quark contri-
butions to the effective hyZ coupling. The solid lines show fits to the scatter points.
See [2] and text for details.

which quantify the relative shift in the vector coupling of the Z boson to top and bottom
quarks. In the left panel of Figure we show the predictions for k) versus My for our set
of 150 parameter points. It is evident from the plot that the vector coupling of the Z boson to
top quarks is always reduced in the custodial RS model relative to the SM. Numerically, the
suppression amounts to a moderate effect of —5% (—2.5%) for Mk = 2 TeV (Mgk = 3TeV).
In contrast, the Z-boson coupling to bottom-quark pairs is larger than its SM value, but
numerically the resulting effects turn out to be negligibly small due to the custodial protection
mechanism. Consequently, we will set s} to 1 in our numerical analysis. Parametrizing the
average value of the relative shift x}" by (1 — a} v?/MZ2y) the coefficient a} can again be
determined through a fit. Employing the shown set of parameter points, we obtain the value
for a} given in Table .

The second term in the numerator of encodes the contribution arising from the
W*-boson triangle graph. The calculation of this zero-mode contribution is greatly simplified
by the fact that at O(v?/MZy) the triple gauge-boson vertex involving two W#*- and one
Z-boson fields does not receive corrections in the RS model (regardless of the specific gauge
group). This can be easily seen by employing that

2 ldt (+) U4
— — t) =V2 .14
L] el =V o) (5.140)

and [(%TS)Z )((()_)(t)}2 = O(v'/My). The expressions for X(()i) (t) and A% necessary to derive
these results can be found in (3.207)) and ([3.208)). By the same line of reasoning, it is also readily
seen that all quartic gauge-boson vertices first differ at order v* /My from the corresponding
SM expressions. In view of this extra suppression, we will set the triple gauge-boson couplings
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of the zero modes to their SM values when evaluating the Higgs-boson branching fractions.
In this approximation the effect of virtual W*-boson exchange to is simply given by
the combination ky A%, (T, Aw ), which up to the different form factor resembles the form of
the corresponding term in (5.135).

The third term in the numerator of describes the contribution to the h — yZ
amplitude stemming from the virtual exchange of KK quarks. The corresponding one-loop
diagram is displayed in the middle of Figure [5.19] In the up-type quark sector we find

R nn
Z —v Z e gh uVAh(,]_ /\u)

n’’n

~ Re [EL}[{T CU(n™) (1 - U—Qf/gl_’;) SY(r) Hg]
— 2_7T 3A4KK Iiu’VAh(Tu )\u)
el = xl moTraA e T

(5.141)

where k%" denotes the relative strength of vector coupling of the Z boson to the n'® up-type

quark KK mode defined in analogy to (5.139)), and A\ = 4( “)2 /m%. Similar expressions
apply in the case of down- and A-type quark KK modes. The numerical results for v, ffz=
and Vj}Z, corresponding to our set of 150 random model parameter points, are deplcted in the

right panel of Figure [5.24, The solid lines indicate the best fit of the form a:Zd A2 /M2 to the
sample of points with KK scales in the range [2,10] TeV. As before, points with Myx < 2 TeV
have been excluded in the fit, since they are subject to significant higher-order corrections.
The corresponding coefficients a:g“\ can be found in Table . The average values of v,
vd,, and v, obtained from the fit formulae are —0.70 (—0.31), 0.27 (0.12), and —0.10 (—0.04)
for Mgk = 2TeV (Mgx = 3 TeV), respectively.

Denoting contributions from KK-lepton triangle graphs by V%Z, they can be included in
(5.138]) via the simple replacement

2Q5v; 2Q0 5 2Qu
ZFMANC %y, — Zj:udANc PR vy (5.142)

Cw w

In order to estimate the typical size of Vé , we need an analytic formula for the relative strength
of the vector coupling between the Z boson and fermionic KK modes appearing in (5.141]).

We obtain )

KV =1 (0r)in = (1) +0 ( 2 > : (5.143)

vy Mgy

where the expressions for dz; can be found in . In the case of the extended Prp
symmetry , it turns out that for down- and M-type KK quarks the result for /" can
be expressed in terms of the electric charge and the third component of the weak isospin of
the involved fermion, while no such formula can be derived for up-type quark KK modes. We
get to excellent approximation (f = d, \)

T3fL
gV =142 (5.144)
vr
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Figure 5.25: RS-correction factors |ky|* (red line), |k,|* (yellow line), and |k,z|* (green
line) as functions of the Higgs-boson mass, employing Mkk = 2TeV (left panel) and
Myk = 3TeV (right panel). See [2] and text for details.

which implies that all down-type (A-type) KK-quark modes couple with universal strength to
the vector part of the Z-boson coupling. It follows that in the decoupling limit, 7/, A/ — oo

f
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From the numbers of the fit coefficients given in Table 5.3 we see that this relation is satisfied
to an accuracy of around 1%. The KK-fermion effects in the down- and A-type quark sectors
that contribute to h — gg,~vvy, vZ are thus universal, in the sense that they can be simply
obtained from each other by an appropriate replacement of the vector couplings of the external
fields.

Making now the plausible assumption that in the decoupling limit the sums I/;iZ and u,lyZ
differ only by the presence of the vector couplings £»" and kLY, we obtain the following

n n

estimate for the contribution to ([5.142)) from leptonic relative to down-type quark KK modes
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~ 0.64. (5.146)

In consequence, the sum ((5.142)) can be approximated as

2Q;v; 2Qv u
Zj:u’d’A N, Ci Lyl + - v, ~ 08801, +0.790, —3.041), + 05007, . (5.147)
Note that the last term on the right-hand side encodes the effects due to KK leptons, and

in order to obtain the numerical values we have inserted the relevant electroweak quantum
numbers and used s2 ~ 0.23. For Mgk = 2TeV, the sum above evaluates to —0.11 (0.03)
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if effects due to KK leptons are excluded (included). While these numbers imply that an
omission of KK lepton effects can change the numerical value of the KK fermion contribution
to h — vZ notably, it is not difficult to see that the impact on (5.138)) itself is limited, since
the coefficient .z is dominated by the W*-boson triangle contribution. We thus conclude
that the absence of KK-lepton contributions in our prediction for h — vZ will not change any
of our conclusions.

The coefficient V,% in incorporates the effects due to charged KK-boson excitations
in the loop. The corresponding Feynman graph is displayed on the very right in Figure |5.19,
This contribution reads explicitly

9122 (02 4 o2) s AT W (1) vV T (1) d
W = TZyy (92L+9R) Y Grn ( )Xn2 (1) dw TWWZ ph (W AWy (5.148)
g1, 1 (x%v)

and \)V =4 (m,VLV)2 /m%. Note that in the prefactor in the second line of the above formula we
have set g;, = gr. Since the first term in the sum of is already suppressed by a factor
of v?/MZy, the computation of I/,% to this order only requires the knowledge of the overlap
integral to zeroth order in the ratio of the weak over the KK scale. We obtain

o (Ldt 2 2G> w2 2 v?
zaye =[5 (At Sowan) vo () - G
€ L KK

It is again an excellent approximation to evaluate the loop function A%, (7", A) in the infinite
mass limit 7, A" — oo, in which the form factor approaches 31¢,/6 — 1152 /(6¢,,) ~ 4.0.
We perform the sum in numerically. In this way, we find V% = 0.16 (1/7”2 = 0.07) for
Mgk = 2TeV (Mgk = 3TeV). Values for I/% corresponding to different KK scales can be
obtained by means of the fit formula aEVZ v?/MZy. The coefficient @', is given in Table
In Figure we display the relative corrections |k,4|?, |5,|?, and |k, 7| for Mk = 2TeV
(left) and Mgk = 3TeV (right). The depicted curves represent the RS results obtained from
and 1) as well as from the relevant fit formulae with the values of the coefficients
collected in Table 5.3l While the behavior of |k,|* has already been analyzed in Section ,
we see that |k,z|? is close to 1 and independent of the value of the Higgs-boson mass. This
implies that the partial decay width I'(h — 7Z) in the custodial RS model is essentially
unchanged with respect to the SM. The relative correction |r,|? is, on the other hand, a non-
trivial function of my. Below the W W threshold, the W*-boson amplitude dominates the SM
h — 77 decay rate and the contributions due to KK quarks and W= bosons both interfere
constructively with the SM gauge-boson triangle graph. For m; = 130 GeV, the new-physics
contributions amount to around 70% (30%) of the total SM amplitude for Mkgx = 2TeV
(Mxk = 3TeV), resulting in values |s,|? ~ 3 (|r,|? &~ 1.7). For my, = 160 GeV, the Higgs-
mass dependence of the SM amplitude becomes less pronounced and the RS prediction stays
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Figure 5.26: Branching ratios for the decays h — f as functions of the Higgs-boson
mass for Mxx = 2TeV (upper panel) and Mgk = 3TeV (lower panel). The SM
predictions are indicated by dashed lines, while the solid lines show the corresponding
RS expectations. Branching fractions of less than 10~* and decay channels into final
states with muon, tau, charm-, and strange-quark pairs, which are all expected to
remain SM-like, are not shown. See [2] and text for details.
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almost constant. The strong rise of |k, |?, visible at higher values of the Higgs mass, is due to
the fact that for my; ~ 650 GeV the top-quark loop nearly cancels the W*-boson contribution
in the SM. As a result, for m;, = 500GeV the partial width I'(h — ~7) is almost entirely
due to loops involving heavy KK modes, with the dominant contribution stemming from KK
quarks.

Let us finally analyze the emerging picture of Higgs-boson decays, obtained using the
above results. The various branching fractions in the custodial RS model are displayed by the
solid lines in Figure whereas the dashed lines illustrate the SM expectations calculated
with the help of HDECAY [58]. The RS predictions are based on the results for k.4 w2 quoted
above and the curves for |k, z|* displayed in Figure m It is evident that in the custodial
RS model the branching ratios h — bb, h — WW, and h — ZZ receive only insignificant
corrections, not exceeding the level of £5%. For my, 2 180 GeV the experimentally cleanest
signature for the discovery of the Higgs boson at the LHC is the “golden” channel of a decay
to four leptons, h — Z®Z®) — [+1=1t]~. Since the h — ZZ branching fraction is essential
SM-like, the reduction in the gg — h production cross section will make an observation of the
Higgs boson in this channel more difficult.

Moderate effects occur in the non-discovery channels h — ~vZ and h — tt. In the
relevant ranges for the Higgs mass, the modifications in the branching ratios amount to
around +10% (+10%) and —25% (—10%) for Mxx = 2TeV (Mgk = 3TeV). The most
pronounced effects are found for h — gg and h — ~v. For Higgs masses below the WV
threshold, the branching fraction of the former mode is reduced by a factor of almost 4
(8), while the branching ratio of the latter transition is enhanced by a factor of around
4 (2). The corresponding maximal values of B(h — ~77) are 9.3 - 1072 (4.8 - 1073) for
Mgk = 2TeV (Mgx = 3TeV) and arise at m;, =~ 120 GeV. Calculating the rescaling fac-
tor 3 = (ors(g9g9 — h) B(h — yY)rs) / (osm(gg — h) B(h — ~vy)sm) for /s = 10 TeV and the
quoted maximal branching fractions, we obtain the values 1.03 (0.24). These numbers suggest
that the statistical significance for a LHC discovery of the Higgs boson in A — 77 can be
slightly enhanced in the custodial RS model for low KK scales. Note that if the KK scale is
lowered to 1 TeV, the branching ratio of h — tc can reach values above 10~* for Higgs masses
above mj;, =~ 180 GeV. In the limit of a vanishing charm-quark mass, r. = 0, the corresponding
decay rate is simply obtained from by multiplying the branching fraction for t — ch
with ¢2(1 — r%,)%(1 + 2r%,)/(2r%,) my/(167) and replacing 7, through r;. For such a low KK
scale, also the decay channel h — bs can open up below the W threshold (whose rate obeys
a similar formula), but typically stays below the level of 1073. Like for the case of the produc-
tion cross sections, the value of the KK scale fixes the results for the Higgs-boson branching
fractions to first approximation and leaves no space for large variations. RS predictions for the
various branching fractions of the Higgs boson have been presented previously in [203]. Yet, a
direct comparison with our results is difficult, as the latter work only includes RS corrections
affecting the tree-level couplings of the Higgs boson to fermions.

The analysis performed in this section demonstrates that Higgs physics at the LHC could
be very sensitive to warped extra dimensions, even for KK scales that are significantly too
high for a direct production of KK modes and for suppressed FCNCs. It provides an example
for a theory that features a SM Higgs sector which, depending on my, could be quite hard
to discover with early LHC data, despite the absence of NP directly at ~ 1 TeV. This is
mainly due to the depletion in the production cross section. Moreover, it could be possible
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that we just find a single spin-0 Higgs-doublet with hypercharge 1/2 at the LHC, with however
couplings that differ from the SM expectations. These modified couplings could be our only
clear signal and hint for BSM physics. The analysis presented here demonstrates what to
expect if warped extra dimensions are realized in nature.



Chapter 6

Conclusions and Outlook

Some pressing unresolved questions in particle physics might be addressed, if the world
around us features more than four dimensions. The shortcomings, but also the successful
features of the Standard Model of particle physics have finally lead to the construction of
the custodial Randall-Sundrum model with bulk fields, an enlarged gauge symmetry group
SU(2)p x SU(2)r x U(1)x x Prr and extended fermion representations. This model thus
follows various directions to extend the SM which have been mentioned in the introduction
of this thesis. We have discussed in detail the way to the custodial RS model, the solution to
the gauge hierarchy problem and to the puzzle of fermion hierarchies.

A comprehensive discussion of the KK decomposition of RS models within the mass basis
has been presented and exact expressions to all orders in v?/MZ, for the masses of the SM
fields and their KK excitations, as well as for the profiles of these fields in the extra dimension,
have been derived. Special attention has been paid to the correct inclusion of Yukawa couplings
involving Zs-odd fermion fields, which would be naively lost in a perturbative approach. By
demonstrating the analogy to the Froggatt-Nielsen mechanism, formulae for the hierarchical
quark spectrum as well as for the CKM matrix in terms of O(1) localization parameters of the
fermion fields have been derived. This anarchic approach to flavor improves the predictivity
of the RS setup. We have performed a complete analysis of flavor changing effects at tree
level, pointing out the importance of fermion mixing for neutral current interactions with the
Z boson. We have also demonstrated how to perform infinite sums over KK towers in RS
models. Beyond that, analytic expressions for five dimensional propagators for massive gauge
bosons as well as for fermions have been presented. In the latter case, we have considered the
complete Yukawa structure for the first time, mediating flavor off-diagonal transitions.

We have studied in detail the phenomenology of the minimal as well as of the custodial
Randall-Sundrum proposal. Predictions for various observables have been presented. After
an analysis of electroweak precision tests, we have shown that the minimal RS model, in
combination with a heavy Higgs boson, could still furnish a viable setup. In fact, due to the
RS scale of Ayy () = O(TeV) at the IR brane, the natural assumption for the Higgs-boson
mass in the RS framework would be m; < 1TeV. Expanding our exact formulae in powers of
v?/MZy has allowed to expose the dependence of observables on the input parameters of the
model clearly. In particular, the exact approach has offered the possibility to decipher, which
contributions to the Z — bb pseudo observables can be removed in the custodial setup and
which correspond to irreducible sources of Ppr-symmetry breaking.

Randall-Sundrum models have been used in the literature to address the enhancement
in the ¢t forward-backward asymmetry measured at Tevatron. We have shown that it is not
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possible to explain this anomaly in RS models with an anarchic approach to flavor. The leading
order corrections to the charge-asymmetric cross section are strongly suppressed due to the
UV localization and mostly vector-like couplings of light quarks. In this context we have taken
into account the dominant next-to-leading order corrections for the first time. We have shown
that they exceed the formally leading order corrections, and argued that this observation
holds true for a broad class of new physics models. However, we still found a generic tension
between generating large effects in the asymmetry and achieving a natural solution to the
flavor hierarchy problem. We have investigated the rare decays t — ¢Z and t — ch as well
as the non-unitarity of the quark mixing matrix. We demonstrated that among these, the
most promising option to see signatures of the RS model is due to Higgs couplings. Moreover,
we have calculated the anomalous magnetic moment of the muon in the RS setup, which
was found to be orders of magnitude below the experimental bounds. The phenomenological
survey has been continued with an analysis of B%-B? mixing. A calculation of the absorptive
part of the mixing amplitude in the presence of new physics has been presented and the impact
of the Randall-Sundrum setup on several CP-violating observables has been investigated. We
have shown that an improved agreement of the theoretical values for Ag;, Sye, and AI'y with
experiment is possible.

A central purpose of the Large Hadron Collider is to explore the sector of electroweak
symmetry breaking and to discover the Higgs boson. For the first time, we have presented a
complete one-loop calculation of all relevant Higgs-boson production and decay channels in the
custodial RS setup, incorporating the effects stemming from the extended electroweak gauge-
boson and fermion sectors. We have shown that Higgs physics offers the possibility to test
large scales at the LHC, that are significantly beyond the direct reach. Thus, RS models might
show up first in modified Higgs-production cross-sections or branching fractions. Depending
on its mass, the impact of the RS model could, on the other hand, make a discovery of the
Higgs boson more difficult. It would be worthwhile studying the impact of the RS setup on
Higgs searches and exclusion limits at the LHC and the Tevatron more detailed.

An ongoing issue is to understand RS models at the quantum level. A complete ana-
lytical calculation of loop mediated flavor-changing neutral currents such as B — X,y and
of quantum corrections to flavor diagonal transitions like for a,, including bulk fermions, is
still a desideratum. Since performing multiple infinite sums, accounting for the full RS flavor
structure is not always feasible, the 5D propagators presented in this thesis will be useful to
tackle these problems. Moreover, employing a proper regularization of the brane-Higgs sector,
5D fermion propagators at vanishing momentum transfer can be used to study loop mediated
Higgs-production and -decay channels analytically.

The Feynman diagrams shown in this thesis have been produced with the help of FeynArts
[397] and Jaxodraw [39§].
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Appendices Chapter

A.1 Pauli, Dirac, and Gell-Mann Matrices

The Pauli matrices are defined as

1 (01 s (0 —i 3 (10
“‘(10’”‘¢0’0_0—1‘
The Dirac-gamma matrices fulfill the Clifford algebra
{n",7"} =29"1.

In the Weyl representation they read (i = 1,2,3)

0: 0 12><2 ’i: OO-Z
=1 0 )0 Y o0

The chirality matrix is defined as

-1 0
5 i 0. 1.2.3 2%2

=1 = .
v A0~y 1n2y ( 0 12X2)

Finally, the Gell-Mann color matrices are

010 0—i0 100 001
M=(100|, XN=[i00]|], XM=|0-10], XM=[000
000 000 000 100

00 —i 000 00 0 L (100
M=[o0o0 ]|, X=]001], XN=[00—i], XN=—]|010
i00 010 0i 0 V3 \p0—2

A.2 Custodial Symmetry

(A4)

Starting from the general squared mass matrix (1.31]) and demanding that one eigenvalue of
the lower right block has to be zero (corresponding to the photon), while denoting the other
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one by m?%, leads to the conditions

m2 m? m2 m?
Det[(mg m%)]:O, Tr[(mg mg>]:m% (A.6)

Identifying the eigenvector belonging to the vanishing eigenvalue as (s, c,)? (forming a row
of the matrix that rotates the vector fields to the mass basis) we get

Sw m? mg

2 Y
Cw ms ms

(A7)

where we have used the first condition of (A.6)). From the second relation we now derive

2
2 _ 2 Sw
my = ms (1 + %) , (A.8)
which results in
[ms| =mzcy . (A.9)
We can use (A.7) to trade mg for mg which leads to |mg| = —myzs,. Applying the last

relations we arrive at the most general (squared) mass matrix, compatible with the breaking
pattern (1.18)) of electroweak gauge symmetry

m2, 0 0 0
0 m? 0 0

L Cmzens, | (A.10)
2 2 .2

In order to fulfill the sought mass relation (1.29)), one needs m% = mj;,, as can be read off from

(A.9). Thus, the mass matrix to start with (1.31]), has to fulfill
mi =m3 =m3 =miy, (A.11)

in addition to the requirements following from the residual U(1)g), gauge invariance.
For the SM Higgs mechanism, this relation is fulfilled due to an accidental global symmetry
in the Higgs Lagrangian. Writing the Higgs doublet as

(D1 tide
¢_(¢;+i¢4>, (A.12)
we see that terms of the form .
b1 1
TP = zi Zz (A.13)
¢4 o

possess an O(4) symmetry which is isomorphic to SU(2)., x SU(2)g. As it is more convenient
to work with the second form of the symmetry, we write the Higgs field as a 2 x 2 matrix,
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composed of ¢¢ = ioy®* and P (see ((1.16))

(053 +
P — (_Z_ ‘ZO) , (A.14)

which transforms under SU(2);, x SU(2)g as
d— U, U}, (A.15)

Here, Uy g correspond to unitary SU(2). r transformation matrices. In Section we also
use such a form of the Higgs field, given a gauged version of the SU(2), x SU(2)r symmetry.
The Higgs potential (see ([1.19)) now becomes

2
A
V(®) = —%Tr[cbfcb] + JT[@le ol (A.16)
It is obviously invariant under the transformation (A.15). The same is true for the part
containing the covariant derivatives, only if ¢' = 0, otherwise the coupling with B, breaks
the global SU(2)r symmetry. Setting ¢’ = 0, the Higgs Lagrangian ((1.19) has the full global
SU(2)L x SU(2)r symmetry, given that W) transforms as a triplet under SU(2), and is a

singlet under SU(2)g. The vacuum expectation value of the Higgs field

(@) = % ((1) ?) (A.17)

now breaks this global symmetry down according to

SU2), x SU2)g — SU(2)v, (®) — Uy () U,

(A.18)
= 0#4)—0(@3).
In the parametrization of , the residual O(3) symmetry corresponds to a rotation among
the components of ®, which do not acquire a VEV. After EWSB, this symmetry requires the
mass terms of the components of Wﬁ, transforming as a vector, to have the same coefficients
(note that still U(1)gys is left unbroken)

my =19 = M3 . (A]_g)

This relation remains valid (at the tree level) if we allow again for ¢’ # 0 and leads to the mass
relation (1.29)). Thus we have identified a residual O(3) = SU(2)y symmetry, guaranteeing
that this mass relation is fulfilled.
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A.3 Unitarity, Triviality and Vacuum-Stability Bounds

Unitarity bound: To derive the unitarity bound on the Higgs-boson mass, it is useful to
perform a partial wave analysis of the scattering amplitude

A(s,t) = 167 i(?l + 1)ai(s)P(cosh), (A.20)

=0

where P,(z) are Legendre Polynomials, cos§ = 1+2t/s at high energies, and ¢ is a Mandelstam
variable, corresponding to the squared difference of an initial state momentum and a final state
one, see Section [5.1.4] The total cross section for a 2 — 2 process becomes

167 —
o= —

(20 + 1)|ay(s)]? . (A.21)

=0

Applying the optical theorem
1
o= -1ImA(s,0), (A.22)
s

which follows from unitarity, it is easy to show that

(A.23)

DN | —

[Rea(s)] <

has to hold. Using the result for W*-boson scattering at high energies s > m3, (and for a
heavy Higgs boson) [39]

2 2\ 2 2\ 2
N P my, 1 my, 1
A(s,t) = [ 2 + (_v ) s—m? + (_v ) = m%] , (A.24)

we obtain from (A.23)) (in the limit s > m?) the s-wave (1=0) constraint

2

1
T = my, < 870GeV . (A.25)

<_
8?2 — 2

|Re ag| =

Triviality and vacuum-stability bounds: In the SM, the leading dependence of the
Higgs-quartic coupling on the energy scale p is given by the renormalization group equation
[139]

dA 1

~

dlnp? 1672

3 3
6A% + 6Ay; — 6y, — §A(392 +4%) + §(294 + (g% + 9’2)2)] : (A.26)

where y; = v/2/vm, is the top-quark Yukawa coupling. The lighter-fermion contributions can
be neglected to good approximation. For large A\ only the first term on the right hand side of
(A.26) contributes and the solution to this equation becomes

A02) =) (1- Moy ) (A.27)

0
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Looking at this equation we see that the Higgs quartic coupling blows up and hits a Landau

pole at
4r? 4r2?
[le =V €eXp [3)\(1}2)} = vexp {3—%] , (A.28)

where we have chosen the electroweak symmetry breaking scale as the reference scale, jy = v,
and used A(v?)v? = m2. Requiring this pole not to appear until the Planck scale y. = Mpy,
which means that the Higgs sector of the SM is well behaved for the whole possible energy
range of the theory, demands the Higgs boson to be light. However, a low Landau pole at
around a TeV allows for a heavy Higgs boson

e 2> 10" GeV = my, < 145 GeV

A.29
fe 2 1 TeV = my < 750 GeV . ( )

Note that, including the top Yukawa as well as the gauge couplings moderately modifies these
results. A more exact perturbative constraint will be given below.

The vacuum stability bound on the Higgs-boson mass can be derived from requiring the
Higgs potential to be bounded from below. This translates into A > 0, see . Thus we
have to study under which conditions can drive the quartic coupling negative. To this
end, we consider the renormalization group equation for small A, which leads to the solution

(o =) )

m$ 3 ,
{—240—; +=2¢"+ (" +g 2)2)} 11% . (A.30)

Ap?) = A0?
Note that only the top Yukawa contribution can drive A\ negative. If we do not want A to
become negative before the scale p., we arrive at the condition

2 4 2
2 v my 3, 4 2 212 e
Mh > 163 {24—1)4 - g(Qg + (9" +47) )} ln—v2 : (A.31)

This leads to the bounds

e 2> 10" GeV = my, > 120 GeV

A.32
te 2 1TeV = my, 2 70GeV . ( )

Below the scale p. our theory is stable, whereas above, it would become unstable and has to
be replaced by something new. The values quoted here all correspond to leading order results.
The running of the top-quark Yukawa coupling is included. A proper two loop calculation,
requiring perturbation theory to be valid and the Higgs potential to be stable below the cutoff
e leads to [39) [41]

e 2 101 GeV = 130GeV < my, < 180 GeV

(A.33)
fte > 1TeV = 50GeV < my, < 800 GeV .
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A.4 Effective Field Theories

In this appendix we present the main concepts of effective field theories, which are used
throughout this thesis. The fact that short-distance effects can be separated from long-distance
effects, the concept on which EFTs are based, is crucial for a step-by-step progress in physics.
Excellent introductions to the subject, on which part of the following is based, can be found
in [76, 87, 399]. By making use of the renormalization group, EFTs are well suited to deal
with multi scale problems which often appear in nature and they provide a modern notion
of renormalization. Furthermore they allow for model-independent analyses. We will first
describe the concept formally and then from a practical point of view with the help of an
example.

Basically, the idea is the following. Consider a QFT with a certain fundamental scale M,
which could be the mass of a heavy particle or some characteristic (euclidean) momentum
transfer, and suppose we are only interested in predictions for energies F < M E] We can
then construct an EFT, valid for this (low) energy range and to be UV completed by the full
theory, in three steps:

1. Fix a cutoff A < M and divide the fields ¢ of the QFT into low-energy Fourier modes ¢,
and high-energy modes ¢5. One could for example use the absolute euclidean momentum
|k| after Wick rotation to distinguish these modes, such that

B o(k), |kl <A B 0, k| < A B
¢L(k)_{ 0, [k>A ¢H(k)—{¢<k)’ k> A ¢ = oL+ ¢u .

(A.34)

In the following we will leave the concrete method of dividing the fields into low- and
high energy modes open, as it does not have to be specified for the upcoming discussion.
S-matrix elements in our EFT, which we want to be the correct theory for low energies
E < A, should now just depend on the fields ¢r. In the path integral formalism, they
should be derived from vacuum correlation functions of the type

(= o 0 Z[J1) . (A.35)

OT{on(we). or(en)}0) = o 570 5o J1=0

We thus need source terms only for the low energy fields in the generating functional
201} = [ DouDoy cSonom il desnionts, (A.36)

where S (¢r,, o) = [ d?zL(x) is the action of the QFT in d space-time dimensions.

2. Now we 1integrate out the high energy modes, which cannot be produced directly in
experiments at energies ¥ < A, by performing explicitly the corresponding path integral

GiSA(6) — / Depyy 156m) (A.37)

'If a problem involves several scales, we can usually consider one at a time.
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This leads to the new generating functional
Z[J,) = / Doy ¢S @L)Fi] deli@orn(e) (A.38)

where the high energy modes are removed as dynamical degrees of freedom from our
theory. Sa(¢r) is called the Wilsonian effective action. Note that, as modes with
energies above A have been integrated out, this action is non local above this scale.

3. Finally we can expand this non-local action into a sum of local operators containing only
low energy fields, by a so-called Operator Product Expansion (OPE), such that

Satén) = [ dio £l (o). (A30)

where the (local) effective Lagrangian

(D)
£y(w) = Y0 0P (6 (a) (A.40)
D,i
consists of an infinite series of operators with mass dimensions D. The corresponding
dimensionless coefficients Cl-(D) have to appear with appropriate powers of M, the only
scale present in the theory, in order to make the action dimensionless. The combined
quantities gi(D) = C’i(D)M =D are called Wilson coefficients. Note that for fixed D, just
a finite number of operators can emerge (i < 00), given that all fields have a strictly
positive mass dimension. This is the case for the SM fields in d > 3. Furthermore, it is
possible that for some values of D, the corresponding set of operators is empty. Since
operators of mass dimension D are expected to scale like EP~? the expansion (A.40))
features the order parameter F /M < 1.

Having obtained the local effective action, we have to address the question how to make
use of a theory that contains apparently infinitely many parameters. The answer has already
been sketched in Section and is contained in the considerations before. As operators
with increasing mass dimension are suppressed by bigger and bigger powers of M one can
cut off the series at a certain level of precision (corresponding to a certain D), knowing
that higher terms will at most give a contribution suppressed by E/M with respect to the
contributions considered. In that sense, EFTs are automatically renormalizable and predictive
(up to suppressed terms), since per definition only a finite number of parameters is present in
the theory, after neglecting power suppressed corrections in (assuming that d > 3). The
argument of naturalness suggests that Ci(D) ~ O(1), since besides M there is no other scale
in the theory. Note that those coefficients now contain the information on the high energy
modes which have been removed from the action. Thus, they will in principle depend on the
scale A, providing a new paradigm of renormalization. From the dimensional analysis above,
it is evident that operators with D > 4 will become less and less important at low energies.
Thus they are named irrelevant (or non-renormalizable) operators, although they are very
interesting, since they arise from integrating out heavy physics and tell us something about
physics at the cutoff scale. Operators with D < 4 become more important at low energies and
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are called relevant (or super-renormalizable), whereas those with D = 4 are called marginal
(or renormalizable) operators. Relevant operators are problematic since they lead to a UV
sensitivity, see Section [I.2.1]

In practice, it turns out that it is not always feasible to integrate out heavy modes formally
as introduced before. It is often more practical to follow a procedure called matching which
works in the following way. We know that can only contain operators compatible
with the symmetries of the theory. So we can turn the procedure around and write down all
operators that are consistent with the given symmetries and depend just on the fields ¢, with
so far unknown coefficients C’Z»(D), up to a certain mass dimension. This is now our EFT and
we have already used such a procedure while constructing the SM Lagrangian in Section|1.1.1
(there with the complete field content observed so far). Now we know that, for energies below
the cutoff, the amplitudes in the EFT, after integrating out certain modes, have to agree with
those obtained in the full theory

oW Ao
A = (fnlLralim) = Z W(fm|gz (1) i) - (A.41)
D,i
On the right hand side all insertions of operators contributing to a given matrix element up
to a certain level of precision (mass dimension D) have to be considered. Note that in this
equation, the full Lagrangian as well as the effective Lagrangian have been expanded up to first
order in perturbation theory. However, it is possible to extend this matching to higher orders
in the coupling constants. While not written out explicitly, at least the important higher order
corrections in a; are to be included implicitly on both sides. For processes mediated at leading
order by D = 6 operators and for the case of the SM being the “full” theory we get at L.O

(6)
A = (fm|Lsm|im) = Z qT@(fm|Q§6)(u)|im> + higher D operators. (A.42)
Here, we have used the scale p instead of the hard cutoff A. This scale, being closer related to
the more common approach of dimensional regularization, now takes the role of the cutoff. By
calculating enough matrix elements A,, in the full theory, as well as in the EFT, and equating
those with equal final and initial states, we can determine all Wilson coefficients present in the
EFT, up to a sought level of precision. Note that in the following, we will use the term Wilson
coefficient also for the dimensionless coeflicients CZ-(D). These coefficients have the important
feature of being process independent, i.e., they do not depend on the external states in .
Thus they can be determined using a certain class of processes and then used for predictions
in other processes via the EFT. If a process involves QCD at low scales, one usually has
to resort to non-perturbative methods like lattice-QCD to calculate the corresponding matrix
elements. However, note that the procedure of integrating out high energy modes via matching
is independent of infrared (IR) physics. Thus, if one matches the theory at a scale where QCD
is perturbative, it is possible to calculate the matrix elements in perturbation theory for the
purpose of obtaining the corresponding Wilson coefficients.

We will now give an example of constructing an EFT from a “full” theory by studying
Fermi’s theory of weak interactions, valid for £ < myy. It is obtained by integrating out the
heavy W#*-bosons of the SM, resulting in local effective D = 6 four-fermion vertices like the
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Ve e Ve

Figure A.1: Effective four-fermion interaction mediating (-decay, obtained by inte-
grating out the heavy W= bosons of SM. The local four-quark vertex in the effective
theory is denoted by the two gray circles in the second graph.

one mediating (-decay on the right hand side of Figure [A.1] The lack of the exchange of the
massive gauge bosons leads to a violation of unitarity within the Fermi theory above the scale
of electroweak interactions Mgw ~ my . However, as an effective theory with a cutoff at that
scale, it is perfectly fine. The full SM gauge theory, including those fields, UV completes the
Fermi theory at the electroweak scale. The diagram in the full theory (Figure , left) leads
to the amplitude
2 1
A= _%Vud m(é Ve)v—a(td)y_a

g 2
— ——m2 Vud (él/e)va(’lj, d)V*A + O(_2)7

8myy, myy

(A.43)

where (ev.)y_a = (1 — 7%)ve, etc., and p? is the squared momentum transfer. Thus we
immediately see that the corresponding effective Lagrangian, which gives the same result on
the EFT side, has to take the form

Lepr = —G—gVud Ci(p)(eéve)y_a(ud)y_a + higher D operators, (A.44)

V2

with C; = 1, working at tree level. Note that here we have pulled out a numerical factor
times the weak coupling constant g2, divided by the scale m#,, which are collected into the
Fermi coupling constant of weak interactions Gr/v/2 = ¢%/(8m%,), as well as the CKM matrix
element V4. This element is extracted exactly from the process discussed here. Furthermore
we have not made explicit the color indices which are to be contracted between the adjacent
quark fields. The higher D operators correspond to the higher powers of O(p?/m3,) in the
expansion ([A.43)). In the same way the Wilson coefficients for four-fermion operators involv-
ing other external states can be obtained. The result demonstrates that the reason for the
apparent weakness of weak interactions compared to electromagnetism is not a substantially
smaller coupling constant but merely the large mass of the W= bosons which suppresses the
corresponding interaction at low energies, as mentioned in Section|1.1.2| Technically speaking,
already the leading contribution corresponds to an irrelevant D = 6 operator. It was another
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triumph of particle physics, that the W# bosons were discovered with a mass close to the
scale of (Gp/v/2)~'/? ~ 110 GeV that was indicated indirectly by low energy experiments.
By expanding the W¥ propagator to zeroth order in the momentum transfer, we were able
to match it on a D = 6 operator at the tree level. The same result can also be obtained
by integrating out the W*-bosons via the path integral formalism, as discussed before, since
the corresponding integral is of Gaussian type. However, in more complicated situations, e.g.
involving QCD, this is no more true. For QCD, another complication arises, because it is not
perturbative at low energies, so in most cases one relies on the procedure of matching.

While for the operator studied above, QCD corrections do not alter the Wilson coefficient
(they are the same in the full theory and in the EFT), this is not true for generic four-quark
operators like (5%®)y_4(u"b%)y_4 obtained by integrating out W* bosons and mediating
for example the decay b;, — wurpcrsy. This partonic process is relevant for the hadronic
decay BY — 77 D; (similar processes will become relevant in Section . Here, QCD
corrections generate a second operator (5%c?)y_4(4"b%)y_4 with interchanged color indices at
O(ay). The corresponding Wilson coefficients at that order can be obtained by matching
the matrix elements at the one-loop level, including gluon-corrections at O(ca,) in the full
theory as well as in the EFT. The coefficients now depend non-trivially on p at that order, see
[76, 87]. By lowering the cutoff of the EFT, one successively integrates out high energy modes
(virtual gluon corrections). Their effects are absorbed into the Wilson coefficients which thus,
as mentioned before, generically depend on the scale u. Changing the scale corresponds to
reshuffling contributions between the Wilson coefficient and the operator matrix element. We
will now discuss the evolution of these coefficients with .

For this purpose we consider a generic operator basis of a given dimension D, i.e., a
complete set of operators of that mass dimension, allowed by the symmetries of a problem
{Qi(n)}, 7 = 1,...,n. Now we know that observables should not depend on the scale p,
separating high energy and low energy physics residing in the Wilson coefficients and matrix
elements, respectively. Thus we conclude

T 30 Gl(@ () = . (A45)

As we started from a complete set of operators, it must be possible to expand the derivatives
of the matrix elements on the left hand side of the equation above in terms of the operators

contained in the basis
n

(Qi(1) =D = (1)(Qs(w))- (A.46)

7=1

dlnu

The coefficients v;; measure the changes in the operator matrix elements under infinitesimal
scale variations. They are called anomalous dimensions as they feature deviations from the
naive scaling dimensions (D — d) of the operators, due to quantum corrections. With this
definition, we derive from the famous renormalization group equation

O Z Ci ()i (e (A.47)

dln,u

where we have used that the Q; are linearly independent from each other. In matrix notation
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it reads p
Cp) = 4" () C(p). (A.48)

Here, the anomalous dimension matrix (ADM) 4 depends on the scale p just through the
running coupling as(p) in QCD. If it contains off-diagonal entries, the operators mix under
renormalization. Before solving this equation we first switch variables from Iny to a,(p) to
arrive at

dlnp

d

d as(p)

where 3 = dag(p)/dInp is the S-function of QCD. This renormalization group equation is
now solved by

Cp) = B~ (s (1)) A" (s (1)) C(w), (A.49)

i . o . os (1) 5T (o
() = (gt mw) Clomaw) . U may) = T exp [ / ( )da”ﬁfa)’] , (A.50)

which gives the evolution of the Wilson coefficients between one scale and another. Here, the
initial condition has been chosen to be set by the values of the Wilson coefficients at the weak
scale. The ADM can be calculated from the renormalization constants, appearing in the course
of renormalizing the (effective) theory, see [76]. The corresponding exponential function in
U(p, mw) is defined via its Taylor expansion. The ordering prescription 7Ty, which results in
matrices 47 (a) with smaller a standing on the right of those with larger « is necessary since
in general those matrices do not commute for different values of a. Clearly, if the evolution
is to be performed between two scales with the threshold of a particle in between, which
shall be integrated out, it can be performed in an iterative way. First in the EFT with this
particle included and then, below the corresponding scale, in a theory without that particle
as a dynamical degree of freedom. For example, an evolution could be performed first from a
high mass scale M > m; down to m; (where the top quark is integrated out) and then in a
five-flavor theory further down to a lower scale p by a two-step running

—

Cp) = U, me) U (me, M)C(M). (A.51)

Let us stress a very important virtue of this process of integrating out high energy modes
and absorbing their effects into running Wilson coefficients, described by a RG equation ((A.50)).
If a problem involves several scales, one will generically encounter logarithms of ratios of these
scales when calculating higher order corrections. For the time being, let us assume that we
want to study a process involving a mass scale M at a second scale u < M, which could e.g.
be set by the mass of another light particle present in the theory (u ~ m). If these scales
are largely separated from each other, this can spoil the perturbative expansion in a small
coupling constant since (for the case of QCD) now formally subleading corrections of the form

Qs (:u) IHE
47 pu?’

(A.52)

can easily become of O(1). Even if only weak couplings are involved, such logarithm terms
can become important if one has for example M = Mgyr and g = my,. By integrating out
physics related to the larger scale one can circumvent this problem. Matching the theory at
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the large scale, one can avoid the presence of the problematic large logarithms involving the
scale M . Remember that this matching procedure is independent of the low scale m.
One can then evolve down the corresponding Wilson coefficients to the low scale by using the
renormalization group evolution . This leads at leading order to a resummation of terms
of the form (c(p)/(4m) In(M?/u?))" (A52), to all orders. These terms are now counted as
O(1), avoiding the breakdown of the perturbative series. The matrix element in the EFT does
not know about the large scale and thus, if one evaluates it (perturbatively) at the low scale it
cannot feature large logarithms. The separation of high energy physics from low energy physics
is a very important feature of EF'Ts. Processes involving low-energy QCD can thus be handled
by integrating out the heavy physics and run down to a scale at which the resulting matrix
element can be calculated on the lattice (or by means of other non-perturbative methods),
while the high-energy contributions reside in the Wilson coefficients. This approach will be
used in Section [5.2.3] Here we have assumed the existence of just two distinct scales. However,
the application to problems with more scales is possible by an iterative procedure, as indicated
before.

Finally, let us see how the resummation works schematically in the case of QCD corrections
to the electroweak theory. For that purpose we expand the (-function as well as the ADM
formally up to the LO in «ay, respectively

Qg 2 ~ ~ O 2
Blon) = =20, o= +O0(a)] L Alew) =07 +Oa2). (A53)
s 47
Note that these quantities, as well as é(mw) are free of large logarithms. The evolution
matrix now takes the form

Uyt vy = [%] 1+ O(a)). (A.51)

The matrix exponent can be evaluated via

Uy (p, my ) = Vdiag ({%] 250) v (A.55)

where V diagonalizes the ADM 47
VALV = diag (%) . (A.56)

Studying the case of a single operator for simplicity and expanding

2 — 35 2 2
Uo(p, mw) = (1 +ﬁoj—;ln% +> =1- %Z—;lnn;—gv +0 (azlnﬂZ—zV) + -
(A.57)
we see that all the logarithms of the form (ay/(47) In(M?/p?))" are present in Uy (i, my),
which can be calculated reliably in perturbation theory.

It is possible to generalize the concepts introduced here to more complicated processes and
to include e.g. (loop-mediated) FCNCs relevant for meson mixing and decay. These processes
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are interesting, because they are suppressed within the SM and thus very sensitive to BSM
contributions. Here one integrates out internal states in e.g. box and penguin diagrams (for
the case of the SM) and ends up with an effective weak Lagrangian mediating such processes.
For details, we refer the reader to the literature [76, 87, B71] and to Section where such
effective Lagrangians are used to calculate amplitudes related to B-meson mixing and decay.

Let us stress again that EFTs are also well suited to match experiments with theory,
without assuming a certain model. By writing down an OPE containing all fields up to a
certain energy, consistent with the given symmetries, one can try to measure the various
Wilson coefficients. Thus it is also possible to use the concept of EFTs without being able to
integrate out certain modes explicitly (without knowing the underlying renormalizable model)
and to learn something about nature. With the help of an OPE for the SM field content,
one can try to collect information about its UV completion. Just like the D = 6 operators of
Fermi theory arise from integrating out the heavy W* bosons within the SM, the SM probably
has a UV completion that replaces it above a certain scale Ayy. This can be accounted for,
by not truncating at the level of D = 4, see Section [L.1.6, The presence of this BSM theory
leaves its imprints in higher dimensional operators containing the SM fields. By measuring
the Wilson coefficients of these operators one can quantify possible deviations from the SM
in terms of Lagrangian parameters. Below the threshold of NP, the SM, including D > 4
operators is an appropriate theory to describe nature. If one wants to be more specific and
has a certain model in mind, one can calculate the Wilson coefficients in this model explicitly
and compare them to the experimental results. By integrating out heavy fields of the model
step by step one can resum large logarithms, arising when a theory contains several scales.
These techniques will be used at several points in the phenomenology chapter (Chapter [5)) of
this thesis.
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Appendix B
Appendices Chapter

B.1 Higgs-Boson Phase-Space Factors for Al

In this appendix we present the explicit analytical form of the phase-space factors, appearing
in the Higgs-boson contribution to the charge-symmetric and -asymmetric part of the ¢f cross

section, see ((5.37)) and (5.38)). They read

_ B, p=2) p(A+p(l—2)) (20148 —p(1-2)
S o I 88 1“<2(1—6>—p<1—z>>]’
(4+p0 =27 (p(z+p(1-2)) .
P P pl—==z pldz+p(l—=z
fA(Z)Zmll—P‘l' 1 1H< 2= p(1=2)" )],

where 2 = m?/m?, 8 =+/T— p, and p = 4m?/s.

B.2 Tensor Integrals and Wilson Coefficients for AL, in
the ZMA

The non-factorizable products of overlaps A, @ A are defined as [213]

~ ~ 2 1 1
(Ar) ®(Ap), , = 2362 / dt | dt't:
x [alf C2(¢) C(9) al + alf S1.(6) SL() al] (B.2)

< |all CLL(6) CL(0) al) + afi! S2.(6) S3(¢) aly |

etc., where F'=U, D and f = u,d.
For the case of the up quark (¢ = u), the ZMA results for the Wilson coefficients appearing

in (5.39) read

1 FQ(CtR) (2CtR + 5) _ F2<CtL) (QCtL + 5)

C(V’8) . 47'('045 L
oL 4(2c,, +3)? 4(2¢,, +3)?

ua,|| —MIQ(K

241
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F?(Cup) 3 (24, +5) |(Mu)ul”  F(cu,) 3 (2, +5) [(M)a|’

4 ’(Mu)11|2 i=1,2,3 (zcuz + 3>2 4 ’(M’u,)11|2 i=1,2,3 (2CQ1 + 3)2
£ F2(CtR)F2(CuR) (Cui + Ctr + 3) |(MU>11|2
£ Fz(CtL)FQ(CuL) Z (CQi +ey + 3) ‘(Mu)ll‘Q
2 (QCtL _I_ 3) |(Mu)11|2 i:1,2,3 (QCQ’L + 3)(CQ1 + CtL + 2) 7

C(Vvs) — _47T0é5 L _ Fz(ctR) (QCtR + 5) . F2(CtL) (QCtL + 5)

uth, M2y | 2L 4(2¢;,, + 3)2 4(2¢;, + 3)2
__Fewp) 3 (2cu, +5) [(M)ul*  F*(cuy) (2cq, +5) |(M.)a|*

4 ’(Mu)11|2 i=1,2,3 (2Cuz + 3>2 4 ’(M’u,)11|2 i=1,2,3 (2CQ1 + 3)2
L F*(cy,) F*(Cun) (Cu + iy +3) [(M) i
£ Fz(CtR)FQ(CuL) (CQi t+ Gy + 3) ‘(Mu)11‘2 (B 3)
2 (QCtR _I_ 3) |(Mu)11|2 i:1,273 (QCQ’L + 3)(CQ1 + CtR + 2)

Similar relations with obvious replacements hold in the case of the remaining light quarks
q = d, s,c. For the t-channel Wilson coefficients in the vector channel, we get

C(V78) —_ ﬂ-as
to| 2

F2(cr) F2(cup) [(Ms)> | F2(er) F2(c,) (M) ]
(20, +3)(een + D) (M) (2e0, +3)(ce, + 1) [(Mo)ul* |

C(V’l) . e L

F2(c,) F*(cup) (M)
u 21\2 t U u)31
ta| T _MIQ(K s2c2 (T3 — Qusy,) = L

(2¢1, +3)(ce, + 1) [(M)u|”

b (2.0 2etw) Fleny) [(Ma) ]

(2ct, + 3)(Cep + 1) (M1 |

F2 () P (eug) IOL)l® e, P () | (Ma)s ] |

2
ey
2

(2¢tn +3)(con + D) [(M)nn]*  (2er, +3)(er, + 1) [(M) ]’

The result for the Higgs-boson contribution to the ¢ channel, which is of O(v*/Mgy), is given
by

Co = 1(gi)sl” + 1(g0)a]* (B.5)
where the ZMA expressions for the flavor off-diagonal Higgs couplings are given in (3.279)).
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B.3 RG Evolution of the Wilson Coefficients for A}y

In this appendix we present analytic formulae relating the Wilson coefficients evaluated at the
top-quark mass scale my to their initial conditions calculated at Mgk > m;, see Appendix[A.4]
Since in the RS model the t-channel Wilson coefficients CY, and C'3, are numerically irrelevant,
we will not consider their running in the following. The RG evolution is performed at leading-
logarithmic accuracy (i.e., at one-loop order), neglecting tiny effects that arise from the mixing

with QCD penguin operators. For the s-channel Wilson coefficients entering ((5.48)) and (5.49)),
one obtains for P =V, A (c.f. (A.54)) [3]

2/7

~ 2 n ~

where n = a,(Mkxk)/as(my) is the ratio of strong coupling constants evaluated at the relevant
scales.

In order to judge the impact of RG effects, we evaluate explicitly, using as(My) =
0.139, Mgk = 1TeV, and m; = 173.1 GeV, which leads to n = 0.803 at one-loop order. We
obtain ) )

Clo(my) = 1.07 Clo (M) - (B.7)

Thus, the RG evolution increases the Wilson coefficients C’g by about 7% with respect to the
values quoted in Table |5.1] which means that operator mixing represents only a numerically
subdominant effect.

B.4 Wilson Coefficients of Penguin Operators

The Wilson coefficients of the penguin operators in (5.101f), evaluated at the matching scale
p = Mg, read at O(v?/Mzy) [213]
o (A)es T

O (Myk) = — by
3 (M) M2, 2N, ng,cgvMI%K( p)2s

T
CP° (Mgxk) = C&5(Mkk) = _W( D)23
KK

TOg (AlD)zg

CS (Mkx) = —,
’ Mgx 2N, (B.8)
2T 2T
CRS M, _ =/ / el
7 ( KK) 9MIQ<K ( D)23 30%0 MI2(K( D)237
Cg®(Mkk) = C1p (Mkk) =0,
2ro 2T
OB (Mkx) = ———— (A — (=
o (Mkk) OMZ, (AD)as + 357 M}Q(K( D)23

where . ) A2
S
Yp=w’L (— - —w) Ap+—=E6p. (B.9)
Z7\2 3 m?,
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These results are valid for the minimal RS variant for w% = 1, whereas in the custodial
RS model with Ppgr-symmetry, one finds W%L = 0, see and below. Exact analytic
expressions for Ap, Ay, and dp, as well as the corresponding ZMA results are given in
sections and [3.4.3] The evolution of the penguin coefficients down to the mass of the
bottom quark is treated in Appendix [B.7]

B.5 Wilson Coefficients of Charged-Current Operators

In this appendix we derive ZMA expressions for the Wilson coefficients of the charged current
operators in (5.101)). The starting point is the (h.c. part of the) effective Hamiltonian as given
in (3.269)). Performing the overlap integrals with the corresponding fermion profiles in the
ZMA, we arrive for the minimal RS model at

,02
) KK (B.10)
m ~
KK

with the non-factorizable correction [157]

~ F2(CQ.) 3+CQZ.+CQ]. F2<CQ],)

X o 1 . B.11
( QQ)U 3+ ZCQ¢ 2+ CQ; + CQ; 3+ 2CQj ( )

For B%-meson decays, we need the element (m = 2,n = 2, m’ = 2,n’ = 3). Here, the leading
term in (B.10), together with factorizable corrections of the form v?/MZy (-..)mn + (<. )mmr,
should be identified with A\%. In the custodial RS model, one would find additional factorizable
terms, which also will be absorbed into CKM-matrix elements. Thus, we find at LO in v? /M2

m2, (U, (UL, ~ (U),;Ua);
OQLL(MKK> _ v;/ L( d)TQZ( )zz (AQQ)M TQJ J3 :
2Myyx  (UUL)y (ULU )43

(B.12)

independent of the chosen scenario, and CF*(Mxkk) = 0. For the mixed-chirality currents we
arrive at

(VD)o @ (VR) iy =(ULU),, (@ UL, fleq,) (Uaza), B3
(V}r%)mn ® (VL>m/n’ :(deL)mz f(CQz) (UU wu)zn(ULUd)m’n’ )

where

- 1 1 F2(c) 1 1
)= w2 1o Tt (1 “oe 1T 3+2c) ‘ (B-14)



B.6. WILSON COEFFICIENTS OF AB =2 OPERATORS 245

Modifications due to the custodial model are of higher order. We find CLR/ RL(MKK) =0 and

LR _ (fqul)Qz f(cq,) (Uaxa),;,
02 (MKK) - (U]L Ud>23 )
ot U (B.15)
C2RL(MKK) _ (@alU ), f(cq,) (Unmy)y,
(UdUU)22

The running down to my, is again treated in Appendix

B.6 Wilson Coefficients of AB =2 Operators

The AB = 2 operators that contribute to the B’~B? mixing amplitude at tree-level are Q,
Ql, Q,, and Q5. The operators Q; and Q1 do not mix under renormalization. The anomalous
dimension for both is given by v = 6 — 6/N, [400]. The operators Q45 mix and the
corresponding ADM can be taken from [4()0 401]. The running of the coefficients is described

by the general formula (B.18)). Defining A 5 and AQd in analogy to (| , the RS coefficients
in the ZMA, evaluated at the KK scale, are given by [213]

L ~
ClRS(MKK) = ]\Z—E{K (UIZ)%(Ud)i?;(AQQ)ij(Uil>2j(Ud)j3 (B.16)
s 1
X |:% (1 Nc) —|—Qda—|—( deL)< Sgucggd) Oé:| ,
~ L
OFS (M) = A}—%wa (W0 (Baa) (W), (W)
s 1 2 2
L
CR (M) = =205 (U )5 (U s By (W), (W
L
CFS (Mi) = A}—%(w*) (U0 5(B00), (W), (W),
200, 452 Td —
. []31 4Qa e A @AS%UC; wQda }

Here we have introduced the correction factors wZ , which are equal to 1 in the minimal RS
model, and given by

3 3 3¢’ ' 3¢’
o 1! (s?u(TLq -Q7) - C?UTRq) (Si(TLq — Q1) — a7 ) (B.17)

2 _ o2 3q 3¢ ;
Cw Sw TL _S%UQq TL _S%qu
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in the custodial RS variant with Ppr symmetry. Numerlcally we find dedL ~ 2.9, w%RdR ~
150.9, and dedR ~ —15.7. The quantum numbers TL "» can be found in Sectlon m

B.7 Running of the AB =1 Coefficients

The evolution of the RS Wilson coefficients of the AB = 1 operators can again be performed
along the lines as described in Appendix m The ADM 4, for the operator basis Q
(Q1, Q2,Qs.10), which is a function of N., ns, n,, and ng (number of colors, flavors, up- and
down-type quarks), can be found in [402], 403].

The evolution from Mgy to my is given by (c.f. ff.)

Clmy) = UO (my, my) U® (my, My ) C(Mgx) (B.18)
where, at LO in ay,
(ny) %
~ R S” o(n s R
00 (a1, p2) = Viag | [ )(“2) vt (B.19)
as ()

and V diagonalizes AL via diag(Yy) = V14 V The QCD [-function is given by fy(ny) =
(11N. — 2ny)/3. The operators (); and Qg Wlll mix independently of ng, n,, and ng. The
evolution in the penguln sector receives a small admixture from charged current operators,
however, the operators Ql R/RL and QLR/ BL 4o not mix into the penguin sector. Their internal
mixing is identical to that of the LL operators. There is no mixing between charged currents
of different chiralities. For the running of the LR/RL coefficients, one consequently uses

Yo = (_é% 5 > (B.20)

in (B.18]), which also describes the internal L L mixing.

B.8 Form Factors for Higgs-Boson Production and De-
cay

The form factors A%y, (1) and A%y, (7, A) which describe the effects of quark and TW*-boson
loops in the production and the decay of the Higgs boson are given by [39]

3T
2

Aly(r) = S [24+ 37+ 37 (2~ 7) (7)),

Ag(r) =2 L+ A —=7) f(1)],

AZ(T, A)=—1(1,\) + J(1,\),
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AL, N) = ¢y {4 (3— %) I(1,\) + [(1+ %) %— (5+ %)] J(T,)\)} :

The functions (7, A) and J(7, \) take the form

I ) = =525 ) = F).
J(r\) = TA T2\2

)
3 oo I
where the functions f(7) and g(7) read

(

_1[111(@)_42, ;

<1
4 1—+/1- -
f(r) = ) '
arcsin’ (—) ) T>1,
( VT
( 1
/T — 1 arcsin (F) , T<1,
g(r) =

\

L [ (D) ] e
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(B.21)

(B.22)

(B.23)

(B.24)
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Appendix C

RS Parameter Points

In this appendix, we specify a set of three RS parameter points, i.e., the bulk mass parameters
of the quark fields and the Yukawa matrices, that are used in our numerical analysis. All the
parameter sets given below have been obtained by random choice, as described at the beginning
of Chapter 5]

Our first parameter point is specified by the following bulk mass parameters and Yukawa
matriced]]

o, = —0611, CQ, = —0580, CQ; = —0407,
Cuy = —0.688, Cu, = —0.550, Cus = +0.091, (C.1)
cq, = —0.665, cs, = —0.627, cqs = —0.577,
—1.303 — 0.3647 —1.215+0.0897 —1.121 —1.679:
Y, = 1.857 + 1.199¢ 2.038 +1.1057 —0.484 —0.1937 |,
—1.052 4+ 0.546: —2.833+0.1917 —1.287 — 1.1414 ©2)
—0.661 — 1.118% —0.075—0.6567  0.141 — 0.4651 '
Y,=| —2070+1.364: —2518+41435:  0.717 — 0.1651¢
0.306 4 2.8301 0.034 — 0.3507 —0.951 — 0.829:
Our second parameter point features
cg, = —0.646, cg, = —0.573, cg, = —0.449,
Cu, = —0.658 Cu, = —0.513, Cus = +0.480 , (C.3)
cqg, = —0.645, cg, = —0.626, cqs = —0.578,
0.637 — 1.8001 1.518 — 2.2097  0.904 + 0.1461¢
Y,=|0219-0.207: —0.333—-0.9427  0.597 + 0.020¢ |,
1.829 +1.538¢ —0.018 +1.7727 —1.258 4+ 1.2651 (C.4)

—2.835—-0.946¢ —0.404+0.7467 —1.135+ 0.060¢
Y,= 0.724 — 0.350¢ —2.214 — 0.5557  0.610 — 0.051%
0.701 —0.101¢ —0.154 + 0.104: 1.514 + 0.919¢

IThe results are given to at least three significant digits.
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Finally, the third parameter point reads

co, =—0624, g, =-0563,  cg, =—0.468,
o, =—0712,  cu, =-0560, ¢, =+0.899, (C.5)
cq, = —0659, cq =-0642, g4 = —0.5T1,

—0.541 +1.517¢ —1.083 + 1.8574 1.718 — 2.057%
Y, = 0.359 — 1.713¢ —2.208 +1.4047 —1.160 + 0.886:
—1.172 -0.543: —0.116 — 0.2387 —0.669 — 1.688%

—0.878 = 1.6771¢ 0.190 4+ 0.573¢ —0.817 + 2.6631
Y,=| —-1.792+0861: —2.880+0.132: —0.070 —1.151%
—1.679 + 1.5884 0.972 + 0.6154 1.421 + 0.981¢

Note that for the custodial model ¢4, — c7;; and ¢y, — cye.

?




Appendix D

Reference Values for the SM
Parameters

The central values and errors of the MS quark masses, evaluated at the scale Mgk = 1TeV,
that we use in our analysis are

m,, = (1.5 £ 1.0) MeV, me = (520 + 40) MeV , my = (144 £5) GeV,

D.1
mq = (3.0 £2.0) MeV, ms = (50 £ 15) MeV , my = (2.4+0.1) GeV. (D-1)

They have been obtained by using the low-energy values as compiled in [12]. For the Wolfen-
stein parameters we use [404]
A =0.2265+0.0008, A=0.807+0.018, p5=0.141752  5=0.3434+0.016. (D.2)

If not stated otherwise, the remaining SM parameters entering our phenomenological analysis
read [12, 36, [70]

Aal) (my) = 0.02758 4 0.00035 , a,(mz) = 0.118 = 0.003,
my = (80.399 & 0.023) GeV my = (911875 +0.0021) GeV,  (D.3)
my = (172.6 & 1.4) GeV .

We refer to the central values of these quantities as SM reference values. Unless noted other-
wise, our reference value for the Higgs-boson mass is m;, = 150 GeV.
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