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Abstract

The successful first and second run of the LHC experiment with the discovery of the Higgs
boson elevates the importance of direct and indirect searches for physics beyond the standard
model. One interesting possibility to find new physics is to concentrate on dipole transition
mediated low energy observables. Such processes can not only potentially be detected at
scales lower than the typical energy scale of the LHC, but they also provide the potential to
scan new physics models beyond the reach of the latest LHC run. In this thesis, we perform
a comprehensive study of dipole operator transitions for leptons as well as for quark fields
in the Randall-Sundrum (RS) model. To this end we develop an effective field theory, which
allows us to systematically examine the Randall-Sundrum contributions to the muon g-2
and the typical range for the branching fractions of y — ey, u — 3e, uN — eN as well as
T — vy, T — 3u. Additionally we use this effective theory to analyse the contributions of
the Kaluza-Klein gluons to the inclusive radiative decay B — X,v. The computation of the
Wilson coefficients of the effective field theory is done for the RS model with minimal field
content as well its custodial protected extension. In addition we consider three different
Higgs field localisation schemes. Amongst other this thesis contains the consideration of
bulk Higgs including Higgs Kaluza-Klein excitations as well as their non-decoupling effects.
We conduct the matching computation using a fully 5D formalism.



Zusammenfassung

Der erste und zweite erfolgreiche Lauf des LHC Experiment zusammen mit der Entdeckung
des Higgs Bosons, gibt der direkten und indirekten Suche fiir Physik jenseits des Standard
Modells der Teilchenphysik eine hohere Bedeutung. Eine interessante Mo&glichkeit neue
Physik zu finden ist es sich auf durch Dipol Ubergéinge vermittelte Niederenergie Observ-
ablen zu konzentrieren. Solche Prozesse kénnen nicht nur potentiell auf einer gegeniiber
der typischen Energieskala des LHCs geringeren Skala gefunden werden, sie bieten ferner
noch das Potential neue Physik Modelle auf Skalen weiter iiber die Reichweite des jetzigen
Lauf des LHCs zu scannen. In dieser Doktorarbeit fithren wir eine umfangreiche Analyse
von Dipol-Operator Ubergéngen fiir Lepton Felder wie auch fiir Quark Felder im Randall-
Sundrum (RS) Modell durch. Zu diesem Zweck entwickeln wir eine effektive Feldtheorie,
welche es uns systematisch erlaubt die Beitrdge des Randall-Sundrum Models zu dem Muon
g-2 and der typischen Grofse der Zerfallsraten von von p — ey, p — 3e, ulN — eN so
wie auch 7 — pvy, 7 — 3u zu untersuchen. Zusétzlich nutzen wir diese effektive Theorie
um die Beitriige der Kaluza-Klein Gluonen zu dem inklusiven Strahlungszerfall B — X,y
zu analysieren. Die Berechnung der Wilson-Koeffizienten der effektiven Theorie wird im RS
Model mit minimalen Feldinhalt so wie der Erweiterung mit dem custodialen Schutz durchge-
fiirt. Zusétzlich betrachten wir drei verschiedene Arten das Higgs Feld zu lokalisieren. Unter
anderem enthélt diese Doktorarbeit die Betrachtung eines bulk Higgs zusammen mit Higgs
Kaluza-Klein Anregungen sowie deren nicht-entkopplungs Effekte. Wir fiihren die Anpas-
sungrechnung unter Verwendung eines kompletten 5D Formalismus durch.
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Chapter 1

Introduction

The successful run of the LHC has lead to the outstanding discovery of a new particle [1,2],
that seems to resemble the Standard Model (SM) Higgs boson. This remarkable feat opens
finally the era of direct tests of the electroweak symmetry breaking (EWSB) enabling us to
check the predictions of the SM in the hope of finding possible signs of new physics beyond
the SM.

Although the SM has been very successful in almost all its prediction up to now, there are
still several puzzles it is not able to answer. One of them is the nature and composition
of dark matter, whose existence is by now extremely well experimentally established on a
range of different scales. The SM simply does not contain any kind of particle that could
possible explain the dark matter observation.

Ignoring the dark matter puzzle, the SM as a renormalisable theory could be in principle
considered as a complete theory if gravity would not exist in nature. As the SM does not
describe gravity one has to replace it with a quantum gravity theory somewhere around the
Planck scale demoting the SM to an effective theory with an ultraviolet (UV) cut-off. At
this point a new problem arises automatically as the possible UV cut-off could be assumed
to be around the Planck scale Mp; ~ 108 GeV, while the electroweak scale is set around
the Higgs vacuum expectation value (vev) v ~ 246 GeV. This huge hierarchy induced by
the large separation of scales introduces a problems at quantum level for a SM Higgs as it
is as a scalar not protected by chiral or gauge symmetries. Thus its potential receives large
radiative corrections, that are quadratical sensitive to the cut-off . Generically this require
the EW scale to be set by the Planck scale unless one assumes a tremendous fine tuning
leading to huge cancellations. This issue is known as the famous gauge-gravity hierarchy
problem [3,4]. The discovery of the SM like Higgs elevates its severeness further.

A different kind of hierarchy problem of the SM can be encountered in the quark sector.
There the masses of the quarks for different generation seem to span a range of about five
orders of magnitude. Further, the very hierarchical Cabibbo-Kobayashi-Maskawa (CKM) [5]
matrix is determined by quark mixing angles that are separated by at least three order of
magnitude. The SM does not provide any kind of mechanism how these two hierarchies can
be generated naturally. In particular the CKM matrix entries and fermion masses are just
parameters of the model to be determined by appropriate experiments.

The standard model in its original version [6] does not include neutrino masses. The ex-
perimentally observed neutrino oscillations are not possible in the SM and demand either a
simple addition of Neutrino mass terms or another more complex theory model. Further-
more, the CP violations of the SM are not sufficient to explain the baryogenesis, that is the
processes that produced an asymmetry between matter and antimatter in the early universe.
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CHAPTER 1. INTRODUCTION

Collecting these puzzles we consider it worthwhile to study a model beyond the SM, which
can at least potentially solve some of the aforementioned problems. There are numerous
attempts to the perform such a feat. The stabilisation of the EW scale against quantum
corrections can be easily achieved in supersymmetric models [7-9]. The flavour hierar-
chy problem can be solved for example by the introduction of flavour symmetries [10-12].
However a simultaneous attempt to solve both problems without running into the strong
experimental bounds like the electroweak precision test, remains still difficult. Here super-
symmetric models have been the most promising candidates, especially since these models
also include possible candidates for dark matter particles [13].

Aside from supersymmetry there is also the intriguing framework created by Lisa Randall
and Raman Sundrum [14, 15] of a quantum field theory in a non factorisable warped five
dimensional spacetime. The original Randall Sundrum (RS) addressed the weakness of grav-
ity [14] and therein the gauge-gravity problem [15]. In the original model only gravity is
allowed to traverse all dimensions (bulk) of the spacetime, while all other fields are confined
on one four dimensional boundary (brane) called IR brane. It was soon realised that the
gauge-gravity solution can be preserved even after the promotion off all fields except the
Higgs to bulk fields [16—20]. The delocalisation of the fermion fields opens interesting possi-
bilities to explain via the geometry of the spacetime the quark flavour mass hierarchies and
the CKM mixing matrices [19-22].

Electroweak precision tests give one of the most stringent constraints on the parameter space
of the RS model [23]. These constraints can be decreased by extending the gauge group to
incorporate explicitly the custodial gauge symmetry [24-27], however even with such an
extended gauge group direct searches at the LHC for RS like signals are not very promising
any more. That is precisely the situation were low-energy observables can be used to obtain
further constraints on the model. In this thesis we therefore focus on the calculation of low
energy observables in the context of the Randall Sundrum model. The main part of the
calculations of this thesis is dedicated the the lepton sector. Here we compute the muon
(g-2) as well as well as the lepton flavour number violating (LF'V) processes p — e, i — 3e
and uN — eN.

The anomalous magnetic moment of the muon is one of the most precisely predicted and
measured observables in particle physics. Over the last 65 years tremendous effort has been
invested in determining the deviation of the g-factor from two, see [124] for a review. The
extraordinary precision naturally imposes constraints on extensions of the Standard Model
(SM), whose contribution Aa, to the anomalous magnetic moment

G —2
2
should not increase the observed slight tension between SM and experimental value for
a,. The anomalous magnetic moment in the minimal RS model has been studied in a 5D
formalism in [28]. In this thesis we will extend the results of [28] to the custodially protected

RS model.

Rare lepton decays are among the most promising probes for physics beyond the SM. This
is even more true for decays that involve lepton flavour number violation (LFV). As the
neutrino mass has to be below 1 eV and the SM model contribution does not exist the
possible experimental signals are clean. Due to the absence of the SM background we will
especially focus in this thesis on the processes u© — ey and u — 3e as well as muon-to-
electron conversion in nuclei. Lepton-flavour violating processes have been studied in the
context of the RS model in the past, beginning with [22,29,30]. Particularly relevant is [31],
which gives the first comprehensive analysis of charged LFV, and [32] with the first fully
five-dimensional treatment of loop effects, which dominate the u — ey decay. However,

a, = = aEM + Aay, (1.1)
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neither of the two can be said to provide a complete description of the loop-induced dipole
operator coefficient.

Once the loop effects in the lepton sector have been determined in the RS model they can
be transferred easily to electromagnetic radiative penguin decays in the quark sector. Hence
we also calculate the inclusive B — X, decay. Compared to the LFV sector the B — X,y
includes a large SM contribution and is therefore a stringent test for the SM as well as any
new physics model. In fact there has been tremendous effort (see e.g. [33-36] and references
therein) to understand the intricacies of the b — s7 transition in the SM. The most recent
result [37] is given by

Br(B = X7)% ~1.6cev = (336 +£23) x 107° . (1.2)

It is in very good agreement with the experimental HFAG average [38|, which is calculated
out of the ever increasing data of numerous experiments [39-46]

Br(B = X051 ggey = (342 £21£7) x 107°, (1.3)

where the all contributing experimental results where converted as to correspond to a lower
photon energy cut of 1.6 GeV. The Belle II experiment is expected to be able to measure
the branching fraction with an uncertainty of about 6% [47]. This will lead to further
improvements to the experimental world average.

The decay B — X,v has already been studied previously in the context of RS models
in [48]. The work kept its focus on the effect of 5D penguin diagrams and neglects the
so-called wrong-chirality Higgs couplings terms [31,49]. Quiet recently there was another
study of the transition B — X,v [50], which has its focus on a RS model with an exactly
localised Higgs field on the IR brane. It includes all important contributions treats the
Yukawa interactions exactly.

This work is organised as follows. In chapter 2 we introduce the RS setup after a short
overview other the history of the idea of spacetimes with additional spacial dimensions.
Following the introductions of the original RS setup we allow the standard model fields
to propagate freely through the bulk and give a short overview over the formalism that is
necessary to treat bulk fields in RS models. This includes the introduction of the important
5D formalism, which we will use throughout this thesis, as well as the careful treatment of
the Higgs localisation together with its physical implications. After the introduction of the
necessary formalism we study some constraints on the parameter space of the minimal RS
model that is the SM promoted to a RS setup. Due to the strong constraints induced by the
electroweak weak precision sector [23] we then shift our focus to a RS model with custodial
symmetry (RSc) for the remainder of the chapter.

As the typical scale of the RS model lies in the O(TeV) region we integrate the heavy
degrees of freedom out and match the RS model on the SM extended by gauge-invariant
dimension-six operators [51,52] in chapter 3. The resulting Lagrangian is then first used
to calculate all processes of interest in the lepton sector and also in the quark sector. This
approach has the advantage to organise the computation in a fully transparent and complete
way. We adapt throughout this thesis the notation of [28], which introduced this formalism
for the first time in this complete fashion in the context of the muon g-2 calculation in the
minimal RS model. We restrict ourselves only to the loop—induced dipole operators and
operators that can be generated be generated at tree-level in the RS model. In the quark
sector we match the Wilson coefficients to a effective weak Hamiltonian, whose operators
are then evolved from the RS scale down to the typical scale of the process b — sv, up, via
renormalisation group equations (RGE).

After setting up the strategy of the calculation in chapter 3 using effective field theories,
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we continue by giving explicit expressions for the Wilson coefficients in chapter 4 and 5.
Here we distinguish between the Wilson coefficients that are generated at tree-level and
the loop induced dipole coefficients. For the tree-level Wilson coefficient we give analytic
expression in chapter 4. The chapter 5 is dedicated to the loop induced dipole coefficients.
Here we differentiate between the contributions generated via gauge-boson exchange and
contributions via the exchange of the Higgs boson. The first contributing can only be
evaluated fully numerically while the latter contains partially computations, which can still
be done fully analytically, despite the non factorisable curved spacetime.

The sixth chapter chapter is dedicated to the numerical analysis of the processes of interest.
First we compute semi analytic approximations of the different RS contributions to the
processes of interest in the lepton sector. This is followed with the muon g-2 contributions
of the custodial protected Randall-Sundrum model as a first example for our numerical scan.
Afterwards we perform the complete numerical analysis of all in this thesis considered LFV
processes. The last part of this chapter then contains the phenomenology of the radiate
decay B — X,7.

We conclude in chapter last chapter. This thesis is based on the publications [53-56].



Chapter 2

The Randall-Sundrum Model

The aim of this chapter is to introduce the reader to the setup of RS models. For this purpose
we will first review briefly the history of the idea of spacetimes with additional spacial extra
dimensions as well as the original RS model. Following this we introduce the SM on the
bulk, which is called the minimal RS model. In this context we discuss the Kaluza-Klein
decomposition, the 5D formalism and the treatment of the Higgs. With the basic formalism
at hand we then give a short view other the major constraints on the minimal RS model,
which then leads to the introduction of the custodial protected RS model.

2.1 Extra dimensions before the RS model

The idea that our world might include more than four space time dimensions is over one
hundred years old. The first proposal for a theory with extra dimensions was done by
Nordstroem [57] in 1914, who showed that there is a possible unified description of electro-
dynamics and Newton‘s gravity in a five-dimensional world. After the formulation of general
relativity Kaluza [58] realised, that it was indeed possible to completely integrate classical
electrodynamics into a five-dimensional metric, which also yields via the five-dimensional
Einstein equation the correct Maxwell-equations. This was done by simply identifying the
vector potential with the (5u)—components of the metric. Kaluza‘s theory contained the so
called "cylinder condition", which stated that none of the components of the five-dimensional
metric does depend on the fifth coordinate. This needed but at this time unexplained fea-
ture was later motivated by Klein [59] in 1929. He proposed the hypothesis that the fifth
dimension is in fact curled up as a circle of the size comparable to the Planck length.

It turned out however that Kaluza‘s and Klein‘s theory could not be quantised without
serious problems. Moreover the discovery of the strong and the weak force and formulation
of the standard model of particle physics let this theory to become obsolete. This lead to
the situation that the notion of extra dimensions was almost forgotten until the upcoming
development of the super string theories in 70‘s and 80‘s [60,61], which need several extra
dimensions to be consistent. For the theoretical particle physics community these develop-
ments were not of large interest as the proposed extra-dimensions were believed to be still
of the size of the Planck scale and therefore too small to be detected in any future experi-
ment. Only in the beginning of the 90°s of the last century it was realised that the existence
of extra dimensions with sizes within the sub-millimetre regime could not be excluded by
gravity short distance experiment [62,63]. This lead to the intriguing idea, that quantum
field theories with large compact extra-dimension could possible solve the hierarchy problem

7



CHAPTER 2. THE RANDALL-SUNDRUM MODEL

identify

|

[
¢—= =9 H=0

p=0 o=m

<
I
3

Figure 2.1: Visualisation of the orbifold transformation acting on S*.

of the standard model. The Arkani-Hamed-Dimopoulus-Dvali (ADD) [64] model was one
prominent example of this era. It suggested one or two additional large extra—dimensions,
which could be only traversed by the graviton, while all other standard model fields are
confined to a four dimensional boundary (brane). Therefore a four dimensional observer
on the brane automatically sees a weaker gravitational force compared to the other known
fundamental forces. Thus the fundamental scale of gravity does not have to be of the order
of the Planck scale as perceived through an observer on the 4d brane. To be more precise
the ADD model contains the following relation

Mgy ~ MV, (2.1)

where Mp is the observed four-dimensional Planck mass, M the fundamental scale of gravity
in all spacetime dimensions (the bulk), n the number of extra dimensions and V,, the volume
of the compact extra dimensions. For the choice n=2 and a compactification size close to
the sub—millimetre regime this relation connects a fundamental gravity scale of the size of
the electroweak scale with the Planck scale.

However this solution of the EW—gravity hierarchy introduces a new hierarchy into the the-
ory: To suppress gravity sufficiently without too many extra dimension, the compactification
scale r. has to be chosen of the order of 1/r. ~ O (10*3ueV). Thus the compactification
scale generates a new hierarchy problem as it is much smaller than the EW scale. Therefore
the ADD model does not give a satisfactory solution to the hierarchy problem, it just moves
this problem to a different energy scale.

2.2 The original Randall-Sundrum model

Inspired by the shortcomings of the ADD model Randall and Sundrum developed their orig-
inal extra dimension model with the following assumptions [14,15]: Their model contains
only one extra dimension, which has the geometry of a S'/Z!, i.e. a circle with orbifold
symmetry. They assume 4d Lorentz invariance and also demand that all dimensional pa-
rameters are of the order of the Planck mass Mp;. Like the ADD model it is assumed that
only gravity is allowed to propagate through all spacetime dimensions, i.e. the bulk. All
other fields are confined to four-dimensional branes.

The choice along the fifth direction, where the non-gravity fields are localised can be
obtained by the orbifold symmetry of the compact fifth dimension. Let z = r.¢ an arbitrary
point on the circle of the fifth dimension, where 7. is the compactification radius. Then the
orbifold symmetry identifies this point with its mirrored point on the circle z = —r.¢ see
figure 2.1. Under this transformation the points ¢ = 0 and ¢ = 7 are fixed points. Thus the
fixed points are the natural choice for the localisation of all gauge and matter fields. The
convention is to call the 4d subspace at ¢ = 0 as the UV brane and the subspace at ¢ = =

8



2.2, THE ORIGINAL RANDALL-SUNDRUM MODEL

as the IR brane.
With all of these assumptions the 5D action can be written as

S = Sguik + Sir + Suv, (2.2)

Spulk = /d4a:/d¢\/—G(—A+2M3R), (2.3)

Suv = /d4mm\¢:0 (—VUV + £UV) ) (2-4)
SIR = /d4$\/j‘¢:ﬂ— (_VYIR + ‘CIR) ) (25)

where M is the five dimensional Planck mass and G ;v the metric of the spacetime. Our con-
vention is to use Latin (Greek) indices for 5D (4d) Lorentz indices. We use the (+, —, —, —, —)
signature for the five dimensional metric. Vv ,r denotes the vacuum energies on the branes.
Lir describes our visible four dimensional world, i.e. to a good approximation Lig = Lgm-
Lyvy is only written here for completeness. It could describe some hidden world at ¢ = 7,
but at this point we set it for simplicity to zero.

The determination of the form of the five dimensional metric is done by using the assumption
of 4d Poincare invariance. This can be incorporated into the ansatz

ds? = 720y, da¥ da" + r2de>. (2.6)

Here the unknown function o(¢) of the metric (2.6) can then be computed by solving the five
dimensional Einstein equation. We use the standard semi—classical approach of quantum
field theory in curved spacetime, i.e. we neglect the back-reactions of gauge and matter
fields as, they are expected to be small. Thus we set L;g = 0 in the equation of motion.
As the vacuum energies Vyy,r on the branes can be potentially large they are kept here.
Under these assumptions the 5D Einstein equations yield the differential equations [14]

Ar?
/ 2 _ c
/ Te
o' = s (0(¢ —m)Vir + () Vury) - (2.8)
Equation (2.7) yields the non—trivial solution
(9) =\ 5grelol = ko (29
TNO) =\ g el = A9l '

Here the absolute value of ¢ is needed to ensure the orbifold symmetry ¢ — —¢ of the
solution and therefore the correct kinks in equation (2.8). Finally after inserting the solution
into equation 2.8 we find the relation

Vov = —Vir = 24M3k. (2.10)

Physically this solution implies a non-zero negative bulk cosmological constant. To generate
the 4d Lorentz invariance this cosmological constant is directly coupled to the 4d brane
vacuum energies. As the vacuum energy Vig can be interpreted as the four dimensional
cosmological constant relation (2.10) just reflects the fine-tuning of the ordinary cosmological

9



CHAPTER 2. THE RANDALL-SUNDRUM MODEL

constant problem. The RS setup does not give any solution for this issue.
Inserting the solution (2.9) into the metric we find the form

ds? = e 2kreldly | da¥dat + r2de?. (2.11)

This metric actually represents the metric of a slice of a 5D Anti—De-Sitter spacetime, i.e.
the maximally symmetric five dimensional spacetime with negative cosmological constant.
To make this more explicit we transform the metric into the conformal version via the
coordinate transformation

6_]9"'c(l5
k

z =

(2.12)
This yields

1
st = 3 (s — %) (2.13)

For the rest of the thesis we will exclusively use the conformal metric (2.13). Note that the

UV brane has the coordinate z = 1 in direction of the fifth dimension in this coordinate

E

system. The IR brane has the fifth coordinate z = 67’:” = % Thus the RS metric induces
via the geometry of the spacetime two physical scales k and T'. k is of the size of the of
Planck mass. T is a priori not specified by the initial assumptions of the model. But it is
exponentially suppressed by the compactification radius r. of the fifth dimension. To specify
the value of T we investigate the gauge-hierarchy problem for this setup.

As a SM field the Higgs is localised on the IR-Brane in the original RS model formulation.
Because the spacetime on the IR-brane can be obtained by the conformal transformation
Nuv — (T/k)QnW we have to rescale the Higgs field by ® — ®k/T in order to directly
generate an action with canonical kinetic terms.

E\? A 2\?
Stiggs = /d% V-G | G () 0,01 0,0 — =2 (@hb - ”5>
LBl B AT 2 2
(/R \(k/T)2nm

2
T\? v2
= /d4x " 0,%" 9,d — % <<I>T<I> - <k> U;) . (2.14)

Comparison with the 4d Minkowski spacetime Higgs sector of the SM yields

A= A5, v = %% = e FTeT g, (2.15)
Because the spacetime is conformal the rescaling of the mass dimension one parameter vs
by the inverse of the conformal factor (7'/k) is natural. The scalar selfcoupling remains
untouched, because it has mass dimension zero. Due to the initial assumptions of the model
the vacuum expectation value (vev) vs should be of the order of the Planck mass. Therefore,
to ensure a four-dimensional vev to be around O(TeV) one has to impose

T  O(TeV)

~ 10716 2.16
3 Mo, ; (2.16)

which is equivalent to kr. ~ 12.

10



2.3. MINIMAL RS MODEL

Figure 2.2: Picture of the slice of AdSs in the fifth coordinate direction with z being the 5th
coordinate.

Thus, the large hierarchy v <« Mp; is just created by the geometry of the spacetime. There
is no large hierarchy for the fundamental parameters of the Lagrangian in this model. That
protects the theory also from problematic correction to the Higgs potential. That is due to a
bare Higgs mass, which by assumptions of this model is of the order of the Planck scale. The
quantum corrections are on the same fitting. However the physical Higgs mass as dimension
one parameter will always be scaled down to the EW regime by the exponential e=*"™ with
kr. ~ 12.

It is also interesting to calculate the proper length of the extra dimension

1 1 k 1
1

&

Sl

Thus, the size of the extra dimension remains to be of the order of one over the Planck mass
for a large variation of the parameter T'.

There are still two issues remaining for the original RS setup. The first one is the question
how this spacetime with the two four dimensional branes around a slice of a five dimensional
Anti-De-Sitter spacetime remains stable against perturbations of the compactification ra-
dius. This can be answered by the Goldberg-Wise mechanism [66], which uses an additional
scalar field to stabilize the metric. We will not discuss it detail in this thesis. The second
and more fundamental question is how the original RS setup can be generated by a more
fundamental model of physics, which also includes a quantum description of gravity. While
such a theory is still far away from completion it is interesting to note, that there are cer-
tain string theory setups [67,68], which include compactification procedures for the extra
dimensions that yield a warp factor.

2.3 Minimal RS model

The original RS setup assumes all of the SM fields to be restricted to the IR brane. However
the solution of the hierarchy problem is not lost after allowing all gauge fields [16-19] and all
fermions [19,20] to propagate in the bulk. In fact by allowing all fields except the Higgs to
travel through the extra dimension one generates a model with several advantages compared
to the original ansatz. First of all bulk fermions lower the constraints coming from higher
dimensional operators, that generate proton decay and FCNCs like meson mixing [19]. An-
other advantage of bulk fermions is the possibility to generate naturally the flavour mass

11
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hierarchy. This can be achieved by employing anarchical fundamental Yukawas and appro-
priate localisation positions of the bulk fermions in the fifth dimension without building the
flavour hierarchies explicitly into the the fundamental parameters [19-22]. This mechanism
of generating the flavour mass hierarchies also automatically generates the correct entries of
the CKM matrix [69] and also mediates potentially model constraining FCNCs with light
quarks [19], which is also sometimes denoted as the RS-GIM mechanism [69,70]. Further-
more bulk fermions lower the constraints coming from the corrections to the Peskin-Takeuchi
S parameter, that are caused by bulk weak gauge-bosons [19,71,72].

The setup of the SM in the bulk is called the minimal RS model. For this thesis we will use
this model exclusively together with the custodial protected RS model.

2.3.1 5D Lagrangian

To begin the discussion of the minimal RS model it is useful to consider first the gener-
alisation of the SM to the non—trivial five dimensional RS metric. The initial steps are
straightforward. All four dimensional gauge fields have to be replaced by five dimensional
fields. For example for the SU(2) fields we have to use

wH — WV, (2.18)

where WV = (WH, W?).
To incorporate all fermion fields we need to find a five dimensional Clifford algebra

{TN, TM} = 29N M x 15,5 (2.19)

This implies the determination of a suitable I'* matrix. For this thesis we use the represen-
tation

NV = (y#, —ir®). (2.20)

Additionally one has also to incorporate the fermion field spinors into the curved spacetime.
This is done usually by introducing a coordinate transformation into a local Minkowski
coordinate system via the the vielbein formalism, see for example [20]. Note that there is no
equivalent to 75 for a five-dimensional Clifford algebra as the Dirac-spinor representation is
irreducible in five dimensions. Thus a priori all 5D fermion fields are vector fermions in the
RS model.

Using the conformal metric as defined in (2.13) we can write down the SM Lagrangian for
the minimal RS model in the flavour basis

1/T
1 1 1
S(SD) :/d4$ / dZ\/é {— ZFMNFMN — ZWG"'MNW;\I/[N — ZGG’MNG%IN
1/k

+ Z (6% B W I (D — 5M)¢i:| - Mw%%) } + SGF+ghost + SHigs:
Y=E,L,Q,d,u
(2.21)
where e = (1,1,1,1,1)kz is the five dimensional inverse vielbein. The five dimensional
metrical tensor G is given in conformal coordinates as G = 1/(kz)'?. We use the following
definition for the covariant derivative for quark fields

a

: Y - T a . a a
Dy :8N—ngEBN —zg5?WN —igs5 TG, (2.22)
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2.3. MINIMAL RS MODEL

Y is the hypercharge, 7¢ the Pauli matrices and T the generators of SU(3).. Note that
for an arbitrary curved spacetime the covariant derivative of a fermion field also needs to
contain the spin-connection [waly,, = GCDe% (8Aef[ + FfEeﬁ). However for the confor-
mal coordinate system of the AdSs the spin connection drops out, because the metric is
diagonal [20]. The field strength tensors are written in the standard way

Fny =0 AN — ONA Wny = 8MWJC\l,v — 8NWJ‘\‘4 + g56abc WI?/WJ?/[ (2.23)
Gnm =0mGY — ONGSy + G55 faneGN Gy (2.24)

The action of the Higgs strongly depends on the localisation prescription, therefore we only
write the Higgs action down for an exactly IR brane localised Higgs field. The subtleties
concerning the localisation scheme will be discussed in subsection 2.3.4.

SHiggs = / d4$ [(DH(I)>TD/J«(I) - V((b)] + SYukawa

T\’ _ _
SYukawa :/d4$ — () |:yz(]5D) (LZ‘P)EJ + yéi]])) (Ql(l))dj + yz(LSz];) ('U/ZCI))Q]} + h.c.

k
(2.25)
The potential is written as
T\? A
V() = —psp <k> TP + 1 (<1>T¢>)4. (2.26)
All fields in (2.25) are evaluated at the fifth coordinate z = 7. Here the indices of the

fermion fields denote the fermion flavour. As already noted in section (2.2) the powers of
(T'/k) are generated after applying a normalisation to generate a canonical kinetic term for
the Higgs Lagrangian.

In correspondence to the initial assumptions of the original RS model all dimensionful pa-
rameters of the 5D Lagrangian gs, g5, gss5, Mwi,yl(?D), yéi.?), yfi?) are of the order of Mp.
As 5D fermion fields are automatically vector fermions, there is no argument not to include
the bulk 5D fermion masses My,. The standard convention is to consider dimensionless

quantities for these masses ¢; = My, /k. Additionally we define the dimensionless Yukawa
matrices Y;; = yl(f»D)/k, Yijuij = y((f/]i)ij/k. Note that although the action (2.21) is written
in the flavour basis, the Yukawa matrices do not have to be simultaneously be diagonal in
the RS model. This means in particular a violation of the lepton number conservation and
the CP invariance in the lepton sector for the RS model.

The Lagrangian for a brane Higgs minimal RS model contains in total 3-945-3 = 42 free
parameters. The question of their determination will be discussed in the next section.

2.3.2 Kaluza-Klein decomposition

Inspired by other 5D field theories with compact extra dimensions like for example the
universal extra dimension models [73] one expects the fifth component of the momentum of
all bulk fields to be quantised in a discrete manner. Such a behaviour of all bulk fields can
then be used for a Kaluza-Klein decomposition of the 5D theory into a four dimensional
field theory. Thus, we expect all bulk fields to gain a huge tower of heavy partner particles,
which are often called Kaluza-Klein particles or excitations. In this section, we will briefly
derive the Kaluza-Klein decomposition for fermions and then for gauge fields in the unbroken
phase. In doing so we will shed some light on how the SM Lagrangian can be obtained as the
low energy limit of the 5D Lagrangian (2.21). Furthermore, the Kaluza-Klein decomposition
is also important for the determination of the free parameters of (2.21).

13



CHAPTER 2. THE RANDALL-SUNDRUM MODEL

2.3.2.1 Bulk fermions

We start by evaluating the bilinear terms for a general fermion field of the action (2.21).
After inserting the definition of the vielbein and the covariant derivatives one finds

F/d4xjdz <klz>41[)<ié9+il“4 <az+§)z>¢+... (2.27)

As defined above c is the dimensionless bulk mass ¢ = M/k. To find the appropriate
factorization ansatz for the fermion field v, we insert into equation (2.27) the explicit form
of the fifth gamma matrix I'* using the Weyl representation for the Dirac matrices.

I = —; = i Diag (1ax2, —12x2) (2.28)

This enables us to rewrite the action (2.27) in terms of the chiral components of ¢ [20]

Y
S :/d4fﬂ /dZ <k;1z) (&L idr +rid YR (2.29)

+r, (3 z> Z/JRZUR(@ *g+ >¢L> (2.30)

We use the standard definition ¢r, ) g = Pr/ r ¢ together with

L+

5 (2.31)

Pr,r=

Because the four-vector partial derivatives and the derivative with respect to the fifth coor-
dinate z do not mix in the action 2.30, it is convenient to introduce a factorisation ansatz
for the 5D fields 9y, ; g of the form

2) =3 M) (@) Zg<" ()05 () (2.32)

where w(L"/)  are the chiral components of a massive four dimensional Dirac field satisfying
the Dirac equation.

(i —my) ™ =0 (2.33)

The usage of this ansatz automatically leads to the mode equations [20]

(0.~ 2-5)1M6) = “mag(2) 234
(-0 +2=£) 4 ) = -ma 170 (2.39)

together with the orthonormality conditions

/ dz (zj)f W) (=) = / dz (;)4g<"><z>g<m><z> —Gume (2.36)

&

Sl
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2.3. MINIMAL RS MODEL

Before discussing the solution of the mode equations let us first insert naively the factor-
ization ansatz into the action (2.27). Doing so we can perform the integration of the fifth
coordinate integral in (2.27) trivially via the orthonormality conditions for the mode func-
tions. The Kaluza-Klein decomposition then leads to a in principle infinite series of 4d
fermion actions

Sp=>_ / d*z ™ (i — my) ™, (2.37)

i.e. each fermion field obtains a large tower of massive fermions, after integrating out the fifth
dimension. It is customary to identify the zero mode term of the Kaluza-Klein decomposition
with the four dimensional SM field. However SM fermions are chiral and massless in the
unbroken phase. Therefore one needs to demand additional conditions on the mode functions
in order to generate the correct low energy limit. For this we note that there is still the
freedom to choose the boundary conditions on the branes of the chiral components of the
fermion field. Note that the boundary conditions of each chiral component are in fact not
independent of each other, but coupled via the mode equations (2.34) and (2.35). For fermion
fields it turns out, that Dirichlet conditions on the mode functions eliminate a massless zero-
mode function of the wrong chirality [20]. Therefore, the requirement to recover the SM in
the low energy limit leads to the boundary conditions

(@) omp = [P (2))my =0 (2.38)
9 (2 )=l = (= 2)jz=2 =0, (2.39)

where X = F, d, w and Y = L, Q. This condition automatically eliminates the zero-mode
wrong chirality modes g(o) and fi(/o).

In the standard literature the notation Ej(—,—) is used to denote, that the left handed
component of the lepton singlet field satisfies Dirichlet boundary conditions on the UV
(IR) brane. Here the first (second) entry indicates the boundary conditions on the UV
(IR) brane. The other chiral component is then written with flipped signs Egr(+,+) in
this notation, where the + represents Neumann boundary conditions under the operator
d~ = (—9.+2—<). Note that (+,+) for a left handed fermion ﬁeld implies Neumann
boundary condltlons on both branes under the operator d™ = ( -2 = £)

With the correct boundary conditions the left handed zero mode functlon of a SM doublet
fermion field f v~ and the right handed zero mode function for a SM singlet field gg,) can be

obtained as [20]

) =\ T VT2 (T2 = 6 (2) e (2.40)

where ¢ = T'/k. The nth Kaluza-Klein mode function for SM doublet fermion takes the
form [20]

() = N3 ooy Yerry2(mn/T) Jei1/a(mn/2)
x (2)=N (Yc+1/2( nZ) To1/2muyT) ) (2.41)
(M) () — N3 mez) — Yo 172(mn/T) Je1/2(mn/2)
x (2) =N (Yc—l/Q( n?) Toesya(mnf T) ) , (2.42)

where m,, denotes the Kaluza-Klein mass and N a normalisation to ensure the normalisation
of the modes (2.36). The mass eigenvalues can be computed as the zeros of the equation [20]

Yc 1/2(mn/k) c— 1/2(mn/T) c 1/2(mn/k) c+1/2(mn/T)_0 (243)
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Figure 2.3: Left panel: Mass of the first Kaluza-Klein for a SM doublet as a function of the

bulk mass parameter c. Right panel: gg)j) (%) as a function of the bulk mass.

The solution for the singlet KK mode functions and their mass eigenvalues have a similar
form and can be also found in [28].

The left panel of Figure 2.3 shows the general dependence of the first KK mass of a SM
doublet field on the bulk mass parameter c. This does not yield an answer how to determine
the bulk mass parameters. However, one can clearly observe that the masses are of the
order of T'. Thus the inverse conformal coordinate of the IR brane can be interpreted as the
typical mass scale of the minimal RS model. We will see down below that this holds true
for bulk gauge-bosons.

In order to understand the selection of the parameters ¢ we consider the determination of
the 4d mass eigenvalues of the zero-mode fermions after breaking the electroweak symmetry.
For simplicity we keep here to a brane localised Higgs. The implications done here still hold
for different localisation schemes, see section 2.3.4. After inserting the vacuum expectation
value into the Higgs doublet the zero mode leptonic part of the Yukawa sector ((2.25)) yields

SYukawa = d4fE \L[ ﬁ Y f(O) < ) 1(1_7?7) (T) (l_v)Ejv (244)

where [; is the spinor field for the charged left handed leptons. Using expression (2.44) we
can immediately identify the 4d Yukawa matrix before rotation as

v T3 0 1 0 1
Yi = 5 Yij f1) (T) gfgj) (T) . (2.45)

Equation (2.45) contains together with the 5D Yukawa matrix 15 a priori unknown 5D
parameters of the order O(1). After rotation to the mass basis (2.45) equals to the lepton
mass spectrum. Thus, this allows us to fix three of the 15 5D parameters. Our strategy here
is to use the low-energy mass spectrum to fix the bulk masses of the doublet field. For the
remaining parameters we adopt the so called anarchical scenario:

e We randomly generate the Yukawa matrix Y;; with a certain range of possible absolute
values. The complex phases are also randomly generated.

e The remaining three bulk masses of the singlet lepton field are randomly chosen. We
use for the different generations the bulk mass intervals (-0.70, -0.5) for the electron,
(-0.68, -0.48) for the muon and (-0.57, -0.45) for the the tau. Note that we work in
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the unbroken phase. Thus the name electron just denotes the bulk mass of the first
generation in the flavour basis.

e As a last step we solve the equation (2.45) after rotation to the mass basis for the
correct 4d lepton mass spectrum. This solution can only be obtained numerically.
Furthermore there are situations, where the random number parameters are such that
the 4d spectrum solution cannot be found. Hence we repeat the first steps until a valid
set has been found.

The different intervals for the random number generation of the singlet bulk masses is

motivated by the behaviour of g%oj) (%) as function of the bulk masses. gg) (%) is growing

monotonic with increasing bulk masses. However this growth is exponentiai up to the point
¢ = —0.5, see right panel of Figure 2.3. Afterwards the function ggjj) (%) only grows as +/c.
Therefore, the point ¢ = —0.5 can be considered as the turning point of the localisation of
the bulk fermion fields from the UV brane to the IR brane. Thus one has to assign for heavy
fermion fields larger bulk masses in order to generate the correct 4d mass hierarchy.

The bulk masses of the quark fields can be determined in a similar fashion. The only
difference is the necessary inclusion of the CKM matrix. However this can be achieved by
an adoption of the Froggatt-Nielsen Mechanism, see [74] for the original idea and [23] for

the adoption in the context of RS model. We will not discuss this in detail in this thesis.

2.3.2.2 Bulk gauge-bosons

5D gauge fields contain an additional fifth component, which is not present in the SM. To
complicate the situation it also mixes with the other components of the gauge fields due
to the structure of the kinetic terms in (2.21). It is therefore customary to introduce a
5D R¢ gauge fixing in order to eliminate this mixing in the bilinear terms of the gauge
Lagrangian. As the procedure can be transferred to any type of bulk gauge field, we will
only consider gluon fields here. The 5D R, gauge can be introduced by the following gauge

fixing action [75]
7 2
S :‘/dzlac/—L 0,G" — €20 1G (2.46)
Gf 2£ kz v z > 5 . .
%

Note that this 5D covariant gauge introduces ghost fields. However ghost fields are not
needed for this work, because we do not consider one loop corrections to the the gauge
propagator. Using the gauge fixing as defined above in (2.46) the bilinear part of the gluon
action takes the form

%
_ 4 L 2, v _1 van 1 i
SG+Gf—/dx/2kZ G, | 0™ 1 £ 0" o 20, Zaz n G
%

—G5 0 Gs + £G50. <zaz <iG5>>} o (2.47)

Note that for the formulation of (2.47) one needs to perform an integration by parts of (2.21),
in order to ensure that no boundary terms after this integration survive [75]. This can be
done by assigning the fifth component of the gauge field Dirichlet boundary conditions on
the brane [75]. As in the fermion sector one can separate the fifth coordinate in all gauge
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fields using the factorisation ansatz G¥(z,z) = >, fé")(z)G”(;v). Following the paradigm
of massive 4d Kaluza-Klein fields we can automatically write the equation of motion for the
mode functions as

- (18> & (@) = —mi 5 (2), (2.48)

together with the orthonormality conditions

1

1 n m
%
To ensure an massless zero mode profile one has to demand Neumann boundary condition
for the mode functions [75]

0187 (2) 2 = 0: £87(2) 1 = 0. (2.50)

Using this construction the zero mode profile can be determined as [75]

S2) = ,/1%- (2.51)
0

It is noteworthy that the zero mode function of the four vector part of the bulk gauge
bosons is a constant function. This represents an important feature for penguin diagrams
that involve the emission of a real SM gauge-boson. For completeness we give the solution
for the nth Kaluza-Klein mode profile [75]

Jo(my /k)

Yi(mn z)) : (2.52)

where the mass eigenvalues m,, are the zeros of the equation [75]

(sl e

which follows directly out of the boundary condition (2.50) on the IR brane. Solving (2.53)
numerically we find for the first three Kaluza-Klein masses of the gauge-bosons m; ~ 2.45T,
me ~ 5.57T and mg ~ 8.7T. Thus, the first KK excitations of the four vector gauge-bosons
have mass of the order O(T"), which validates the previous statement of T' being the natural
scale of the RS model. Note that the spacing between the KK masses is not equidistant.
That can be compared to other extra dimension models like for example universal extra
dimensions, where at tree-level the KK masses have an equidistant spacing.

To conclude this section we still have to deal with the scalar component of 5D bulk gauge-
bosons. To this end we also apply a KK decomposition to the field G5. Using the bilinear
action (2.47) we can directly write the equation of motion for the mode profiles

0. (z0. (118)9)) = ~em? 55 e), (254)

where the mass eigenvalues m,, of the pseudo Goldstone boson G5 have to be the same
as for the vector part. That is because equation (2.54) is solved directly after the trivial
identification

Yo(my, /T)) =0, (2.53)

&) = 0. 157(2), (2.55)
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which also guaranties the correct Dirichlet boundary conditions

I =) =0 (2.56)

Note that (2.55) implies, that there is no massless zero mode for Gs.

2.3.3 5D Picture

As shown in the last section the dynamics of the 5D theory without interactions can be fully
absorbed into an extended 4d Lagrangian, where each fermion and gauge field includes a large
tower of heavy Kaluza-Klein partners with masses of the order of O(T). Unfortunately the
situation does not look so bright after turning on the interaction terms of the 5D Lagrangian.
Consider for example the coupling of the B field to an arbitrary fermion field. After insertion
of the Kaluza-Klein decomposition one remains with coordinate integrals over three mode
functions, which cannot be done easily by orthonormality relations, unless the gauge-boson
profile function is a zero mode. Furthermore, the inevitable presence of 5D propagators in
perturbation theory induces even more problems as each propagator automatically generates
an infinite series in the KK picture. To see this, let us investigate the solution of the vector
part of the 5D propagator. Naturally such propagator will depend on the four momentum
after performing a standard 4d Fourier transformation into 4d momentum space and the
starting and end point 5th coordinate. We can write this propagator as [2§]

AR (p2,y) = Ag (py ) g + P2 (AG (pxy) _Ac (p,x,y)> L 2s7)
p? VE

using the general R gauge. In such a coordinate representation the partial differential
equation for to the transverse part of the gauge boson propagator can be written as [28]

1
(p2 + x@mx(‘%) Ag (p,x,y) = —ikxd (z —y), (2.58)

with the additional boundary conditions
a AG (p,l’ y)|$—7 =0 8 AG (pvx y)|1—7 0. (259)

Then it is clear that the partial differential equation can be solved directly with the mode
equation for gluons (2.48). We find immediately

Aclp, 2, ) Zf(") L), (2.60)

m2

Thus after the application of the Kaluza-Klein decomposition a typical one-loop diagram
in RS will include at least one infinite sum. Additionally for each vertex an integral over
the 5th coordinate has to be taken. Naturally the evaluation of even one infinite sum over
the difficult terms of the mode function cannot be done easily. Therefore we will not use
the Kaluza-Klein decomposition for our following calculations. Still the knowledge of the
existence of such decomposition allows us in some cases to simplify the computation.

One way out of possible issues concerning infinite Kaluza-Klein sums is to use the well
established 5D formalism [32,75]. We make use of this formalism almost entirely throughout
this thesis. The 5D formalism implies the evaluation of the perturbation theory entirely at
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5D level. The price one pays for this is a complicated 5D propagator structure, for example
the 5D gauge boson propagator of the gluon takes the form

0(x —y) (Ko (B) Ii(py) + 1o (B) Ki(py)) (Ko (%)

I
Relnn o= Ko (7)o () ~ 1o (]) Ko (7)

+ (z «— y). (2.61)

It is noteworthy that all propagator in the 5d formalism have a similar form. This com-
plicates the structure of all appearing diagrams on the first sight. However, on the second
sight the disappearance of infinite sums simplifies significantly the computation of all tree-
level diagrams. Loop diagrams do not gain much from this aside from a potentially clearer
structure of the involved scales in the loop integrand.

A complete 5D calculation gives rise to the question, how to relate the 5D coupling con-
stants to the usual 4d couplings constants. As usual for extra dimension theories this can
be done by analysing the zero mode terms of the associated interaction. Let us for example
consider the coupling of SM singlet leptons to a zero mode B boson. Here we have to use
the constancy of the gauge-boson zero mode function in order to evaluate the coordinate
vertex integral.

—igsh [ @) 56 = —igaf) o). (262)

Thus, we identify g f,go)(z) = ¢’, because the zero mode interactions should resemble the
SM vertices in the low energy limit. This procedure can be used for all other gauge-fermion
5D vertices.

gx = gx 5/ (2), (2.63)

where X is an arbitrary SM gauge-boson. It is important to note that all 5D calculation
done for this thesis are performed in the unbroken phase before EWSB, i.e. we treat the
Yukawa interaction as a small perturbation. The error induced by this is at least of the
order of v?/T?, where v is the vacuum expectation value. Thus, even for a T = 1 TeV the
possible induced error is small. However we will see in section 2.3.5 and 2.4.5 that the typical
lower limit of the RS scale T lies in the range of 2 — 4 TeV, which drastically diminishes
the error caused by performing all 5D computations in the unbroken phase. To conclude we
summarise how the typical RS calculation has to be done in the 5D formalism.

e Draw all diagrams as in the SM model and include all necessary prefactors and 4d
loop integrals as usual. All couplings are five dimensional coupling constants. Include
also the fifth component of all gauge fields if necessary and also keep track of the fifth
coordinates of the vertices and 5D propagators.

1
e Include an integration over the associated fifth coordinates of each vertex [ (k;‘l)%,
k

where ¢ counts how many times the metric is involved for the associated vertex, i.e.
how many four vector contractions are involved.

The relation between the 5D gauge couplings and 4d gauge couplings (2.63) together with
the summation of the infinite KK sums for the 5D formalism emphasises a problem, which

we have so far ignored in our discussion. As f)(? )(z) has mass dimension 1/2 the 5D gauge
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coupling gx 5 has to have mass dimension -1/2. Of course this could be also directly deduced
out of the 5D action, because 5D fermion fields have mass dimension 2 and 5D gauge field
mass dimension 3/2. Therefore, due to the negative mass dimension of the coupling constants
the minimal RS models is not a renormalisable theory. It can be only be considered as an
effective theory valid up to a cut-Off A. To complicate the situation the general belief is that
the cut-off in a mixed coordinate-momentum representation generally depends on the fifth
coordinate A(z) [28]. Thus even if the cut—off A(1/k) has the value of a few times k at the
Planck brane the exponential scaling due to the warp factor will turn A(1/T) to be of the
order of T'. This would render the 5D formalism into a completely unreliable computation
method in a naive computation, because the 5D formalism always includes the complete
summation of all KK excitations instead of the summation of only a few KK modes up
to the cut-off A(1/T). Therefore, one should only use the 5D formalism for perturbative
calculation, where all KK sums do converge. This the case for finite quantities like for
example the calculation of the muon g-2 moment [28]. In such a case the error done by the
inclusion of the whole KK tower is expected to be of the order of T2?/A(1/T)?, that is the
generic correction one expects for the UV completion of the RS model [28].

2.3.4 Higgs localisation

So far in this thesis we have only approached the Higgs sector with an exactly brane localised
Higgs field on the IR brane. However, it is well known that the physics of the RS model with
an IR-brane localised Higgs depends strongly on the way the localisation is implemented,
see for example [28,53,76-78|. To be more precise we have to explicitly define, whether the
possible 5D wave function of the Higgs can be resolved in loops. One way to discuss this is
to introduce a regularised delta function for the Higgs localisation. The easiest choice for
this is a localisation of the Higgs inside a box with a narrow width

. T 1-9
dz—1/T) = }g% g@ (z — T) . (2.64)
The RS model is then completely defined only after one specifies the order of the limit 6 — 0
and the limits of possible 4d loop momentum regulators like the dimensional regularisation
parameter € or a four dimensional momentum cut-off A. If one first performs the loop
momentum limits for finite § and then the limit § — 0, it is indeed possible to resolve the
5D structure of the Higgs. This is most intuitive for a momentum cut-off loop regularisation
with a fixed §. For the case where first the finite width J goes to zero, before any other
limits are taken to their appropriate limits, we return to a true IR brane localised Higgs,
whose 5D width cannot be resolved. We will use both cases of limiting ordering throughout
this thesis. The first limiting procedure is called “narrow bulk Higgs” (in the terminology
of [78]).

Of course a RS model with a “narrow bulk Higgs” gives rise to the question, whether the
inevitable arising KK states give any meaningful contributions in the limit § — 0. A narrow
bulk KK Higgs is expected to have a mass of the T/§, therefore the naive expectation is
that the Higgs KK tower decouple for small §, i.e. becomes negligible. However, a recent
work [79] has shown that the effects of the full Higgs KK sum can produce sizeable effects
in certain one-loop processes even after performing the localisation limit. In order to have
a consistent description of KK Higgs modes, we abandon the ad-hoc regularization (2.64)
and implement the Higgs field as a full 5D scalar doublet. Since we require both a vacuum
expectation value and a zero-mode profile that is strongly localised near the IR brane we
need to introduce additional brane potentials on both the IR and UV brane. We will follow
the construction of [80] (see also [81]) and thus use the same Higgs profile as in [79]. The
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details of this realisation together with useful formulae are collected in Appendix B. The
5D profile of the vacuum expectation value takes the form

2(1+p) 32T g B2

where vgyy = v ~ 246 GeV denotes the SM Higgs vacuum expectation value (vev), and
the zero mode profile is, up to small corrections of order v?/T?, proportional to v(z). The
parameter 3 is related to the 5D mass of the Higgs field and determines the degree of IR
localisation; the larger S the stronger the localisation. Since we start with a genuine bulk
field it is always implied that g is finite until all other regulators have been removed.

In order to obtain the correct SM parameters in the low-energy limit the Yukawa matrices
and the Higgs self-coupling must themselves depend on 8. For the Yukawa matrices we
indicate this dependence by a superscript 8, while no superscript refers to the S-independent,
dimensionless matrix. The relation is (see Appendix B.3)

BZLQ—CLi-FCEj + 5
VE 201+ p)

with ¢r,, cg; the 5D mass parameters of the lepton fields in the Higgs-Yukawa interaction.

Ultimately, we are interested in large values of 8. Whenever we give a result for the
bulk Higgs case that does not show an explicit dependence on 3, we tacitly assume that the
B — oo limit has been taken, and the result should be valid up to corrections of O(1/8).
We will consider the three different implementations of the Higgs field:

(2.66)

e an exactly brane localised Higgs, that is we use (2.64) (necessary to avoid ambiguities
in the calculation), but take § — 0 first.

e a delta-function localised narrow bulk Higgs, that is we use (2.64), but keep ¢ finite
until all other regulators are removed, then 6 — 0. No Higgs KK modes are considered.

e a true bulk Higgs with the S-profile (2.65) and KK modes.

The second scenario is somewhat inconsistent as a Higgs field with a resolvable width should
be accompanied by resolvable KK excitations. We will still consider it, as it turns out that
this precisely captures the effect of the bulk Higgs zero-mode in the IR-localised § — oo
limit of the third scenario. In this thesis We will discuss explicitly the different localisation
prescriptions only if they lead to different results.

The inclusion of Higgs fields that can propagate throughout the bulk leads to interactions
between the wrong chiralities components of the 5D vector fermion fields. To understand
these so called wrong chirality Higgs couplings let us consider the Lagrangian of the leptonic
Yukawa sector:

T\° vy, -
LYukawa:_D (k) yl(] )(Lz(I))EJ

3
_ (i) o (Lys ®)Er; + (Lpi ®)Er ) (2.67)
where Ly r; = Pr/rL; and Er r; = Pr/pE;. For a brane Higgs the second term would
automatically vanish due to the boundary conditions of the right handed doublet fermion
profiles and the left handed singlet fermion wave function (2.39). However for a bulk and
even a narrow bulk Higgs this term does not vanish. The concept of wrong and rigth chirality
Higgs couplings was first introduced in [31].
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Figure 2.4: Tree level diagram contributing to gauge-boson vacuum polarisation. The boxes
represent the Higgs vev.

2.3.5 Minimal RS model constraints

In the previous sections we have seen seen that the minimal RS model contains for each
bulk field a possible large tower of heavy KK particles with masses of the order O(T'). The
solution of the gauge-gravity problem only demands [14,15] the parameter T to be in the
TeV region. However, for studies of the feasibility of possible experimental observations for
instance at the LHC @ 14 TeV center of mass energy it would be important to find a lower
bounds on the RS scale T

The strongest constraint on the scale of the extra dimension comes from Kaluza-Klein (KK)
gluon mediated AF = 2 processes—notably in the kaon system [82], which would suggest
T > 13TeV, i.e. gauge-boson masses larger than 33 TeV far beyond the reach of the LHC.
However this bound can be avoided by imposing some structure on the quark Yukawa ma-
trices in the five-dimensional (5D) theory [83] or by extending the strong gauge group [84].
Notably the RS contributions to the Higgs production yields 2 TeV @ 95% CL for Y, = 3 in
the minimal RS model [78]. However this bound depends on the size of the 5d Yukawas.
Therefore, one can always avoid this bound by theory points, which include small Yukawas.
Almost 5d parameter independent constraints on 7" are generated by the contributions of
the RS model to the electroweak precision observables. In particular the minimal RS model
contains tree-level contributions to the Peskin-Takeuchi parameters S and T [85]. In the
flavour basis these can be defined as [24]

S — 167 (I3 (0) — Wy (0)) (2.68)
2
T = T (H1y5(0) ~ T (0)), (2.69)

where I1;;(¢?) is the vacuum polarisation amplitude for the gauge-boson W* in SU(2) flavour
basis. [3¢(Q) is the vacuum polarisation between a W3 gauge-boson and a photon. At three
level there is no contribution to this amplitude [24]. The tree-level contributions to I1;;(¢?)
are generated via a coupling of the zero mode gauge-boson field to their KK excitations
through the Higgs vev, see figure 2.4. Using the 5D formalism one can directly express the
tree-level contributions as [24]

2
11, (q) = (fﬁo))Q(qf) gt ATMS (o;;) (2.70)
/ 2 (v?\? 4 14\ A ZMS 11
Haa(q)=(f§0)) (4) (6" +g'*) A <O’T’T)’ (2.71)

where AZMS i5 the zero mode subtracted gauge-boson propagator.In the 5D formalism it

can be directly obtained by Taylor expanding equation (2.61) with respect to the loop
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momentum.

ik (1 (1/T? —1/k?
AZMS(Q%O,Z‘,ZJ):@(a?—y) — (4{ / 1nﬁ/ _x2_y2—|—2x21n($T)
T T

+ 2y% In(yT) + 232 ln;} + (’)(qQ)) + @y (272

After a short calculation one can find for the oblique parameter T in the minimal model [23]

e k 1
AT=————[In| = | - ——~ 2.
2 cos? Oy T? (n(T) 2In (é?)) (2.73)
2712 1
AS = 1-— . 2.7
72 ( In <4z>> 21

Note that the contribution to the T parameter is logarithmic enhanced by a factor propor-
tional to the fifth dimension volume 1/k In (%) If we insist on the solution of the gauge
gravity problem of the original RS setup, then the logarithmic enhancement yields a factor
of In (%) ~ 36. There is no such enhancement for the contribution to the S parameter.
Hence the S parameter yields a weaker lower bound on the minimal possible Kaluza-Klein
mass than the T parameter. The oblique parameter AT leads to a constraint on the RS
scale T of T > 4TeV or a first Kaluza-Klein mass of an standard model gauge-boson of
around 10 TeV [23]|. Such masses for the lowest KK mass are beyond the reach of the LHC.

The most obvious way to remedy this situation would be to consider RS models with a
smaller fifth dimension volume, i.e. models where the logarithmic enhancement enhancement
factor In (%) becomes negligible. However, by doing so we would also loose the solution of
the gauge-gravity hierarchy problem. We will therefore not consider such a possibility in this
thesis. There is also the possibility, to introduce brane localised kinetic gauge-bosons terms
[86,87]. Nonetheless, kinetic gauge-bosons terms correspond to unknown UV physics beyond
the UV cut-off. Hence the introduction of such terms would further reduce the predictability
of the RS model. Another more exotic solution would be to deform the geometry of AdSs
close to the IR brane [88-90]. Albeit such models could potentially considered for this
thesis we want to stick to the original RS geometry. The last possibility to circumvent this
constraint, is to extend the bulk group with an explicit custodial symmetry [24-27,91]. That
is the ansatz we will be following in the next section.

2.4 The custodial protected RS model (RSc)

The discussion the last subsection 2.3.5 led to the conclusion that the minimal RS model
exhibits large 5D parameter independent tree-level contributions to the electroweak preci-
sion parameters. This leads to RS scales beyond the reach of the LHC. To mitigate these
constraints one can extend the gauge group of the RS model in the bulk. This brings us to
the custodial protected RS model, which we will introduce in the next subsections.

2.4.1 Gauge group

The construction of the custodial protected RS model starts at the consideration of the
gauge group. We choose the gauge group for this model is in the bulk

SU3).xSU(2), xSU(2)p xU(1)x x Prg. (2.75)
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The factor SU(2); x SU(2)y explicitly includes the custodial symmetry into the model.
This protects the Peskin-Takeuchi parameter from large contribution at three level [24], see
also section 2.4.5. The gauge group also includes the discrete Zy symmetry Pr, g , which is
defined by

PL,R: SU(2)L<—)SU(2)R (276)

To satisfy this symmetry the coupling constants of SU (2); and SU (2)y gauge field need to
be equal, i.e the following condition must be true the 5D coupling constants

95L = g5rR = gs- (2.77)

Also this symmetry can only be achieved by demanding that all fermion multiplets are
symmetric under the Pr, r transformation in this model. The inclusion of Py, r protects the
coupling Zbb to all orders [26]. The addition of the abelian U (1) x Symmetry is necessary
to fix the hypercharges on the correct values in this model.

In order to achieve the standard model gauge group and particle content the gauge group
has to broken on both branes. On the UV brane one breaks the gauge group by postulating
boundary conditions to the standard model gauge group

SU3), xSU(2), xSU@2)gxU(1)x x PL.rg = SU3),xSU((2), xU(1)g. (2.78)
On the IR-Brane the bulk symmetry is broken by a Higs vacuum expectation value

SU(2), x SU (2), < sU (2),

preserving the custodial symmetry on the IR-brane. By breaking the custodial symmetry
only on the UV-brane the effects of the explicit breaking of the custodial symmetry are
minimal for physical observables depending on the physics closely to the IR-brane.

2.4.2 Gauge and Higgs sector

The gauge sector consists out two SU(2) gauge-bosons fields W} , and one U (1), gauge-

)

boson X. Here the W} gauge field correspond to the known SU (2), gauge fields.
The symmetry breaking on the UV-brane

SU(Q)R X U(l)X — U(l)y (279)

yields directly the necessary boundary conditions for the different gauge-bosons.
To this end one identifies the Zx and B gauge fields by performing the following rotation
of the original fields
Wg = cos¢p Zx +singpB
X = —sin¢gZx +cos¢pB. (2.80)

The mixing angles are defined similar to the mixing of the B and W} field
95 95X
V95 + g5x V95 + 93x

where g5 is the 5D coupling of the SU(2)r,r gauge fields and gsx equals to the coupling of
the U (1) X gauge field. Thus, in the custodial protected protected Randall-Sundrum model

cos ¢ = sing = (2.81)
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the B gauge-boson field is generated by a mixing of a Wg and X field. Using this mixing
one can identify the U (1), hypercharge coupling constant by

/ g5 95X
gy = ————. (2.82)
TVt

To ensure the existence of the standard model gauge group on the UV brane and the custodial
symmetry on the IR brane, the boundary conditions of the different gauge fields must be
chosen the following way [26]

Wgu(+,+) ) W}g,u(fa‘i’) (283)
Bu(++4) » Zau(=4). (2.84)

Note that index b goes only from 1 to 2. Further, for gauge fields the + sign indicates
Neumann boundary conditions under the standard partial derivative 9,.

Due the choice of the boundary conditions the Wp,, and the B, fields have a massless zero
mode, while the new gauge bosons fields Wf’% and Z, only consist of a massive tower of KK
excitations. The 5D propagators for these fields can be found in Appendix A.2.2

The Higgs sector includes only small changes in the custodial protected Randall-Sundrum
model . The Higgs field is now written explicitly in the bi-doublet SU (2); x SU (2) form
raising the SU (2);, x SU(2)y invariance of the unbroken SM Higgs-action as a feature of
the model. In order to achieve the correct phenomenology the Higgs field has to be chosen
neutral under the U (1) y field. Hence we can write the Higgs field as

/2 — (h0 —in%) /V2
H = i ./f (B —in") /2 , (2.85)
(h0+z7r0) /2 /2

which can be also expressed by the known SU (2) Higgs doublet h as
H=(h e ). (2.86)

The field h° gets a vacuum expectation value such that

- 0 —v5/V2
(H) = ( Wi ) (2.87)

close to IR brane.

2.4.3 Fermion sector

To extended the gauge group of the custodial protected Randall-Sundrum model gives rise
to a more complicated set of fermion multiplets. We begin the discussion of the construction
of the fermion multiplets with the quarks, where the protection of the coupling Zbb to all
orders of perturbation theory gives the decisive constraints on the choice of the multiplets.
From now on we assume that all quark fields are triplets under the SU (2), symmetry. The
choice of the third component of the isospins of SU (2), and SU (2) and of the charge
of the X field are restricted by the fundamental electrical charge of each quark field. The
charge can be found by tracking the the mixing of the fields that lead the generation of the
B field

Q = T;+Tp+Qx, (2.88)
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where Tf’,  is the third component of the SU (2) 1, hypercharge and Qx the charge of the
U (1) field.

Then the protection of the coupling Zbb yields the constraint T = T3 = —% for the left-
handed bottom quark [26]. This implies that the(tz, br,) quark doublet transforms as a (2, 2)
bi-doublet under the SU (2); x SU (2) gauge group. In order to ensure flavour symmetry
one applies this also to the (u;,d;) and (sp,cr) doublets. To generate the correct charge for
the left-handed bottom quark field the (2,2) bi-doublet has to have the charge Qx = 2/3.
This fixes all quantum numbers of the bi-doublet for all flavours leading to new fermion
fields with charge 5/3.

To implement the right handed up and down type quarks one starts first to consider the
constraints coming from the construction of a standard model compatible Yukawa interac-
tion yields. To construct such Yukawa interaction we need terms, which couple left-handed
chirality quark fields with right-handed chirality quark fields. Since the Higgs doublet does
not carry any charge under the U (1) field this fixes the charge Qx of the right-handed
quark fields to be 2/3.

Thus the right-handed up-type quarks needs to satisfy 75 = 0 to get the correct electrical
charge in this model. The Pr, g symmetry then yields that the right-handed up quarks are
SU (2), x SU (2)y singlets.

For the right-handed down type quarks we find T3 = —1. This means that these quark
fields are at least contained as the components of a SU (2) , triplet, which would mean after
taking the P, g symmetry into account a (3,1) ® (1,3) triplet of SU (2), x SU (2)p. This
is only the most economic choice of parametrisation. In principle, the d; quarks could be
contained as components of a (25 4+ 1,1) ® (1,25 + 1) representation of SU (2), x SU (2) .
For j > 1 there might be problems to write down the Yukawa interactions of the quark fields,
because in this case the (25 +1,1) ® (1,25 + 1) contains quarks with electric charge larger
than ¢ = 5/3, which is the largest charge one can obtain with bi-doublet for the left-handed
quark fields.

For now on we will restrict us to the case j = 1. We find for the quark fields the represen-
tations per generation i ( i=1,2,3) [26]

fi _ X%i (_7+)5/3 qqlfi (+v+)2/3
L = : A
X% (= +)ay3 a7 (+, +)_1/3

&r = ug (+,+)2/3
A ‘ A ‘I:’% (= +)s/3 U (= +)s/3
Gr = T3r@TiR= Uk (= )z | @ Ur(=+)ays | (2.89)
D}% (7a+)—1/3 D}—E (+a+)—1/3

where the subscript of the different quark fields gives the electrical charge the signs in paren-
theses are the boundary conditions on the UV and IR brane. These boundary conditions
where chosen such way, that each standard model quark field has (+,+) boundary conditions
ensuring the existence of a zero-mode field. For the new field one cannot choose Drichelet
boundary conditions on both frames, since the fields of opposite chirality would then have
(-,-) boundary conditions due to the coupling of the mode equations and therefore a massless
zero-mode field. Hence these quark fields have to have mixed boundary conditions.

The embedding the leptons into SU (2);, x SU (2)g multiplets is achieved by using the same
arguments as in the quark case. To achieve the correct electrical charges for the SM lepton
fields, all leptons have to be neutral under the U (1), gauge field. Thus there is a global
lepton charge 2/3 difference for all components of the lepton multiplets compared to the
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quark case. We write the lepton multiplets for every generation i as

q (x?‘(—,ﬂl lf<+7+>o>

N N G N G I

Sk = ve(++)

| o X (=+), X (=),

Yo = Tip@Tin=| Ni(—+) |®]| Ni(—+), |- (2.90)
Lig (= 4)_, B (+,4)

As for the quark case all standard model like leptons satisfy(+, +) boundary conditions. It
is noteworthy that this model includes a right-handed neutrino.

Note that this choice of multiplets is not the minimal possible incorporation of the extended
gauge group in the lepton sector. That because the protection of the ZI is not necessary
for leptons. Instead of the complicated triplet structure we could embed the right handed
neutrino together with the SM singlet fermion and the SM doublet into a SU(2);,x SU(2)r
(1,2) multiplet. However such an extension does not differ much from the minimal setup.
Therefore we use the next to minimal version of the custodial protected RS model (RSc) in
the lepton sector.

2.4.4 Fundamental 5D action

We decompose the action of the custodial protected Randall-Sundrum model in four parts

-

S = /d41' /dy (Egauge + Efermion + EHiggs + ‘CYuk) : (291)

k
The enhanced gauge group of the custodial protected Randall-Sundrum model leads to
additional term in gauge Lagrangian

1 1 1 1
Cgauge _ \/g |:_4G£INGA1\/[N o Z aijLaMN o ZR%\/[NRQNIN o 4XJWNX]\/IN:| +»CGF~

(2.92)
Here G4, corresponds to the SU (3) field strength tensor

Gy = NGy — OGN — g5 PO GRGS, (2.93)
where g5, is the strong 5D coupling.

The tensor L$, 5 and R3;,, are the field strength tensor of the SU (2), and SU (2), gauge
fields

Ly = ONWEy — OuWE N + gs€™We W WE L, (2.94)
Ryy = ONWgry —OuWgRN + gsﬁaﬂﬂ{WgNWgM- (2.95)

We only write down the fundamental 5D Lagrangian for the quarks, because due to the
organisation of the leptons in similar multiplets thw lepton sector does not differ much aside
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from missing gluon interaction terms. The Lagrangian for all quark fields is given by [26]

Cromon = ST [0 T (DR (6 (6, (G000~ 1) 61,
+(8) i (D3) (&) + (&) (e — M) (&)
+(T) v (DR, (T3), + (T5) (irwnr —055) (13)
# (B) 007 (D4, (B1),, + (83), (0mns = 085) (T5) |+ he296)
M

where e, is the vielbein and wy; the spin-connection for spin 1/2 fields.
With this definition the covariant derivatives for the quark fields can be found to be [26]

(Dll\/l)ab af = (8M - Z..giistAC:x]?/I - igXQXXM) 6ab5(x6
. (9, . (T
—195( 2) bW£M6a5 — ig50ab 9 /BWI%M (2.97)
(D) = O —igsst” Gy —igxQxXu (2.98)
(D3),, = (0m —igsst*Gay —igxQxXar) ap — g5 “WF oy (2.99)
(D31) s = (O —igsst Gy —igxQx Xnr) Sap — g5e* W, 5y (2.100)

As usual t4 = A\1/2 are the fundamental generators of SU (3), where A are the known
Gell-Mann matrices. The generators of the SU (2), (SU (2)) fundamental representation
are the usual Pauli matrices 7 (7). Note that the generators of SU (2), p do have the
same matrices, but due to the different indices they work on different internal spaces.

One should be aware of that inside the Lagrangian the triplets Tg and Tj are not written in
the form of (2.89). Instead one writes them here as

(75) = i (b - b (1) = | S -py |, (2.101)
0 U

to reproduce all gauge-fermion interactions, which appear in the standard model. This no-
tation is used to shorten the form of the Lagrangian.

The application of this Lagrangian to the lepton sector is straightforward since the lepton
multiplets have the same form as the quark fields. To perform the adaptation of the La-
grangian one just has to remove the coupling to the strong gauge field Gf/l and set the
charges Qx to zero, since lepton multiplets are not charged under the U (1) field. Note
that for the leptons the components of the T§ and T, 1 are given as

Lo(Ni Li i i
B Z (M +L 3 7 A+ B
(75) = N (73) = B | (2.102)
N N

In the RSc model the Lagrangian for the Higgs bi-doublet field can be written as
e t
Lriggs =0y — 7)\3 (D,H),,(D"H),,—V (H) |, (2.103)
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where we only write down case for an exactly brane localised Higgs. V (H) is the potential
of the Higgs field leading to the correct electro-weak-symmetry breaking. Note that for our
choice for the form of the Higgs vev one has to put an additional factor 1/2 before the
kinetic term to generate the correct gauge-Higgs vertices. The covariant derivative of the
Higgs bi-doublet has the form

()
2

() ~——PWY Hep. (2.104)

(DUH)a —a Haa +'Lg abWLyHba+ g
Remember that H does not have a charge @), which is the reason why there is no coupling
to the X field. Thus the coupling of the Higgs bi-doublet to the B gauge field is only gen-
erated by the W]?i field. The kinetic term of the Higgs action contains the operators, which
lead to the tree-level contributions to the Peskin-Takeuchi S and T after EWSB.

The Lagrangian of the Yukawa is constrained fundamentally by the Yukawa SM Lagrangian,
which should be obtainable through a Kaluza-Klein decomposition of all fields. This require-
ment yields a term of the form & H¢) and a term of the form of £&i7HTy. That is because the
first term contains the zero-mode term w;hug and the second term contains a zero-mode
term dphdg. Then due to the Pp, r symmetry the Yukawa Lagrangian should also contain
a term of the form &7 HTY .

Hence the most general Yukawa Lagrangian one can write down is as follows in the custodial
protected Randall-Sundrum model [26]

1\ (T & _ ,
Lyue = —0 (y_T> (k:) Z [— 5pij (€1) 4o Haos
ij=1

VN |(6),0 52 (), Hio + (@)

(7

2

B (ij{)7 Hw} + hec..
(2.105)

The additional v/2 in the second term appears to cancel the 1v/2 factor coming from com-
ponents of the SU (2),, p TY jtriplets.

2.4.5 RSc constraints

With the formulation of the RS model with custodial protection at hand we can now go
back to the computation of the electroweak precision parameter S and T. The RSc model
contains the minimal RS contributions to the II;;(¢?) amplitudes. However, I133(g?) obtains
also the contribution of a Zx exchange. That is because the B boson is generated via a
mixing of the X and W} boson on the UV brane in the RSc model. Thus, we can directly
translate any diagram, that includes a B boson exchange, into an RSc diagram with Zx
exchange. The new contribution to II33(¢?) has the form

9\ 2
53(0) = (fﬁo))Z (1) IixDpm (0, % ;) . (2.106)

The propagator A, is calculated in Appendix A.2.2 explicitly. The zero momentum Taylor
expansion can be found as

App(qg — 0,2,y) = ;—k [k*min{z?,y*} — 1] . (2.107)
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Then together with the relation of the new coupling gx with respect to SU(2)r, x U(1)p
coupling constants constants

9x=9"—4" (2.108)
we find for the RSc model [23]
72 1
AT = — 2.1
4cos? 0w T2 In (%) (2.109)
2702 1
AS = 1-— . 2.110
T2 < In (éi)) ( )

We observe that the log enhancement drops for the in the RSc model contribution to the
T parameter (2.109). In fact, this lowers significantly the lower on 7" generated by the T
parameter, such that the main constrain on the RS scale T' comes from the S parameter.
For the RSc model the electroweak precision parameters yield a lower bound of T' > 2.3
TeV [23]. This corresponds to lowest gauge boson Kaluza Klein mass of about 5.6 TeV.
Thus even with the custodial symmetry the chance of a discovery of the RS model by direct
production at the LHC is not large.

Additionally due to the larger set of heavy fermion field the RSc yields larger contributions
to loop-induced processes, which are sensitive to the amount of heavy particles inside the
loops. One such process is the Higgs production, where the KK scale T can be constrained
up to (4) TeV @95% CL for Y, = 3 for a the RSc model with narrow bulk Higgs [78]. That
is almost double the size of the Higgs production bounds to the minimal RS model. For
large Yukawas this bound alone would destroy all gains by the introduction of the extended

gauge group.
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Chapter 3

Effective Field Theory

As seen in the last chapter the typical scale of the RS model is determined by the parameter
T, which is lies in the O(TeV) range. Thus, due to the clear separation of the electroweak
scale and the KK scale it is perfectly valid to organise the calculation of all low energy
observables in an effective theory by integrating the heavy 5D degrees out. In this chapter
we first introduce this effective theory EFT in the lepton as well as in the quark sector
in the first section. We then focus first on the determination of the lepton observables
uw— ey, p — 3e, uN — eN in terms of the EFT. That is being achieved by matching to
appropriate low energy Lagrangians, which allow an easy evaluation of all considered lepton
processes. In the end of this chapter we then match the dimension six EFT on an effective
weak Hamiltonian. That is then used for the computation of B — X, 7.

3.1 Dimension six Lagrangian

In this thesis thesis, we follow the ansatz of [28], i.e. the heavy degrees of freedom get
incorporated into an effective SM Lagrangian, which includes the SM and SU(3)xSU(2) x
U(1) invariant higher-dimension operators

1 .
Lrs = Lsm + Tz Z O; = L + LI™O, (3.1)

where we use T as the dimensional expansion parameter for our effective theory. We capture
the dominant effects with the dimension six operators of the Buchmiiller-Wyller Lagrangian
[61]. For this thesis we use the minimal basis provided by [52].

As the muon g-2 calculation is just a mere extension of the similar computation [28] for
the minimal RS setup, we follow for the selection of dimension six operators the strategy
of [28]. That means, that we turn special attention to the matrix element f; — f;~, where
f can be either a lepton field or an parton. Under this process we select operators that
either contribute at tree-level to this matrix element, but are generated at one-loop level in
the RS model, or contribute at one-loop level for the matrix element of the EFT, but are
generated at tree-level in the 5D theory. Furthermore we take all four fermion operators
into account, which contribute at three level via neutral currents like to processes like for
instance p — 3e. All operators considered for this thesis are of dimension six. The only
dimension five operator in the lepton sector of [52] does not contribute either to flavour
conserving or flavour violating processes.
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CHAPTER 3. EFFECTIVE FIELD THEORY

In the lepton sector, our complete dimension six Lagrangian before electroweak symmetry
breaking is given by

Limd = al(Lio" E;)®B,, + ajy (Lit" 0" E;)®W ), + h.c.

Lepton iJ

+ 055 (Liv* L) (Liyu Ln) + bP (Liy* L) (Ejvu Ej) + b5 P (B B ) (B, E;)
— _ — . — _

+ cgjqﬂi D, ®(E.E)) + cquﬂi D, ®(Liv,L;) + cg’jq)TiTADM(I)(LiTAij)

+ hi; (®T®)L;PE; + h.c.

2 D b ) @) + 0 (Lt L) Qi Q) (3:2)
{=E,L q=Q,U,D

where T4 are the SU(2) generators in the appropriate representation (e.g. T4 = 74 /2 with
74 the Pauli matrices for the doublet), and Y the hypercharge. The hermitian conjugate
in (3.2) only applies to terms in the same line. Of all the operators given in (3.2) only the
dipole operators in the first line cannot be generated at tree-level in the RS model. These
operators are also the only ones, which contribute to the process f; — f;v at tree-level.
The flavour structure of the four fermion operators in (3.2) is not the most general one as
it is already adapted to the form of the Wilson coefficients, which can be generated in the
RS model. Even though Lagrangian (3.2) aims at the study of low energy processes in the
lepton sector it also includes four fermion operators with an mixing of quark and lepton
fields. These operator are necessary for the muon conversion in nuclei.

In the quark sector we focus on the KK contribution of the gluon exchange to B — X, .
Therefore we consider here only on dimension six operators that can be generated by the
exchange of Kaluza-Klein gluons in the RS model. Furthermore we can forego all operators
that do not contribute at leading logarithmic (1) accuracy to b — s+. This yields the
dimension six Lagrangian

L

quark

= aijz‘I’UWTAD GA + aq i (Qic" D;)®B,, + aq i (QitA0" D, ;) + h.c.
+ bQ‘QQWMT Qi Qj%LTAQj + b'Q'UQi’Y“TAQi j’YuT U;
+02P Q" TAU; D, TAD; + PP Dy#TAD; Dy, TAD,
+ b2V Diy"TAD; Uy, TAU;
+on (3.3)

where ); corresponds to a quark doublet of with generation index ¢; D and U are down- and
up-type singlets. G and F' are gluonic and electromagnetic field strength tensor, respectively.
T4 is a generator of SU(3) in the fundamental representation. The ellipses indicate a
sizeable set of omitted operators. These are either operator like @Tiﬁufb(di'yudj), which
cannot be generated by QCD, or operators like (@T@)Qi@dj, which do not contribute at 11
accuracy. Obviously, exchange of hypercharge bosons and SU(2) bosons will also generate
four-fermion operators, contribute to both dipoles and give rise to operators of the schematic
form <I>TD#<I> @y*q. The latter class of operators will contribute to e.g. flavour-changing 7
couplings.

The U(1) gauge coupling at a scale of 1 TeV is roughly a1y ~ 0.01. The SU(2), coupling is
significantly larger with agy(2)(1 = 1 TeV) ~ 0.032, but still smaller than a,(u =1 TeV) =
0.09. The fact that the weak coupling is only about a factor of three smaller than the strong
coupling may warrant including weak effects in the matching calculation. Including the
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3.1. DIMENSION SIX LAGRANGIAN

effect of the other gauge bosons is not a principle problem; their contribution to the four-
fermion coefficients as well as the dipole coefficients can directly be obtained from results
for leptonic dipoles.

A further effect that would have be taken into account when considering weak corrections
is the modification of of SM parameters and relations that have been utilised in the SM
computation. In particular the relation of Gp and the W mass, that is frequently used
when rewriting the SM expressions is affected by higher-dimensional operators (see [92] for
the general case and [93] for the a discussion within the RS model).

Note that the Lagrangians (3.2) and (3.3) are initially written in the unbroken flavour basis.
We introduce the transition to the broken theory with a broke electroweak gauge symmetry
via the standard substitution rules,

¢+ ) Vj
P — 1 i L, — UijPL E;, — V;‘jPREj (34)
Ufsu;
Qi Pl 1 U; — V' Pru; D; — Vi Ppd, (3.5)
1] J

and
Dy = 8, —ieQA, — 9(T% — 2,Q)2, — L (1" +ir YW — (1 _iryWo, (3.6)
cw NG D) "
with Z, = ewW? — swBy, and A, = cwB, + swW2. Inserting (3.4) and (3.6) into
(3.2) generates many operators, most of which cannot contribute to the processes we are
interested in, see [28] for details. Collecting all operators that contribute according to the
strategy above the lepton sector Lagrangian sector dimension six Lagrangian becomes

A A* A A*
aij—l—aji v - Qi — O

roken v 2 v v ) UV
‘Ct[),epIZ()n = 9 ﬁ (61’0’” Ej)F;u/ + %ﬁ (4ot ’Y5€j)FM
+ BER (" Prt;) (0o PrE) + Bl (0" Ppt;) (U, Prly)

+ Bz’jkl( W“PLE')(EWILPL&)

‘CLepton

%J y Z“(MMPRE ) — [+ 19— Ty Z“(MMPLK )
+ i 2\TW+ H (@i Prt;) + hee.
v 2
" (Pt (Z;Prt;) + h.c.

+ Nij—— B \[ +Nij —7= \[

+ Bk (Ly* Pri;) (" Pruy) + Bl (€ Pr;) (dey" Prd;)
+ 5131@1( V" Prl;)(uey" Prw) + ﬁijkl( iy" Pre;) (dey" Prdy)
+ BEk Ly Ppe;) (upy" Pru) + By (6y" Ppt;) (dpy" Prdy)
+(BEE = BE ) By PLt;) (™ Prun)
(ﬁzgkz ZLJZ?)( (i Pty)(dey" Prdy) (3.7)
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with PL/R = %(1 F ’)/5), and

A A
O[Z] = [UTG, V]”, 'YZJ = Z zm ’I’Lj mn7
m,n
Nij = Z[UT]zmhmnVn] 5 71] - Z im n] Crn (l‘ = 2, 3) N
n,m
iLjIEl = Z [UT]lmUnJ [UT]koUpl bg],l;zop ) 75]5 = Z [MT]ann] [M/Jr]km 1/nl bﬁ;lF . (38)
™m,n,0,p m,n
Here aA = cWaB—sWaU , MY e {U,V,U*, V* U? V%) are the appropriate flavour rotation

matrices for the fermion F(), and a similar definition applies to ﬁijk?. In the the quark

sector, we apply the identical definitions. We find for the effective Lagrangian in the quark
sector

Agq Aqg* Aq Aqg*
aj;’ + o’ (Lo d;) ey + R Ly g D;)F.,
2 f nv 2 f 5
af; \[(d o TAd )G, + BHR (diy" T Prd;) (diy, T* Prd;)

+ ggl( (1738 T PR’U,])(U,]C")/#T PRUZ)
+ Z 522} (1 Y*"TAPrqu ;) (diy, T4 Prdy)

1ud

+ ) 527& (@ V" T Pray ) (v, T Pruy)

q1=u,d

+ﬁ§Z§qu > (@i TAPray ;) (@29 Prazy), (3.9)

q1,92=u,d

dim6 broken __
‘CQuark - ‘CQuark -

where we use use the abbreviation
fhep = [RTRT )05 T RIGR], (3.10)

with the appropriate flavour rotation matrices R “ for all quark four fermio operators.

3.2 Lepton low energy observables

The main observables considered for this thesis are the radiative transitions of the type
{1 — Loy, the lepton conversion close to nuclei, and tri-lepton decays ¢; — 3/¢3. These
processes are usually studied in high intensity, low energy set-ups. The typical energy release
of the process is the mass of the initial (charged) lepton, a muon or a tau. Our strategy is
to construct an effective low energy langrangian out of the at the electroweak scale defined
dimension six Lagrangian of the last section. The constuction is done by integrating out
the heavy gauge-bosons and quarks and the fluctuations associated with scales above the
charged lepton mass. For yu — ey, muon conversion and pu — 3e such low-energy theories
have been discussed in great detail in the literature, see e.g. [94,95], and especially [96].
We follow [96] and consider first the determination of the muon g-2 and the radiative decay
© — ey. We use the Lagrangian

‘Cfi*%j’}/ :ARijmiEjJUngpPREi + ALijmiZjUUngpPL& + h.c. s (311)
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3.2. LEPTON LOW ENERGY OBSERVABLES

where our convention for Ap p and g¢; below differs from [96], Eq. (54) by the factor
—4Gr/v/2 and complex conjugation. In order to incorporate directly at this step lepton
conserving transitions we generalised the Lagrangian [96] to arbitrary initial and final lep-
ton states. The label i and j denote the lepton flavour (i,j = epu7), i.e. for the process
i — ey one has to consider calculate the coeflicients Ay, g .. This Lagrangian is supposed
to be valid at scales below the mass of the lepton of the generation j—all quantum fluc-
tuations involving leptons have been integrated out and have been absorbed into the two
coefficients of the dipole operators. In fact instead of this Lagrangian we might just as
well consider the general U(1).,, invariant vertex function for on-shell fermions (the photon
momentum ¢ is ingoing)

. _ 2 ] a_uz/q 2
FZ(pap/) = ieQu(p’,s") {’Y“Fuj(q )+ 2777% ij W:V5F3ij(q )

+ (¢*9" — da") 75F4ij(q2)] u;(p,s) - (3.12)

The on-shell dipole form factors of the electromagnetic muon-electron vertex are related to
the coefficients Ay, and Ag by

Apiy = Qee(F24;(0) ;ingj(o)) Api = Qee(Fi;(0) ng'ngj(O)) 7 (3.13)

4m; 4m;

where Q; = —1 is the electron charge in units of the positron charge e.
Using these results we can directly express the g-2 and the electric dipole moment of an
arbitrary lepton as

2
a; = —4%Re(ARii) (314)

Up to terms suppressed by powers of the ¢; mass the branching fraction ¢; — £;y can be
written as [96]

5
ms:
Br(t; — 4jy) = HQALUP +[Agryl%) . (3.16)

Here I'; is the total decay width of ¢;, where i = u, 7
The process u — 3e is described by the extended Lagrangian [96]

Ep,—)e/Se = ARn’iugeaﬂpfjopPRép, + 147Lmuge?UpFopPL£u
+gl ‘gePRgu gePRge + g2 EePLZ;L gePLge
+93 EB’YVPRE,LL ZG,‘YVPREC + 94 ZC’YVPLK;L Ee’YVPLge
+ g5 Ee'y”PRéu Loy, Prle + g6 Zew”PLéu Loy, Prl, + h.c.. (3.17)

For convenience we dropped the general flavour notation at this part, i.e. the Wilson co-
efficients Ay r satisfy the trivial relation Ar g = Ar rpe. The generalisation to arbitrary
flavours is straightforward. Note that the coefficients Ay, r and g; have mass dimension —2.
The appearance of the same coefficients Ay, g as in (3.11) indicates that all quantum fluctu-
ations are again integrated out. In practice, absorbing e.g. electron loop diagrams involving
a four-fermion operator into A r and into a loop correction to the g; is convenient as we
do not have to treat the different lepton flavours separately. In particular, in writing (3.17)
the effect of the off-shell (¢? # 0) form factors in (3.12) is absorbed into the g; coefficients
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CHAPTER 3. EFFECTIVE FIELD THEORY

(see the [96] for details). In any case, since this represents a loop correction to the Wilson
coeflicients, which are already generated at the tree-level, we neglect these effects in our
calculation.
The branching fraction of © — 3e can easily be expressed through the coefficients g; and
AL,R [96]1
m, |g1]% + |g2|?

Br(p — 3e) = 15367:3FM 3 +2(lg51* + 19al?) + lgs* + [g6/?

—8eRe[ARr (291 + g5) + AL(295 + 93)]

voae(n e~ qap 1 ag) (3.18)
Me 8
with I', the muon decay width. The first line arises from tree-level KK exchange in the RS
model, while the second and third involve the loop-induced dipole operator coefficients. One
reason to keep the contribution of the loop-induced dipole operator here is the significant
enhancement factor (In % — %) This argument might be misleading at first glance as
one-loop corrections to the g; may have a similar logarithmic enhancement. However one-
loop contribution to the g; induce only small shifts to the coefficients without altering the
general expression. The loop suppressed contributions of the dipole operator on the other
hand induce a sensitivity of the processes to other aspects of the underlying theory. In RS
models A r have a specific dependence on the Yukawa couplings, which can provide an
important contribution to the branching fraction in sizeable parts of the model parameter
space. In these regions the effect of Ay r should not be neglected, as it will significantly
alter the signatures of the RS model in flavour observables.

Muon conversion in nuclei is mediated by both, operators containing quark fields and
electromagnetic dipole operators. The effective Lagrangian is [96,97]

E}LN*)BN = ARmHZEUUngpPRE# + ALm#ZEUUngpPL&L
+ Z C;I/Rg_e'YVPReu(Tqu + Z Cl\I/LEe'YVPLE,u(j’qu
q=u,d q=u,d

Mgy, = _ Mgy, - _
+ Z ]\(142/ & lePrludq + Z A}ig;chEePLﬂuqq

g=u,d,s H q=u,d,s
asmy, 1~ A,op A AsMy R 5 A,op A
Sl PRGN G, & SRl PG G ), 1 e (3.19)

+

Here My denotes the Higgs mass, and Gf}l, is the gluon field strength tensor. We do not
include operators with pseudo-scalar, axial vector or tensor quark currents. Their contri-
butions are suppressed by the nucleon number conservation of the target nuclei and can be
neglected. We also neglect the strange quark contribution in the vector operators, since the
coefficient is not enhanced by the strange-quark mass. The conversion branching fraction
depends on properties of the nucleus that participates in the reaction. The expression, taken
from [95,97] and adjusted to match our conventions, is

=

m? ~ - -
Br(uN = eN) = —t—|AxD+4 [m&? (G —127CY ) S” + Ch V7
capture H
2
+{p— n}} +{L + R}, (3.20)

1The sign of the interference term (second line in (3.18)) depends on the convention for the covariant
derivative. In the convention of [96] the sign is ‘+’. This is compensated by the Wilson coefficients Ap, g,
the sign of which is also convention dependent.
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D1 P4
Va U
P2 b3

Figure 3.1: Left: Matching of LF'V couplings of the Z-boson onto four-fermion operators in
the low-energy theory. Right: Higgs exchange diagram that contributes to g; 2 and cqs R/L"

where I'capture is the total muon capture rate for nucleus N. The coefficients D, yp/n Sp/n
(the superscript refers to the proton and neutron) encode properties of the target nucleus,
see [95]. The tilded coefficients are defined as

Ct, = > 7, (3.21)
q=u,d,s

CP e = Chofb (3.22)

Ch, = > ot (3.23)
q=u,d

and analogously for the p — n and L — R cases. The form factors f"" and f‘l;q" parametrise
the coupling strengths of the quark scalar and vector currents of flavour g to nucleons, re-
spectively. fQ’" represent the scalar couplings of heavy quarks (¢, b or t).

Following the expression of all in this thesis considered lepton observables in terms of the
effective low energy Lagrangians we now focus on the matching of the dimension six La-
grangian to the Wilson coefficients of the low energy Lagrangians. We start with the
tree-level matching of the four-fermion operators, which is straightforward. However the
four-fermion operators in (3.17), (3.19) also can be generated by lepton flavour Z-Boson
exchange ¢;v, Pr, rl; Z" once the Z boson is integrated out , see Figure 3.1 . For example,
in case of u — 3e, the insertion of f.y* Prl,Z, evaluates to

. . 2s2, —1 B
iM= 17112 WTue (pQ)'Y#PRUu (pl) Ue (p4)'YHPL'Ue (p3)
+ sy e (p2)V" Prtyu(p1) Ge(pa)y* Proe(ps) + Fierzed diagram| (3.24)

which gives a contribution to g3 and g5.7%3 will lead to contributions to g4 and gg. Contri-
butions to ¢{, ; follow analogously. Thus we find the relations:

g1=92=0 (3.25)
1
gs = (S%V%z + Bioh + 51112) (3.26)
1 252
= Ts ( W2 712 +93y) + Bist + 51112) (3.27)
1 25
= T ( 5 712 + 51112) (3.28)
1
= T2 (5 (Vi +73a) + 51211) ) (3.29)
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Figure 3.2: All tree and one-loop diagrams contributing to Ay /.

. 1 1 8
Cyr = ﬁ /81211 51211 + ’Y12 (1 35%4/>} (3.30)
u 1 LQ LrQ L, 5 3 8
v = o7z |P1211 T Pi2il + 51211 +5 D) (712 + ’712) 1- gSW (3.31)
1 i 1 4
r = T2 o+ 51211 + 2’712 <_1 + 33%4/)] (3.32)
d 1 L, 5 3 4,
Vi T 5 51211 + 51211 + 85, + 5 (V2 +2) -1+ 35w (3.33)
— v
c = —— 3.34
SL 72 M (3.34)
q _ v t
c = —— , 3.35
SR \/§muT2 [']12 ( )
as well as [98,99]
ck = b cl cl = . Z cln. (3.36)
9 12w SE 9 12w SR

g=c,b;t q=c,b,t

Note that the expressions (3.36) result from the nucleus nucleus matrix element of (n|gq |n),
where q= s,b,t are heavy quarks. These matrix elements can be put in relation to the
gluon condensate matrix element via a triangle anomaly diagram, where the heavy quark
condensate decays to two gluons in the presence of the nucleus. With a heavy quark theory
expansion one can find [98]

_ g Y a?
mg (n]qqln) = -3 o= (n| GGy In) + O <m2> (3.37)
q

It should be noted that g; and g receive contributions from the tree-level Higgs exchange
diagram, Figure 3.1 (right diagram), with an insertion of one flavour-changing Higgs operator
hZiPRﬁj + h.c., but these are suppressed by powers of the electron mass (light lepton mass in
the general case) and we neglect them. The same diagram (with the two fermion lines on the
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right being quarks) also generates ¢, . Here we should comment on a (well-known) subtlety.
Naively, the operator Li<I>Ej<I>T<I> in (3.2) modifies the Yukawa interaction according to

hi; PRt (3.38)

Yij ;7 Yij , 7 30
\@ RYj \/i RYj JQﬂTQ

after electroweak symmetry breaking but before flavour rotations. Here y;; is not the SM
Yukawa coupling but the coefficient of the operator L; ®E; in the dimension-four Lagrangian.
However, the fermion mass matrix is also modified by dimension-six operator,

3
Yijv - _ Yijv
NG — My = vz Iy T (3.39)

Since the flavour rotation matrices U and V' by construction diagonalise the modified mass
term m;;, we have to rewrite the shift of the Yukawa couplings as (see also [49])

2

1 302 - My 4 v -

As a consequence the factor 3/2 in the flavour-violating Higgs interaction hf; Pr¢; + h.c. of
(3.7) must be replaced by 1 for the computation of ¢%, , ¢, above.

The determination of the coefficients Ay, g is more complicated. One can identify three
contributions: (1) from tree or one-loop diagrams involving the operators in the dimension-
six Lagrangian [28,54]. All relevant diagrams are drawn in figure 3.2. Their contribution
has been already calculated in the naive dimensional regularisation scheme in [28], which
involves anti-commuting 5 matrices. The only contributions missing in [28] are the diagrams
el and e2. We will not repeat this part of the calculation of [28] at this point. The diagrams
el and e2 are standard electroweak one-loop diagrams. The second contribution to Ar g
is coming from dimension-eight operators, which may become relevant if the dimension-six
contributions are suppressed. We will discuss them later specifically in the context of the
RS model. (This contribution can effectively be included via a modification of the a7 y;
Wilson coefficients.) (3) from enhanced two-loop “Barr-Zee type diagrams” with a flavour-
changing Higgs coupling [100], see [101] for a discussion in the context of 1 — ey. An
example diagram, which avoids the coupling of the Higgs boson to a light lepton through
the coupling to a top or gauge-boson loop, is shown in Figure 3.3. These terms are known to
give sizeable contributions in models where the Higgs interactions are the dominant sources
of new flavour violation. In the RS model this is generally not the case. Nonetheless we
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|
~

Figure 3.3: Example of a Barr-Zee type diagram. The box denotes the insertion of the
lepton-flavour violating Higgs interaction. The internal gauge-boson can be a Z or a photon.

include these terms as they may become relevant in specific scenarios. We obtain?

_ AV Qee EL
miARij = aj; \/§T2 Z 167T2T2 jkki

Qe 3 3
_ W 5%/1/ [mz(’YJQz + ’Y?i) + mz"Y;i] + mi'yfi - §mi’Y?¢ - §mi'y;i
v2
+ Apz {nji\/—TQ] (3.41)
Qe
miALij = [aA jZ Z o3 fkﬁkzjk
f T2 A, 16m°T
Qe 3 3
~ 3(an) e sty [ms(vi + 75 + mav)s] +mivd — imﬂfi - §m”31i
v
+Apz |y V272’ (3.42)
where [101]
Q e m\/iG v 23 3
ABZ = % ZNCQ?f(Tt) - 3f(TW) - ?g(’rw) — Zh(rw)

fow) —glrw) | 1—4dsiy [1—4Q:siy, =
M + 45%{/ Ac 2 2N, Qtf(rtartz)

— 3 6= /)] <rwmwz>—§<7 5% /4 )alrw rwz) — Sg(rw)

2
3 1—s%,/c ~ ~
- *h(TW) - +/W (f(TWﬂ”WZ) - Q(TW,T‘WZ))}
Tw
i (D(?’a)( ) Dégb)(rw) + Dg?’c) (Tw) + D£3d) (Tw) + D£3e) (Tw)
SW
+ D) (rz) + DI (r7) + DI (w))] (3.43)

with 1y = Mo, /Miigeer Tty = Miop/My, Twz = miy/my , rw = My /M., 72 =
m2Z/MI2ﬁggS7 and N, = 3,Q; = 2/3. The functions f,g,h and f,§ can be found in [101] and

2In practice, we can drop the terms proportional to the lighter lepton mass, here me.
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the functions DX in [102]. Note again that relative signs in (3.41), (3.42) depend on the
convention for the covariant derivative.

All expressions for y — 3e and 1 — e in this section can be trivially extended to 7 — ey
or 7 — 3 by exchanging the appropriate flavour indices, masses and widths. We note that
we do not take into account the running of the Wilson coefficients between the high and
the low scale in the lepton sector, see e.g. [92,103,104] for the anomalous dimensions of the
dimension-six operator basis.

3.3 Effective weak Hamiltonian

The typical energy release in a decay of the type B — X~ is of the order of the b quark
mass and a typical scale choice is thus u, = Mp/2 ~ 2.6 GeV. From the Standard Model
calculation of b — sv in the framework of the weak effective Hamiltonian, see [105] for an
overview, it is known that the RGE evolution from the weak scale puy ~ My down to puy
introduces sizeable operator mixing [106,107].

Our matching of the dimension six Lagrangian was done at the high scale T', which means
that QCD corrections are bound to be important. To evolve all operators to the low scale
we have two choices. The first choice is to pursue a two step matching calculation, where
we first evolve down from the unbroken dimension six Lagrangian at the high scale down to
a unbroken SM at the electroweak scale. At this point we have reached the standard initial
conditions for calculations within the SM, i.e. the next evolution to scale m; can be done
like for similar computations in the SM. The anomalous dimension matrix for the first step
can be found in [92,103,104]. Although this matching procedure seem to be more in the
spirit of a dimension six Lagrangian we will not pursue it here for this thesis. Instead we
transition to the “broken" operator basis at the high scale and then perform the evolution
down to the low scale in one step (taking into account the top-mass threshold). This one
step has the advantage of having a simpler “logistics" as we only need consider a single
RGE. Both strategies are valid and ultimately must be equivalent in a situation where no
additional dynamics between uy i and py need to be taken into account.

However, for the specific process at hand the second option has the additional advantage that
the structure of the required evolution equations has been studied in some detail in [108].
While [108] ultimately focusses on scenarios with e.g. a flavour-changing Z’, their operator
basis contains the full set of normal and colour-flipped four-quark operators. We therefore
choose to follow this approach.

Let us for clarity introduce the effective Hamiltonian at the high scale gk, that is used
in [108]

AGr o,
HO7) = _TZF‘/tthb {ACM(MKK)QM + ACsy (K )Qsg + ACT, (i k) Q7. + ACq, (1K i) Qg,

+ 0y > ACYA, Bl(uxk) QI[A, B] + ACY[A, B(ux k) Q3[A, B]

A,B=L,R q=u,c,t,d,s,b

+ Y ACHA, Bl(nxk) QA Bl + ACS[A, B(ux k) Q4[A, B)
A,B=L,R
(3.44)
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where the operators are given by

€My _ v gs My _

Q7"/ = IG?SQU“ PRbosz.l/ ng = 18 772 SaU'u’VPRT(;?IBbBGﬁV
€My _ gs My _

QI'?'y = 1671'2 SQO-MVPLban,V Q/gg = %?SQUMVPLTO?ﬂbBGﬁV

Q1[A, B] = (567" Pabg) (ds7uPBda)  Q5[A, B] = (547" Paba) (4av,.PBa)
QYA B] = (5a7"Padp) (dgv,Ppba)  Q4[A, B] = (347" Pada) (dav,Ppbs)  (3.45)

with Pr/p = %(1 F v5) as usual and «, 8 are colour indices. Note that while the usual
current-current and penguin operators

Q1 = (87" Pres) (€57, Prb) Q> = (347" Prca) (37, Prbs)

Qs = (5a7"Prca) Y (@s7uPras) Qi = (5a7"Prcs) > (@s7uPLda)
q=u,c,d,s,b g=u,c,d,s,b

Qs = (57" Prca) Y. (@sWPras) Qo= (5a7"Prcs) > (@37uPraa)  (3.46)
q=u,c,d,s,b q=u,c,d,s,b

are not included in (3.44), they do enter the renormalisation group equations. This operator
basis is obviously non-minimal as e.g. @1 and Q$[L, L] are related via Fierz identities. As
we only consider the LO corrections due to new physics, this does not invalidate the RG
analysis [105]. In total we have to consider 70 operators. Fortunately, there are only a
few independent entries in the leading order (LO) anomalous dimension matrix. Most of
which can be taken from [109,110] once the different operator normalisation has been taken
into account®. The remaining entries (computed in the HV scheme) can be taken directly
from [108]. The anomalous dimensions matrix has the form

X1 Xo X3 0 0 0 O
0 Xy Xs 0 0 0 O
0 0 X¢ 0 0 0 O
0 Y1 Y5 Y3 0 0 0], (3.47)
0 0 0 0 Xy X5 O
0 0 0 0 0 Xg O
0 0 0 0 Y1 Y Y3
for the operator vector
0 =(Q, Qr, QpQ™, Qp, Qp, Qry) (3.48)

where Q¢ are the operators Q1,2, @ p the penguin operators (3 4 5.6, @ p the dipole operators
and @, all remaining operators of (3.45). Note that we uses the scheme independent
dipole operators C’;fjf and Cgff in this basis. That is important because our C7 and Cg
are calculated in the NDR scheme, while the anomalous dimension is computed in the HV
scheme. Only after introducing the effective dipole operators after the inclusion of one-loop
four fermion corrections the whole computation becomes scheme independent [105]. Non
vanishing entries of the matrices X can be directly taken from [105] as they belong to the

31n [105] the corresponding operators Q1 g are only rescaled by a factor of 1/4 compared to their definition
in (3.45),(3.46). The anomalous dimensions remain therefore the same.
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3.3. EFFECTIVE WEAK HAMILTONIAN

SM analysis. The matrices ¥ have been taken from [108]. With the anomalous dimensions
at hand, the renormalisation group evolution equation (RGE)

haCila) = e (3.49)

can be solved in the standard way, provided the initial conditions at the high scale pxx
are known. As the anomalous dimension matrix v is sparse, a basis where the evolution
is diagonal can be determined very efliciently. For the strong coupling constant we use
as(Mz) = 0.1185 with decoupling of the top quark at m; = 170 GeV.

Once the evolution down to p; has been performed the result for the branching fraction
of B — X7 can be obtained using the formula [108,111]

Br (B — X87)|E7>1.6 GeV 1
Br(B = Xy i oiecey  |Coy ()M + N

(1€ () + Co, () [+ N) . (3.50)

Here we use a minimum photon energy of E,’Y’”" = 1.6 GeV; the same as was used for the
HFAG world average. Here the constant N is a non-perturbative correction [112-115] and
we use N(E, = 1.6 GeV) = 3.6 x 1073.

Since we work in leading order in the new physics contribution, BSM effects only induce
a shift in the Wilson coefficients

O () — [C%) (Mb)} . ACY) () - (3.51)
The SM value of the dipole coefficients
077(/11,) = —0.368 (3.52)

can be taken from [37]. The primed coefficient C7, is tiny as it is suppressed by m,/m; and
can be neglected.

The last part for the determination of the B — X, is to find the initial conditions for the
RGE flow. They can be found by matching the dimension six Lagrangian at the high scale
T (3.9) to the weak Hamiltonian at the KK scale. Here we only explicitly give the matching
of the operator Jm“TAdiﬂjyuTAuj. After applying the Fierz algebra for the fundamental
SU(3)c generators

1 1
(TA)i_j (TA)M D) <5il djk — ﬁ(;ij 5kl> (3.53)
we find

_ _ 1 _ _
o 0 8T Prb quy, T Prgu = ~oN Psbauan 57" PROGuu PRy

1 _ _
+ 55351% 507" Prbs (qu) 374 Pr(qu)a

1 1
o ORY, OF (R R+ SpRY, OFIR.R] (359

where a simple single sum over ¢, = u, c,t is implied.
Comparing (3.54) with (3.44), we obtain

A4GrVi Vi 1 A4GrVii Vi 1
—— =2 AC[R,R = B, ———AC$[R,R = — 3B
\@ 1 [ ) ](ILLKK) 272 sbququ? \/§ 2 [ ) ](NKK) 2NCT2 $bququ

(3.55)
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CHAPTER 3. EFFECTIVE FIELD THEORY

The remaining four-quark operators can be related to operators in the weak Hamiltonian in
the same fashion. For clarity, we have relayed the expressions for the Wilson coefficient of
(3.44) to the Appendix, see C.3.

To conclude this chapter we need to write down the matching of the dipole terms between
the dimension six Lagrangian (3.9) and (3.44). We find

AGr ViV e” _ 1672 quq CF

\@ C ( KK)— embT2 sb\[ Z mbT2 quq
AGFEViVib rveff,r 1672 quqCF

s C s - _
4\/5 7 (.UKK) emsz Sb\f Z my T2 Squ
4GF‘/1‘:‘/H) 167T2

oetf

\@ 8g (HKK) g mbTQ sb\[—i_ZQN mbT2qusq

AGEVEVib reff.r 1672

—F=—Cg" = 3.56
\/i 8g (HJKK) gsmbTQ[ sb\["—zzN me T255qu ( )

Note that equation (3.56) includes a global minus sign. We had to include it to compensate

for the different the different covariant derivative definition of [105,108]. All quantities on

the right-hand side of (3.56) are implied to be evaluated at the scale p .

46



Chapter 4

Tree-level dimension-six operators

After setting up the computation off all low energy observables in terms of an effective
theory the next step is to match all Wilson coefficients to the 5d theory. In this chapter
we compute the explicit expressions for all tree-level induced Wilson coefficients of interest.
Here we distinguish between the four-fermion, Higgs-fermion and Yukawa type operators.
Throughout this chapter we use the 5D formalism as defined in section 2.3.3.

4.1 Four-fermion operators

The tree-level diagram contributing to the matching of the Wilson coefficients of four-fermion
operators is shown in generic form in Figure 4.1. The exchanged particle could be an off-shell
KK gauge-boson or a KK Higgs excitation. The latter vanishes for § — oo and can safely
be ignored. This can be verified by explicit analytic calculation, see Appendix B.4. The
gauge contributions in the minimal model were discussed at length in [28]. Most of these
results carry over to the custodially protected model. We only need to account for effects
that originate from the additional particles in the spectrum. The additional four fermion
operators like for example b can then be directly inferred from [28] and the effects from
the additional particles of the RSc spectrum by adjusting hypercharge and weak isospin
factors. Note that for example bZLJ’Ld also exhibits two contractions during the computation
of the associated matrix element, which give rise to an additional “t-channel” diagram.

In the custodial protected RS model, there is only one new possible diagram, that can
contribute to the four fermion operators. The reason for this is that an interaction with

Figure 4.1: Generic topology of 5D diagrams that give rise to the four-fermion operators
upon integrating out the exchanged particle. External states can be doublets or singlets.
Consequently the intermediate boson can be a G, B or Zx or the SU(2) W gauge-boson, if all
external states are doublets. Due to the chirality of the external states the fifth component
of the boson cannot propagate.
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CHAPTER 4. TREE-LEVEL DIMENSION-SIX OPERATORS

the new non-abelian gauge-bosons W}%’Q always changes the SU(2)r quantum number of
leptons and quarks in such a way that at least one of the external fermion fields cannot be
a zero-mode. Only the Zx boson can modify the Wilson coefficients of tree-level operators
relative to their value in the minimal model. That is because the Zx is generated as a linear
combination of the W3 and the X like the B boson and shares therefore similar couplings
to the fermions. Note, that the fifth component of the Zx or any 5D gauge-boson cannot
appear as the external modes at each vertex have the same handedness. Since the external
momenta are always much smaller than the KK scale T" we only need the expression for the
Z% propagator in the limit of vanishing 4D momentum g:

Apm(qg— 0,z,y) = i [k2 min{:c2,y2} — 1] . (4.1)
This expression can be directly computed via a simple Taylor series of the explicit expression
of the Ay, propagator (:A.48). Using this expansion the Zx contribution to the four-fermion
operator bj” (Liv"L;)(E;v,E;) can be computed in the 5D formalism as

1 1
T T
. Y. YE de dy 2
EE —ilign ) E T [ [ e (10 @0 0) Apnla = 0.20). (42
1 1
k

which can be integrated analytically. Using this result as well the results for the KK B boson
exchange 28] we find for b”(Lyy"L;)(E;~,E;) the form

Y.LY,
bZE = % [912 (bO + b (cLi) + bl(_CEj) + bQ(CLﬂCEj)) + (92 - gl2) bQ(CLmCEj )} (43)
with
1 1
bo="3 In(1/e)’ (44)
1 (5—2¢)(1 —2¢) g2e—1
bile) = =3 (3—2¢)2 1—e21’ (45)
1(1—2¢c;)(142cg)(3—cr+c 1 et e 2es—1
ba(cr,cp) = —= ( L) 2)( L ) (4.6)

2 (3—2¢cL)(34+2cg)(2—cL +cE) el @11 2ot

As in [28] we drop terms suppressed by the tiny ratio e = T/k. Note that the coupling
constant gx of the Zx can be replaced by solving equation (2.82)

9x=(*—9"?). (4.7)

Hence to determine the result for the minimal RS model we just have to set the coupling
gx to zero, i.e. drop the the (¢° — g’%) term in (4.3). Using these expressions the Wilson
coefficient of the operator (Efy“Ei) (Ej’y#Ej) takes the form

Y,
EE E ,LE
bij = Ebm (CL7¢ — *CEi) . (48)
Here and above Yg and Y}, are the hypercharges of singlet and doublet lepton field, respec-
tively. Note that the additional factor of % is consequence of all external fermion legs being
the same leptons. This can be seen as follows: After applying the necessary contractions
using the effective field theory the exchange symmetry automatically generates a factor of
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4.1. FOUR-FERMION OPERATORS

two. However, the KK-Klein gauge-boson exchange between the fermion legs appears in the
second order of the standard time dependent perturbation theory. There the factor two of
the exchange symmetry is directly cancelled by the % factor coming from the second order
term in perturbation theory. Dividing the factor of two from the effective field theory side
then yields the additional % factor.
For the operator (L;v*L;)(LgYy,L:) there are contributions from abelian Zx or B bosons as
above, and additionally from the exchange of a W boson. The abelian contribution due to
Zx, B exchange is given by
LL YL LE .

biikiBiz = Wy 0i0k1 by (cE, — —cL,) (no sum over 14, k) (4.9)
The non-abelian bosons generate the operator (I_/iTA’y”Li) (I_/jTA’}/MLj), which is not part
of our basis, and has to be rewritten using the SU(2) Fierz identity

(Lt L) (Lym*yuLs) = 2 (Lin"Ly) (LivuLa) = (Liv"La) (LivuLs) - (4.10)
We then find the Wilson coefficient of (L;v*L;)(Lgv,Li) to be

2

bfjil = biLjil’BJrZ + gz (bo +bi(cr,) +bi(er;) +ba(cr,, —CLJ-)) Syl gk
2
B % (bo + bi(er,) + bi(er,) + baler,, —er,)) 678" . (4.11)

The Wilson coefficients of the seven quark-lepton four-fermion operators are even simpler
to compute as there are never two identical fields and all operators but one, (Li'y“TALj) (QkTA’VHQl),
are generated via the exchange of an abelian gauge-boson. The result is

Y)Y,
bf}’ = 124 qg’2 [bo + bi(sece,) 4 b1(84¢q;) + b2(secy,, —chqj)}
Y, Y X
+= 5 (6 = g balsecr, —sqcq,) (4.12)
LTQ _ 972
B = (b +bileq,) + bien,) + bafer,. —cq) (113)

with ¢ € (L,F) and ¢ € (Q,U, D). sy is —1 for a singlet fermion f and +1 for a doublet,
Yy is the hypercharge of fermion f, and YX = T} — 4tan® Oy /(3(1 — tan® O )) with
T3 ={-1,-2,0} for ¢ = Q, D,U. The second line in (4.12) is only present in the custodially
protected model. The dependence on the 5D mass parameters of the quarks shows that
muon conversion depends not only on the model parameters of the lepton sector. However,
ultimately we only need operators which are built of light quarks fields after EWSB, and of
these only the quark-flavour diagonal part. Since both the up- and the down-quark sector
masses are hierarchical, the RS Froggatt-Nielsen mechanism generates hierarchical flavour
rotation matrices in the quark sector (see e.g. [23]). Consequently, the bs(cy,c,) terms—
the only terms that are simultaneously sensitive to 5D quark parameters and contribute to
the flavour-non-diagonal lepton couplings—are suppressed for light quarks, and we neglect
them. The only unsuppressed sources of LFV are then the terms by(cr,) or bi(—cg,). For
the pure quark four fermion operators needed for the matching to the Lagrangian (3.3) we
only need to reuse the results above with adjusted prefactors to incorporate KK gluons
exchange. Because we only consider gluon KK exchange in the quark sector in this thesis
the Wilson coefficients look the same for both minimal as well as custodial RS model. We
find

binD =bo+ bl(CQi) + bl(_CDj) + bQ(CQz‘ch]‘)v (414)
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~

Figure 4.2: Generic topologies that contribute to operators of the type ®7iD,® (;v,1;).
External fermion states can be either E or L. Intermediate and external gauge-bosons can
be abelian or non-abelian, the external Higgses are indicated by dashed lines.

The Wilson coefficients of all other operators are related to binD. They only differ by
symmetry factors that take into account the exchange of identical quarks and the potentially
different external wave functions f(© and ¢(?). In particular, one finds

1
b2 = b2 {cp, = cu,} be® = §b§?jD{cDj - —cg,} (4.15)

biP = b2 {cq, = —cu.} - (4.16)

Lgp
bgD = ib?j {CQq‘, — 7CD7‘,}

4.2 Higgs-Fermion operators

PEEN _
The tree-level matching coefficients of the Higgs-fermion operators ®1iD 1@ (Yiv, ;) follow
from the diagrams in Figure 4.2, where the ones with an external gauge field are related to
those without by gauge invariance.

The diagrams in the first row of Figure 4.2 have already been computed in 28] in the
minimal RS model. In the custodial protected model there are additional contributions
to the coeflicients ¢* (a= 1, 2) via an exchange of a Zx boson. An exchange of W5 (a=
1, 2) gauge-bosons would change one of the fermion final states to a non SM lepton field.
Therefore these gauge-bosons are also irrelevant just like for the four-fermion operators. The
additional contribution to ¢! due the Zx exchange can be calculated via the integral

S

i Y, d 2
chy = —iligs )2 1 [ Gt 0B ®) Bomla—0.1/Ty), (@a7)

%
Together with [28] we then determine the contribution to the ¢! from the first line of Figure
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4.3. YUKAWA-TYPE OPERATORS

4.2 to be ¢f; = ¢d;j, a =1,2,3 is given by

g g*Yg T (1+2cp,)(5+2cp)  2(1+2cp)Inl/e] e 2wt
! 8 Inl/e 3+ 2cg,)? (34 2cg,) 1 —¢20m—1
2 2 —2cp,—1
+ (g g )YE (1 +20E1.)1n 1/6 € — - (418)
4 (3+26El) 1 — e “°E;
P J%Y;, Lo L [(=2e)(5-2c) 21— 2cp)Inl/e e2er;—1
L8 Inl/e (3 —2¢cy,)? (3 —2cr,) 1— ez, 1
2 2 _ 2cp,—1
n (9°—¢ )Y [(1—2¢cp,)Inl/e] e S (4.19)
4 3 —2cy, 1 — e2e;—1
2 2er,—1
g 1 (1—=2cp,)(5—2cr,) 2(1—2c,)Inl/e] e*°Fi
¢ = —[1- — = i - ~ / s | (4.20)
8 Inl/e (3 —2cr,) 3 —2cy, 1 — %L

As in the case of the four-fermion operators the minimal RS model results can be obtained
by removing the terms proportional (g2 — ¢'*). The Wilson coefficients are independent of
the Higgs localisation provided the limit 8 — oo is taken in the bulk Higgs case.

The diagrams in the second row of Figure 4.2 also exist, but it turns out that they are
numerically small compared to the previous contribution. Hence, we only give the explicit
expression for the minimal RS model:

bely = — o 0 (1/T)gs, (/T)Few,) Yy (4.21)
¢ = 06y = S (1T, (/T)F (=) Y, (122)

with
F(c) =~ ];i Se +((13+_ 22c():)(;2:4;5(§1_+jc)2§;2_ 2 : (4.23)

A similar expression is found in the custodially protected model. The smallness of this
contribution arises from the zero-mode profiles of the light external leptons. We ignore
the Yukawa contributions dcf; in the subsequent analysis. These contributions might be
important for heavy quarks. However due to our restriction to the Kaluza-Klein gluons in
the quark sector, we dropped the associated Higgs operators directly at the beginning of the

formulation of the EFT.

4.3 Yukawa-type operators

The dominant contribution to the Wilson coefficient of the dimension-six Yukawa-like oper-
ators ((I>T<I>)L-<I>Ej is generated by diagrams of the type shown in Figure 4.3. In the minimal
RS model there is only one diagram as the two intermediate fermions must be a doublet
and a singlet lepton. In the custodially protected model both triplet fermions, T3 and Ty,
can substitute the singlet.

The diagram in Figure 4.3 contains three Yukawas. Because such structures also appear for
Higgs exchange dipole transitions we consider this diagram in greater detail for the minimal
RS model.The contribution of the RSc, can be covered identical. The diagram expression is
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CHAPTER 4. TREE-LEVEL DIMENSION-SIX OPERATORS

not well defined for an exactly brane localised Higgs. Therefore we adapt the box regulari-
sation of the Higgs width (2.64). Then the diagram can 4.3 can be written as

\H\H

\%

—e
Q

T3\° TN ) )70
(—i k4> YwY WYoi | dx [ dy z(5> f1, (@)gg) (2)(L (p)®) Pr
1—46 1—6 1—6
T T T
xAEa(q/,x,y)@TQALb(q,y,z)PREj(p/). (4.24)

Next we decompose the 5D propagators into their chiral components using (A.9) for both
fermion propagators. Then the leading contribution to the (®T®)L,®E; operator is gener-

ated by the term
/ / (5 ) D @) () (0)®)

T

T3\ °
(—z k4> mejbyb

H‘\\ .

x(®10)d" Fpy (0,2,y)d" Fp (0,y,2)PrE (p'). (4.25)

We perform here an expansion around zero external momenta. That is because we do not
want to keep terms with momentum scale below the KK scala. In the brane localisation
limit we let § — 0. Therefore we can expand for small §,the d~ F*functions around the
IR-brane. To be more precise we expand d~Fj (0,z,y) d~F; (p,y, z) around x ~ %, Y~ %

and z =~ % The expansion around the the IR-Brane yields

1.4

CFF 0.0.0) = dF 02.9) = 0 —y)+ 0 0) (1.26)
1.4

d_F[J)r (0,y,2) = d_F,;’;p (0,y,2) = —ZT%H (y—2)+0(9). (4.27)

Then setting the fermion zero mode functions for the limit 6 — 0 we can directly perform

the vertex integrals
’ 1
/ ( ) z—x)&(w—x):§. (4.28)
7

Collecting the results we find then for the leading contribution to the Wilson coefficient h;;

il \ e
H‘\\ .-

Nes T3
3 %
where N.s equals one in the minimal and two in the custodially protected model. Note that
this contribution is valid for bulk Higgs in the limit 8 — oo as well for an exactly brane
localised Higgs.
For completeness we remark that the diagrams in the second line of figure 4.2 also
contribute to the Wilson coefficient of (®T®)L,®E; through derivative terms that can be

eliminated by the fermion equation of motion, such as PL; = y;;®E;. In the minimal model
we find

hig = 2 (/T YYY]iyg5) (1/T) (4.29)

178
Ohij = —7 @gm(1/T)9Ej(1/T)F(cL,c>qu}Lij
178 +
—5 w5 (/D e, (YT)F (~c,) YV (4.30)
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4.3. YUKAWA-TYPE OPERATORS

Figure 4.3: Diagram topology that gives the dominant contribution to the operator
(PT®)L,PE;.

Due to the appearance of the small SM lepton Yukawa matrix y this contribution is tiny. This
also holds true in the custodially protected model, and hence in the numerical analysis we
neglect this term. However, in studies of flavour violation involving third generation quarks
(notably top quarks) the contribution can be sizeable and must be included. However we
did not include the associated quark operator for our analysis in the quark sector, because
of our focus on the exchange of KK gluons in this thesis.
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Chapter 5

Loop-induced dipole operators

The dipole operators are generated by genuine 5D one-loop diagrams. We distinguish be-
tween two classes of diagrams—those with an internal gauge-boson exchange proportional
to one Yukawa coupling Y and those with Higgs exchange, which involve three Yukawa
couplings. Diagrams such as shown in Figure 5.1 below count as gauge-boson exchange,
since it involves only a single Y. Because we only need the electromagnetic dipole operator
for the lepton low energy transitions in this thesis, we reduce the number diagrams needed
for the one-loop coefficient a;; by imposing that the external gauge-boson is a photon. In
addition, we set the Higgs doublet in the operators Ei‘I)U“”EjBW, EiTAqM“”EjW,ﬁ, to its
vacuum expectation value. The complete set of non-vanishing diagrams can be found in [28]
for the minimal RS model. However part of this thesis was to repeat the dipole calculation
for the minimal RS model in order to test the numerical codes used for the more demanding
custodial RS model.

5.1 Internal gauge-boson exchange

We start the discussion with the gauge-boson contribution. In Figure 5.1 we have drawn
all possible diagram topologies contributing to the dipole operators at one-loop level in the
minimal and the custodial RS model. Note that each diagram topology contains at least
one Yukawa interaction in order to ensure the correct chirality of both external fermion
fields. In the lepton sector the possible particle content is displayed in the tables below.
The explicit expressions for all new non-abelian RSc diagrams, can be found in appendix
C.1. All other diagrams are either minimal RS diagrams, see [28] for explicit expressions, or
abelian diagrams with an Zyx exchange. In this case they only differ by the different internal
gauge-boson propagator and the coupling constant gx from the minimal RS case

The one-loop dipole diagrams needed for B — X, v can be derived directly from the
leptonic case. Because we consider only gluon exchange all topologies, which include a
Higgs-gluon coupling vanish. Because gluon exchange cannot change any SU(2) quantum
number all fields of the remaining diagrams are minimal RS model fields. Hence to adapt the
leptonic diagrams to the associated QCD diagrams we only have to adapt the appropriate
colour factors and for the topology W2 the internal fermion propagators. Since we focus
on gluon exchanges, the electromagnetic dipole operator gets only contributions from the
abelian topologies A1, A2, A3, A4, while the gluonic dipole operator additionally contains
diagrams generated with the topologies W1, W2. Note that the inclusion of B, Zx, W, Wg
exchange can be done also easily using the leptonic results.
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|
|
|

2]

Figure 5.1: All topologies with internal gauge-bosons that contribute to the matching of
the dipole operator Wilson coefficient at one-loop. Abelian topologies are labelled by A1-6,
non-abelian topologies by W1-10. Fermions represented by straight lines and Higgs bosons
by dashed lines. The final and initial fermions are always assumed to be (Ty)3 and (&1 )22—
the fields corresponding to the SM singlet and doublet. x,y, z, 2’ label the species of the
internal propagators, see tables 5.1 and 5.2 for the the allowed particles.
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2 | [ x [ v [2]

™
<

ALl (o), | (d) | BY [az] @), ]| (d), | B
(), | (<), | 2% (@), | (), | 2%

as|(d) | /| BY [aa]@m),] / |BY
(d),| 7 |z ()| /| A&
(), [ / [w”

as|(d), | /| B |as| @), /| B
()| / | # (T | /| %%
<€{>22 / Wg '

Table 5.1: Possible field configuration inside the loop of the abelian diagram topologies Al-
A6 in the lepton sector. A capital roman index on a gauge field indicates that both the
vector and the scalar fifth component are valid options, a small Greek index shows that only
the vector components may propagate.

| [ x 1 v [ a7z ] [ x[vy [ 2] 7]
wi | () N (&) L W N N we (), | (), | g
(5{) 22 (£{> 21 Wg ! WE "
ws | (d) |/ [wir] o [wal@, | s [war]
ws | () |/ w0 welm),| /| wa"
wr | (¢) | wiY [wer | s [ ws |, [ wEr | weY ]
wo | (1), | (), [wa" | wi"

Table 5.2: Possible field configuration inside the loop of the non-abelian diagram topologies
W1-WS8 in the lepton sector. A capital roman index on a gauge field indicates that both the
vector and the scalar component are valid options, a small Greek index shows that only the
vector components may propagate.
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Figure 5.2: Example diagram Wlc. The label on each vertex denote the fifth coordinates,
which have to be integrated.

Compared to the tree-level Wilson coefficient matching the dipole coefficients contain pos-
sible SM contributions, which have to be removed as we are only interested in the effects
generated by heavy degrees of freedom of the 5D theory and we want to avoid double count-
ing. The double counting issue also appears in the low 4D momentum region, where the
propagators of KK modes can be shrunk to an effective vertices resulting a one-loop insertion
of an dimension six operator [28]. However, such contributions have already been added in
the effective theory, thus we have to select for the momentum integration only the region
around [ ~ T in order to avoid further double counting. We therefore follow closely the
strategy already formulated in [28]:

e Subtract all possible zero-mode gauge boson propagators of the diagram. If a 5D one-
loop diagram with gauge-boson exchange inside the loop contains a zero-mode gauge-
boson propagator, than the gauge-fermion vertices contain two fermion mode functions
and one zero-mode gauge-boson wave function in the Kaluza-Klein picture. Remember
that the zero-mode function of the gauge-boson is constant. Thus there are only two
fermion mode functions remaining, which contain a non-trivial coordinate dependence.
Thus all vertex coordinate integrals can be done directly via the completeness relations
of the fermions. Due to the initial and final states being SM zero mode states this
automatically fixes all fermion fields inside the loop to be also zero-mode fields. Thus
we can subtract any SM contribution to a given one-loop process by only working with
zero-mode subtracted gauge-boson propagators.

e Expand all propagators in the external fermion momenta p, p’. By doing so we only
keep the momentum regions that are of the order [ ~ T. This is important because
some gauge-boson diagrams contain contributions from tree-level operators [28] for low
four dimensional momentum. These contributions however have already been taken
into account by the one-loop diagrams with insertions of an operator that is generated
at tree-level.

5.1.1 Example Diagram

For illustration of the standard approach of the calculation let us compute a sample diagram.
For this purpose we selected the non-abelian RSc diagram Wle, which is generated via the
topology W9. For simplicity we work with an exactly brane-localised Higgs. In section 5.1.3
we will consider the case of a bulk Higgs. The diagram leads to the expression
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where p' = p’ — 1 and p = p — [. In the second step of (5.1) we have simplified the SU(2)
algebras and decomposed the fermion propagators into their chiral components, see for
example (A.6). Note that the fermion propagators explicitly depend on the SU(2), x SU(2)r
indices in the custodial RS model. For the next step we explicitly insert the 5D gauge
propagator in its components in the R¢ gauge

v _ w P D
Amp (p,:c,y) - Amp (p71',y) n + p2 Amp = - Am}o (pa x»y) ) (52)

where the expression for A,,, can be found in (A.48). We expand all gauge propagators
around the external momenta p=p' =0

App (D, 2,y) = App (L, y) — 20 - 102Dy (L, y) + - . (5.3)
Ay (P 2,y) = Dy (L, y) — 2" - 102 Ay (Liz,y) + .. (5.4)
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To match this diagram into the structure of the resulting amplitude for the dipole operator,
we only keep terms, that are proportional to p# and p’. We find

20, T3,5D 7 7 7 4
Wie = 2 3sz L/ / / - / dl4
2k V2 (2m)

1

-

7)1, (2) €, [ (31 O Ay (1, 2,9) Ao (1,1, 2)

l 12
+812Amp (l,x,y) <Amp (gﬁgaz) - mp (l Y,z )) 9

l 1
+ (Amp (673373/) - Amp (l,:c,y)) Amp (l>y7 Z) 2)
+p'* <3l2Amp (i y) Amp (1Y, 2)

2

l l
+Amp (lvxay) <8l2Amp <€7yaz> - aZZAmp (layvz)> 5

l 1
+ <Amp (5,I,y) - Amp (l,x,y)) Amp (l,y,z) 5

2
<+ <Amp <éxy> AT (lmy)) O Ay (Ly, 2) ;)

<L () PFf, (1,2,1/T) Fyy, (1,1/T,2) PRE7 (p)
(5.5)

The RSc diagram Wlc also appears for the gluonic dipole operator with an exchange of KK
gluon instead of the right-handed W bosons. The corresponding diagram expression can be
found by replacing the fermion and gauge-boson propagators.

App — APMS

— :,
Fom, = Fy, CEL — Fg (5.6)

where AZMS ig the zero-mode subtracted gauge boson propagator.It only remains to ex-

change the coupling constants and the correct colour factors. In this case, the whole ex-

pression has to be multiplied with —3 2 gé

, where the factor three is generated by the colour

algebra feeTeT? = § g’ T°. Following a s1m11ar procedure every gluon exchange diagram can
be directly generated out of the expressions of diagrams contributing to the leptonic dipole
operator.

Expression (5.5) is still not in its final version. To continue we recall, that the photon
zero-mode wavefunction is constant. Thus in the Kaluza-Klein picture only the two mode
functions coming from the Wgx gauge propagators contain a non trivial dependence on the
fifth coordinate y. To see this recall that the gauge propagator can be written as an infinite
sum off massive 4d gauge propagators dressed with two Kaluza-Klein mode functions in the
KK picture. In this picture the dependence on the starting and end points fifth coordinates
of the vertices are contained in the gauge wave functions. Then the integration of the y
coordinate integral can be performed using the orthonormality relations (2.49). This leads
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for example to
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1 a,b (l ma)
3 3
1
- (b) E R )]
X z
(l2 _ b) fnzp . %)2 an( )
=0pi Ay (2, 2). (5.7)

Although the resulting expression looks more complicated than before, it turns out that for
the numerical integration, that the reduction of one coordinate integral increases the speed
of convergence as well as the the final numerical precision significantly. Therefore we perform
the photon vertex integration using the completeness relations of the mode functions when-
ever possible. As a non-trivial example let us consider the term A, (é, x, y) App Ly, 2)

of (5.5) for £ # 1. Using the orthonormality conditions we compute

Sl

1/ (ZZ) App (é, x,y) Amp (l,y,2 Z f ( : 72)>1 (12 - mg) fy(,?p) (z). (5.8)

&

Here the way back to the 5D picture is not straightforward, but it can be done by using a
partial fraction decomposition. The final result of this integral is

1

/ﬁAmp (£;$7y) A771;0 (hy,z) = ngilﬁ (Amp (vawz) - Amp (l,.’L‘7Z)) (59)

&

It is noteworthy that the limit £ — 1 of this expression converges to result (5.7). However,
this limit cannot be taken continuously in a numerical program. As a consequence any
implementation of diagrams with non-abelian photon vertices that are analytic integrable
needs to separate the case £ = 1 from general values of &.

Similar expressions can be found for all other combinations of propagators at a photon
vertex.

Note that the analytic photon vertex integration is not possible for diagrams with a vertex
that includes a photon, gauge-boson and Higgs boson field; examples for this case are any
diagram of the topologies W3 or W4 . However, these diagrams starts directly with only
one coordinate integral as all other vertices are being evaluated at the IR brane due to the
presence of the Higgs. Therefore it contains a relative simple integrand structure.

After integrating the photon vertex the terms proportional to p* and p’# are only equal to
each other for the case £ = 1, for the general case both terms differ. As the amplitude of the
dipole operator has the form o# "¢, we consider only the symmetric combination (p*+p'*)/2.
The term proportional to p’*—p* = ¢”, which corresponds to an anapole moment that cannot
be measured experimentally [28], is discarded. The integrand proportional to (p* + p'*)/2
cannot be evaluated analytically. Here we have to perform a numerical integration, see
subsection 5.1.4.

In this thesis we work in the unbroken phase neglecting all 4D masses, that means the
on-shell condition g X (p) = 0 for all external spinors X = L, E. However diagrams. that
include a mass insertion at an external line, have to considered carefully in this context.
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L e p—

Figure 5.3: Left panel: Residual dependence of a;; on the gauge parameter § normalised on
the value of a;; for £ = 2 in the minimal RS model (the error bars indicate the numerical
uncertainties as estimated by our integration routines ). Right panel: Residual dependence
of the RSc contribution to a;; on the gauge parameter £ normalised on the value of a;; for

£=2

For such diagrams it is in principle possible for the external propagator to be an off-shell
zero-mode propagator. As an example let us consider the external leg of the a diagram of
the topology A3 for a brane Higgs

. AY(p,x,1/T)PRE(p) = ... — Fif (p.x,1/T)pPrE(p) + ...d" F} (p,x,1/T)PrE(p).
(5.10)

If one inserts into the first term the zero mode propagator
Ff(p,z,1/T) = (0)($)i (O)(l/T) + KKmodes (5.11)
L \7 L; p2 L; ) '

then we are not allowed to use directly pPrE(p) = 0 to eliminate this term. That is because
an expansion of the propagators inside the loop with respect to the external momenta could
yield a factor of §, which could cancel the 2 term. That means for an external fermion
insertion that we always get additional terms. We denote these terms as off-shell terms,
while the term generated by the second term in expression (5.10) are called on-shell terms.
The external mass insertions are usually suppressed by a fermion mass and we therefore do
not need them consider for the matching of the dipole coefficient as they are numerically
small compared to the on-shell terms. However they are indeed import for the consideration

of the gauge invariance of the next sections

5.1.2 R¢ Gauge invariance and scheme independence

The dipole matching computation is done by using the naive dimensional regularisation
scheme and a R¢ gauge for the gauge-exchange contributions. Obviously at this point we
have to answer the questions, whether the whole matching computation is scheme indepen-
dent as well as gauge invariant. Let us first start the scheme independence. There we can use
directly the scheme independence results proven in [28], as our set of gauge diagrams is only
extended by the new particles introduced via the RSc model. To be more precise we note
that the scheme dependence in the minimal RS gauge exchange dipole operator is introduced
by the diagram W8 (W7) 28], where the name in the brackets is the name of the associated
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Figure 5.4: Residual dependence of a;; on the gauge parameter £ normalised on the value of
a;; for £ = 2 in the minimal RS model (the error bars indicate the numerical uncertainties as
estimated by our integration routines ). The red points only contain the on shell contribution,
while the blue points also the off shell contributions

topology of Figure 5.1. This diagram contains an 1/e IR-pole [28] inside an e evanescent
Dirac algebra in naive dimensional regularisation. In total the pole is of the form 1/e x €
and yields a finite scheme dependent term to a;;. Note that the diagrams Bla (Al) and
B1b (A1) also contain IR poles [28]. However the resulting finite scheme dependent terms
vanish in the sum of both diagrams. This statement can be transferred directly to the RSc
equivalent of those two diagrams, as these only have a Zx propagator instead of a B boson
propagator with the same fermion propagators. The RSc equivalent to the minimal diagram
W8 is the diagram W8c see appendix C.1. Compared to the minimal diagram W8c only
includes fermion and gauge-boson fields without zero-mode fields. Therefore this diagram
cannot have 1/e poles, which would generate a scheme dependence. In total the new RSc
diagrams contributing to the dipole operators do not introduce any new scheme dependence
into the Wilson coefficient. Note that the scheme dependence of the Wilson coefficient of
dipole operator in the minimal model is being cancelled by the one-loop four-fermion inser-
tions in the NDR scheme, we refer the reader to [28] for the complete calculation.

All gauge-boson diagrams included for the matching inherently depend on the R¢ gauge pa-
rameter, which was introduced to disentangle the mixing between the vector and scalar part
of the gauge-boson fields in the bilinear terms of the 5D Lagrangian. Because this parameter
is non-physical the complete sum of all diagrams with the same gauge-boson fields should
be gauge independent. [28] gives a complete analytic proof of the gauge invariance for the
abelian sector as well as for the sum of all minimal non-abelian diagrams. As the proofs for
both sectors do not need the explicit form of the 5D propagators they can be both directly
applied for the new abelian and non-abelian diagrams in the RSc sector. Especially the
proof for the gauge invariance of the abelian sector can be transferred immediately, because
the new abelian diagrams of the RSc model only differ by the gauge propagator, which does
not play any role in the proof. In our topology notation all abelian gauge dependent terms
cancel due to the relation of the hypercharges in the sum off all diagrams [28]

YL[AL] — Y[A3] — Yy[A5) = —1+2—1=0. (5.12)
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Figure 5.5: Residual dependence of afj on the gauge parameter £ normalised on the value of
a;; for £ = 2 in the minimal RS model (the error bars indicate the numerical uncertainties
as estimated by our integration routines ).

Thus in the abelian diagrams for the decay B — X7 remain also gauge invariant. This con-
clusion can be seen via the gluon quark "hypercharges”, which can be written as Y7[A1] =
YS[A3] = 2 and Yf [A5] = 0 for a Kaluza-Klein gluon gauge boson exchange.

In order to test the correctness of the numerical implementation we show the gauge invari-
ance of all sets of diagrams in the minimal as well as custodial RS model. This involves the
numerical calculation of the sum for different bulk mass parameters and for different values
of €. Note that after the expansion in the external momenta the sum off the integrals is only
gauge invariant after taking the sum of the on-shell and off-shell terms. However, in general
for a suitable choice of external bulk mass parameters the off-shell terms are smaller, than
the numerical precision and can therefore be neglected. Therefore, we mostly used only the
bulk mass parameters c;, = —cg = 0.5478, for which the off-shell terms are negligible. In
spite of this, to provide a benchmark for the precision of our numerical implementation we
computed the abelian minimal and custodial RS diagrams with the non-physical bulk mass

parameters ¢y, = —0.1 and cg = 1.1, where the off-shell terms become sizeable.
The residual dependence on the bulk mass parameters is shown in Figure 5.8 for the pa-
rameters ¢y, = —cg = 0.5478. Here the minimal RS contributions are calculated in the

first implementation of the numerical code for this thesis, where the photon vertex is not
analytically integrated. For the RSc result on the other hand we already integrated the
photon vertex for arbitrary values of £&. The comparison of the estimated errorbars shows
the significant improvement due to the photon vertex integration.

In Figure 5.4 we illustrate the residual gauge dependence of the sum off all abelian diagrams
for bulk mass parameters ¢, = —0.1 and cg = 1.1. In this region, the off-shell terms are not
small and have to be included in order to achieve a gauge invariant result.

We observe that the complete set of non-abelian RSc diagrams contains actually two subsets
of diagrams, whose sum is independent of the gauge parameter £. Using the names for all
non-abelian diagrams as defined in the appendix C.1, the sum of the diagrams W1lc-W3bc,
W4c-W6bce times % and W1lc-W13bc is gauge invariant as well as the sum of W4c-W6bc
times % and W7c-W10c. Physically the occurrence of two gauge invariant sets is not sur-
prising, because the first set of diagrams resembles the complete set of non-abelian diagrams
contributing to the gluonic dipole operator. With the numerical indication that our set of
diagrams is gauge invariant dipole matching calculation is done from this point on with
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Figure 5.6: Example diagram with internal KK Higgs modes.

Feynmann gauge £&=1. For this choice of gauge parameter all (AX (é, x, y) —Ax (I, z, y))
terms vanish for any kind of gauge-boson propagator X = ZMS, mp, simplifying the result-
ing integrands.

5.1.3 KK Higgs contributions

In the calculation of the gauge exchange contribution to the dipole operator we only consid-
ered a brane Higgs. However there still remains the question whether there are additional
contributions for a bulk Higgs scenario with a (8 localisation scheme. The presence of a bulk
Higgs introduces in principle the new scales T//§ and ST for gauge boson diagrams, which
contain at least one Higgs propagator. In [53] it was shown that the effect of this additional
momentum scale does not contribute to the gauge-boson exchange diagrams for § — 0 (or,
equivalently, 5 — oo) when only the Higgs zero-mode is considered. For the bulk Higgs case
it still needs to be shown that the contribution of the infinite tower of Higgs KK modes
also vanishes for f — oo. To this end let us examine the minimal RS diagram shown in
Figure 5.6. Up to a constant prefactor it is given by

1

T

_ i 1? dzdxzdy 0
W i [T Yo i (g @@ (ARSI, 2y P (1w, 2) 55 AR Ly, ),
(2m)d | k13z525y g ol

1
k

(5.13)

For the explicit expressions for the zero-mode subtracted gauge-boson propagator AZMS
and the fermion propagator F 2‘ we refer to the appendix of [28]. The Higgs propagator
As(l, 2,y), its zero-mode subtracted version AZMS([, 2, y), the Higgs zero-mode dO)(y),
and the Yukawa coupling Y? are discussed in Appendix B.

We now show that the KK Higgs contribution is O(1/8) and therefore can be neglected
for large 3. The Yukawa matrix Y? and zero-mode profile ®(©)(y) both scale as /5. Since
the zero-mode profile is localised near the IR brane, the associated 5D coordinate integral
over y is effectively restricted to the interval [(1—1/8)1/T,1/T] of length 1/(5T'). Hence the
y integration introduces a factor of 1/3. The integration over y then compensates the factor
B from the product Y#®(®(y) independent of the magnitude of the 4D loop momentum I.
For | « T and | ~ T, the Higgs propagator scales as 1/ and, after a change of integration
variables from {z,y,z} to {y,y — 2,z — x}, one finds that the integrand is dominated by
the region where the distance z — y is of the order 1/f (see also Appendix B.4). Putting all
factors together, we conclude that the integrand scales as 1/32 for small loop momenta, and
hence the integral over these momentum regions also vanishes for 5 — oco. For loop-momenta
[ of order BT, we can expand the fermion and boson propagator for large momenta, in which
case the expressions become simple and their dependence on the loop momentum can readily
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be extracted. For example the chiral component FE‘ of the fermion doublet propagator has
the form

1 1 /1
Fi(l,x,z) :2k4w5/2x5/2\/;\/;9(w — ) (e% +ezzw) (=3 —wta)

14 5/2_5/2 i l 2L 2z (-2 +w—z) i
+2kw x ”lw”lme(x w)(eT +e )e T —|—(’)(l%), (5.14)

where [ is the absolute value of the Euclidean 4D momentum of the propagator. The Higgs
propagator is more complicated, but it can only depend on the scale 87 and therefore scales
as 1/(BT). We find that the product of all three propagators together with the derivative
0/012, which counts as 1/(8T)2, compensates the factor I° ~ (8T)° from d*l1?> ~ dlI°.
We are then left with the two integrals over y — z and z — . For [ ~ 8T the integrand is
exponentially suppressed for |z—z| > 1/l and |y —z| > 1/I, and hence each of the coordinate
difference integration regions is effectively restricted to size 1/(8T). We the find that the
total scaling of the integrand in this momentum region is oc 1/32. The integral over dl can
only compensate one inverse power of § and we conclude that the integral over the region
[ ~ BT vanishes as well for § — oco. For very large loop momentum [ > ST we can expand
all propagators. Now all bulk coordinate differences are constrained to be within about 1/!
(I is now the largest scale) and the 5D Higgs propagator scales as 1/I. This ensures the
convergence of the integral as the integrand vanishes as 1/I? for [ — oco. The parameter
B only enters through the integral over y, which is cancelled by Higgs profile and Yukawa
coupling, hence the integrand is independent of 8. This universal behaviour allows for a
straightforward determination of the contribution of the region [ > BT

oo

a1
/72 — 7 (5.15)
8T

Hence the integral over this region vanishes in the large § limit. Since this holds in all
regions, we conclude that KK Higgs contribution vanishes as 1/[.

This can be verified numerically as shown in Figure 5.7. The three curves correspond
to different values of 8 (10, 20 and 40, respectively). For better visibility all curves are
normalized to the maximum of the § = 10 curve. The maximum of the integrand is close to
I ~ BT and exemplifies the 1/3% scaling of the integrand in that region. For large modulus
of the (euclidean) loop momentum the three curves lie on top of each other consistent with
the 8 independent asymptotic expression. Consequently, the integral over [ as well as the
contribution to the dipole operator coefficient vanishes for g — oo.

We can apply a similar analysis to all gauge-boson diagrams with at least one Higgs
propagator deriving the scaling to be 1/8. Hence the KK excitations of the Higgs are not
relevant for the gauge-boson contribution to the dipole operator.

5.1.4 Numerical evaluation

Even after integration of the photon vertex whenever possible, the remaining expression are
too complicated to be treated analytically. The integrand of the diagram Wlc for example
consists after the photon integration out of 267 lines of code of complicated rational func-
tions of Bessel functions. Interestingly a recent paper on the matching of the quark dipole
operators [50] achieved to solve at least the momentum integration for some diagrams, by
rewriting the integrand as a derivative of the momentum, which then can be integrated
directly. However, this approach does not eliminate the need of numerical calculations, as
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Figure 5.7: Integrand as a function of the loop-momentum ! for § = 10 (black, dotted),
B = 20 (blue, dashed) and 8 = 40 (green, solid). For clarity all curves have been rescaled
relative to the maximum of the integrand for 5 = 10. For loop momenta in excess of 571" the
integrands show a universal 1/I behaviour.

the remaining vertex coordinate integrals still remain and even more as the boundary term
I — oo cannot be performed analytically.

The numerical implementation of the dipole operator coefficients consists of a two step pro-
cedure. In the first step all diagram integrands are written down in terms of all propagators
in several Mathematica notebooks. Afterwards the explicit form of all propagators in terms
of Bessel functions is being inserted and the resulting Mathematica function converted into
a code with a C++ similar syntax using the method CForm. Note that for the numerical
implementation we perform a Wick rotation in the four dimensional loop momentum.

In the second step this C+-+ code of the diagram integrand is then being inserted into a
C-+ function, which then has the possibility to evaluate the integrand for a sufficient large
parameter space. For the evaluation of the Bessel functions of the propagators in C++ we
employ the long double version of the BOOST C+-+ library '. To perform the numerical
integration CUBA [116] is used. CUBA contains four different methods to perform numer-
ical integrations. As the number of integrand dimension is at maximum only three for our
purposes we choose the method Cuhre, which evaluates the integrands using Quadrature
rules. The other integration routines CUBA provides use different Monte Carlo integration
methods, however after several test we found Cuhre to be superior in terms of speed and
accuracy for the integrands appearing in this thesis. To use Cuhre one just needs to provide
the integrand in the correct C++ format, see [116], everything else is being done by the
package itself. CUBA automatically detects the number of CPU cores available and dis-
tributes the needed integral calls to all cores.

The accuracy and duration of the integration can be set for each integration call in CUBA.
The accuracy can be controlled to some degree by an internal calculated error estimate.
CUBA offers the possibility to stop the integration after it finds a certain relative error
estimation. For the purpose of dipole matching we tune CUBA to stop after an relative
error of 1072 is being found. However the numerical error estimation has to be taken with
a grain of salt. Therefore, we additionally demand a computation of at least a minimum
of one million integrand evaluation to ensure good convergence, before the relative error

Lhttp://www.boost.org/
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integration truncation can be applied. It turned out for some diagrams with less than tree
integration dimensions, that the error estimation of CUBA underestimated the numerical
error leading to a premature termination of the integration.
The actual integration is performed in two different runs in the C+-+ program. In the first
Cuhre integration run we integrate the momentum integral up to a value of 1007 and over
the whole range of all coordinate integrals. The value for the upper momentum cutoff of
1007 is chosen as a compromise. At this point the the integrand is already behaving asymp-
totic and the C++ routines are still able to compute the integrand reliably. A cut-off at
higher momentum scales would be of course desirable, but at such higher scales one enters
the domain where even long double precision is not good enough to handle the whole ex-
pression. At 1007 all 5D propagators can be expanded into their asymptotic forms for large
loop momentum, which take the form
Al z,y) = 1 e

2,y) = flz,y)7e ; (5.16)
where f(x,y) is a rational function of the fifth coordinates x and y. For almost all gauge-
boson diagrams the number of propagator are such, that the % are cancelled by the loop
momentum factors in the numerator of the integrand. Then each vertex integral yields after
integration a factor of % Most minimal and RSc integrals have two vertex integrals, thus
after integration of the fifth coordinates the remaining loop integrand scales as l% in the high
loop momentum region. For diagrams with only one vertex integration the integral struc-
ture is such, that after bulk integration the integrand also scales as l% Hence in the second
Cuhre run we just integrate the bulk integrations at a loop momentum of 1007". Because
the remaining integral scales asymptotic as described above, the value of the momentum in-
tegration from 1007 to co can be estimated to have the numerical value 1007 x Rs, where
Ry is the result of the second Cuhre run.
For the gauge invariance check, see the Figure 5.4, the integration routine as prescribed above
does not yield a sufficient accuracy to observe the cancellation of the gauge dependence of
the on-shell term with the cancellation of the residual gauge dependence of the off-shell
terms. To improve the accuracy we divided the first Cuhre run into a set of 2180 Cuhre
integrations over fixed loop-momentum values. These are used to construct an interpolation
grid for the l-integrand. The first 2000 points capture the structure of this integrand in
the interval [ € (0,107"). Then the remaining 180 cover the remaining momentum range
to 1007. The grid together with the asymptotic result are then used to construct an in-
terpolating function of the integrand for all values of [. As a final step, this interpolating
function is integrated with Mathematica. Obviously this approach is nothing less then a
simple increase of the minimum number of integrand evaluation. However this done in such
way, that the different Cuhre runs can be parallelised on different computer machines.
The final result of each diagram depends on the scale T and the SU(2),, doublet and singlet
bulk masses of the external fermion lines. For the numerical implementation we differen-
tiate between diagrams, which have the chirality changing Yukawa coupling at an exter-
nal fermion line, and diagrams, where the vev insertion via a Yukawa coupling is inside
the loop and not connected to an external line. The first kind of diagrams only depends
on one bulk mass, because one external wave function is evaluated on the brane and can
therefore be factorised. The latter contains two zero mode fermion functions, over which
the vertex integrals are performed. Thus these diagrams explicitly depend on a 2D grid
of bulk masses. points. We compute the gauge-boson exchange diagrams numerically
for T = 0.5TeV,1TeV, 2TeV, 4TeV, 8TeV for bulk mass ranges of ¢;, € [—1.5, 0.8] and
cr € [—0.8, 1.5] in the quark sector. In the lepton sector, we only need to compute a grid
for bulk mass ranges cr, € [0.4, 0.8] and cg € [—0.8, —0.4]. The discrete spacing between
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two bulk mass points has the size 0.004 for diagrams, which effectively depend only on one
bulk mass parameter. For diagrams, which depend on both bulk mass parameters, we se-
lected a distance of 0.016 between two point of the 2D grid. One C++ implementation of an
arbitrary RS gauge exchange dipole diagram only calculates one specific bulk mass and T'.
Such a computation takes for a typical diagram with two vertex coordinate integrals usually
about 7 minutes CPU time on a Pentium 17 950 CPU with the standard two step CUBA
implementation. To parallelise the whole computation, the complete grids for all diagrams
are distributed via the gsub system on the TU Munich theory group computer cluster, which
contains 1425 CPU cores in total.

While we cannot give an analytic result for the gauge-boson exchange dipole Wilson coeffi-
cient we can understand the numerical size by factorising all terms that combine to the 4D
Yukawa matrix before rotation to the mass basis:

T3
af) = Yy I (1/T)gl) (1/T) Aiy = yig Ay (5.17)

Hence the function A;; depends only on the 5D bulk masses of the external fermion fields
with flavours 4, j and the RS scales k and T. A;; can be interpreted as a measure of
the misalignment between the mass matrix of the lepton sector and the dipole coefficient
afj before rotation to the mass basis. If A;; were proportional to the unit matrix, no LFV
would be generated by the gauge-boson exchange diagrams. Figure 5.8 shows the result of the
numerical computation of A;; for the custodially protected model at the KK scale T = 1 TeV.
There is a small asymmetry in the dependence of A;; on the bulk mass parameters of the
external lepton fields, which arises from 5D diagrams with non-abelian gauge-bosons as
the W bosons do not couple equally to singlet and doublet fields. To reproduce the 4D
lepton mass matrix the bulk mass parameter c;, of the doublet muon (electron) has to be
around 0.57 (0.66) and the masses of the corresponding singlets around —0.57 (—0.66), if
the SM mass hierarchy is carried by both singlet and doublets. As illustrated in the figure
the variation of A;; in this region is around £(2-3) %. In an extreme case where e.g. all
singlets are “delocalised” with bulk mass parameter cg = —0.5, the bulk mass of the doublet
muon (electron) has to be around 0.64 (0.8), and the variation is less pronounced. For the
minimal RS model the dependence of 4;; on the bulk mass parameters is slightly smaller
in the region of mass parameters relevant to muons and electrons than in the custodially
protected model [28,53]. It follows that the gauge-boson exchange contribution oz?j to the
dipole coefficient has smaller off-diagonal elements by a factor 30 to 50 compared to the
flavour-conserving diagonal entries the RS model has a built-in protection from large gauge-
boson induced LFV transitions. It is interesting to note that the variation of A;; increases
for decreasing absolute value of both bulk masses. Since typically the absolute values of the
5D bulk masses decrease with decreasing magnitude of the 5D Yukawa couplings, a smaller
absolute value of the 5D Yukawa couplings leads to more pronounced LFV transitions from
internal gauge-boson exchange in the Lepton sector.

Figure 5.8 also shows the the result of the numerical computation of Ag, that is the sum of
all gluon exchange diagrams contributing to the gluonic dipole operator in the convention
of (5.17). For quarks the potential range of the bulk masses is larger, than for the leptons.
That is because the the quark bulk masses have to generate the large bottom and top quark
masses. This can lead to bulk masses of the size of c3 = 0.1 for a right-handed up quark field
of the third generation. Thus we expect that the contribution of the gauge-boson exchange
in the quark sector can be larger for than in the lepton sector.
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Figure 5.8: Left panel: Contour plot of A;; in the custodially protected RS model in the
lepton sector normalized to its value for ¢; = |cg| = 0.7 as a function of the 5D mass
parameters ¢y and cg for T = 1TeV, k = 2.44 - 10'® GeV. Right panel: Same as above but
for the gluonic dipole operator AZ-GJ»

5.2 Internal Higgs exchange

In contrast to the gauge-boson diagrams contributions contributing to the Wilson coefficients
of the dipole operator the Higgs exchange diagrams depend strongly on the 5D parameters
as well as the localisation scheme of the Higgs. In this section, we compute first the zero-
mode Higgs contribution to the dipole operator, afterwards we turn on the computation of
KK Higgs diagrams. In contrast to the gauge-boson diagrams the zero mode Higgs exchange
diagrams can be computed analytically. We will present this computation in detail in the
first two subsections. As described in section 2.3.4 we regulate the Higgs width using a
narrow box for the IR brane delta function

(=~ 1/T) = lim ~© (z - 1;5) . (5.18)

The final result of this computation can be found in the third subsection. In the fourth sub-
section we establish the direct relation between the naive narrow width localisation scheme
and bulk Higgs zero mode exchanges in the limit 8 — oo. Finally, the last subsection is
devoted to the KK Higgs exchange calculation

5.2.1 On-shell zero-mode Higgs exchange

The Higgs exchange diagrams can be divided into six different topologies see Figure 5.9 . It is
therefore most effective to work on topology level as long as possible. In this section we will
calculate the on-shell zero mode Higgs exchange contributions to the dipole operator. For
most of the time we use the narrow width Higgs, however the computation of the topology
HT6 deserves a careful treatment of the Higgs localisation scheme, as it is the only topology,
which contains terms with right-chirality Higgs couplings. The on-shell contribution off all
other topologies is generated by wrong-chirality Higgs couplings only. Note that all diagrams
with wrong-chirality Higgs couplings vanish in the case of an exactly brane-localised Higgs.
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Figure 5.9: All Higgs exchange dipole topologies.

5.2.1.1 Topologies HT1 and HT2
We start the computation with the topology HT1 (C.21).

w €T z

Il dy /T /T <T>3 d_4/ i
= —CDia dz dz | dw| — et —
P -"/ / (k=) 5) ") entt B

3

1-6 1—

>

< (V) (V1) (V) 17 (2) £V, (w) L (0') [ Fy, (8, 2,9) B, (5, y, @) v
+ Fy (0. 2,9)d” Ff (py,x) Py, d”Fy, (p,x,w) PRE? (p) (5.19)

where cgiqq represents the SU(2), x SU(2)y factor, which has to be determined for each
diagram generated by this class independently. Since this expression is almost the same for
HT2 (C.22) we concentrate mainly on the topology HT1.

First we extract the coefficients of p* and p’* by expanding the F-functions, which depend
on the momentum p = p—1[ and p’ = p’ — [ around the loop momentum ! . Then we perform
the Dirac and Lorentz algebra keeping only p* and p’* terms. As an example the momentum
expansion of Fy (¢, z,y) yields

Fy (s 2,9) = Fy (Lz,y) =29 - 19,2 Fy, (p,2,9) oy + O (07) (5.20)
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| HT1 | X | Y [HT3 [ X[ Y |
HI | & |1y || H3 | & | Ty
H5 | & | T3 || H7 | & | T3
HI | & | &
(HT2 | X | Y [HT4 [ X [ Y |
H2 | & | Ty || HA | & | Ty
H6 | & | T3] HS | & | 13
| HT5 | X | Y [[HT6 | X[ Y |
HI0 | & |7 [ HIL | & | Ty
HI2 | & ||| 113 | & | 13
Hi4 | & | &

Table 5.3: All possible combination of leptonic Higgs exchange diagrams contributing to the
dipole operators. The names H1-H14 denote the labels of one diagram.

Using this kind of expansion for all F functions in (5.19) one finds the p* and p’* terms

~L'(p) [d"FE (0, 2,9) B by 2) v+ Fy, (0, 2,9) d™ Fy b,y @) Py
; ) 4 _
d_F)ng (pa ,CC,’U)) PRE] (p) = - |:p/l ngapz d F)J/; (l7 Z, y) F; (lay7x)

4 _ — — i j
+p”al2FYa (I,2,y) Ope d” Fy. (l,y,x)} d”F5%, (p,x,w) L' (p) PRE? (p)  (5.21)

where = implies that we only keep terms in p# and p*. To perform this step we used
the rotational invariance of the loop momentum in d dimensions under the loop integral
it = %7]”“, together with the anticommutator relation for the Dirac matrices {y*,7"} =
21" 14x4. Further we used the massless Dirac equations

L'y = 0 (5.23)

to remove some terms.

To compute the integrals analytically it is essential to decompose the F functions in (5.21)
into Kaluza-Klein mode functions using the mode expansions (A.9-A.12). We start the
integration by evaluating the coordinate integral over the photon vertex, which can be done
again by using the orthonormality conditions of the mode functions

[~
[~

i dy  .(n) (m) . i dy  (n) (m) B
/(ky)4fX (W) fx (y)l/(ky)wX (W) 9x (Y) = Onm- (5.24)

3 3

Recall that we can use this relation here because the zero-mode function of the photon
does not depend on the spacetime coordinate, which means that the only mode functions
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depending on the y-coordinate are inside the F-functions. Thus we get

_/ij)

4
(p/”dﬂapzd_F;/; (Lzy) By Ly, )+p“d12F (1,2,y) Op2d” Fy, (va))

(0" +p" Zg(") )WT 7 (529)

The next step is to evaluate the integral over the loop momentum. Note that the complete
expression of the topology HT1 (5.19) includes a tern ;5 coming from the Higgs propagator,
which we have to include to get the correct result. We compute then in the Kaluza-Klein
picture

dl 4 m 1
d—4 ’H 2 : (n (n) n
[ — +p g -

/ ( ) ) (l2 — m%)g l2

1 im, T (3—4) /1 \*°%
T R )dz()

d (47)% 2 m2
d=4-2¢ . (p" 4+ pH n zmn 20 pH+pH)

Note that we used [117] for the actual loop integration. The integral remains finite in the
limit d — 4.

After performing the y integral and the loop integral the terms in (p'* + p*) of the topology
HT1 take the form

ey (V). (Y1), (¥ / / / ()Be:f;f” (2) 1 g, (w)

=

T
(" +p") + — ot —i i
xzwd F} (0,z,2)d” FY (p,z,w) L' (p') PRE? (p). (5.27)
For small §, i.e. a almost localised Higgs bi-doublet, one can expand the d~ F*functions

around the IR-brane. To be more precise we expand d~Fy} (0, z,2) d~ Fy (p, z,w) around

T~ %, w R %, z R~ % and p < T. Thus we employ the approximation
d”F¥ (p,x,w) =~ d Fy (0,z,w). (5.28)
The expansion around the the IR-Brane yields
d™Fi(0,z,y) = dfF;m (0,z,y) = ij]f—j@ (x —y)+0O(9) (5.29)
d”Ff(0,z,y) = d"F}, (0,2,y) = 7?—;19 (y—2x)+ 0O (). (5.30)

We observe here that the leading terms in this expansion only differ in the sign, which
depends only on the IR-brane boundary conditions. All diagrams generated by HT1 contain
always a d~ FT coming from the ¢! bi-doublet and a d~F* coming from the T3 ® T} triplet.
Thus we find

8

dfF{fa (0,2,x) dfF)'("b (0,z,w) = %0 (z—2)0(w—2)+O(). (5.31)
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Note that the leading order term of this expansion looses completely the dependence on the
generation indices.

Setting the zero mode functions of fl(io) (2) 9E; (w) to the brane we can evaluate the remaining
coordinate integrals according to

/ / /1 ( )39(Z_$)9(w—$)=;- (5.32)

T

Thus we find the final result of the linear terms in (p’* + p#) of the topology HT1

T~ 8 ,
’@%J;Qp)enf(io% )f(o <;> ILLZ( N PeE’ () [YYTY],; . (5:33)

CDiag?

Note that this expression remains finite in the limit § — 0, which means on the other side
that the neglected O (§) of the expansion (5.31) vanish for an IR-localised Higgs bi-doublet.
One can apply the same steps on the diagram topology HT2 to extract the analytic form
of the (p'* + p*) coefficient. This yields the same result as for the topology HT2 up to the
different cgiag-

5.2.1.2 Topologies HT3 to HT5

Like in the case of HT1 and HT2 the topologies HT3 and HT4 have similar expressions.
Hence we concentrate only on the expression for HT3 here.

w T z
I ‘\ ! /
p N / p
| \\ y//
O \\g'/
R
4
T d—4 ddl* /
i [ 0 [ [ (5 [ Zrir o,
1-s 1-s 1-5 1-3
T T T T

1 ]

’ 1"t (0) -
*()ia (o Vg 17 D 1095, @) o =g
xL' (p")d"Fy (I, 2,%)d” F¥ (p,z,w) PRE’ (p) (5.34)

The calculation of the topologies HT3 (5.34) and HT4 (C.24) follows the same strategy as
for the topology HT1. First we expand both Higgs propagators around the loop momentum
I in expression (5.34). This leads to

1 ) d—41

)
(p+p —20) 555 = — (0" + p)
49 1 1
d=4-2 26 (P (" +p")+0O (62) (5.35)

where we used the rotational invariance of the loop momentum in d dimensions to derive
this result. Note that this expression depends linear in e, which means that we need to get
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a 1/e IR-pole coming from the loop integral to obtain a non zero result. Obviously the same
calculation done in d=4 dimensions would not yield the correct terms.
Since no F functions depend on the y coordinate in HT3 (5.34) and HT4 (C.24) the y

integration is trivial and ylelds . For the loop integral one has to calculate
d*‘*/ L P (L z,x) Z o (z) ‘H/ AL imn (5.36)
M (2 )d l4 g M (27T)d l4 l2 _ m% :

=A

where we used the Kaluza-Klein decomposition (A.11). Introducing a Feynman parameter
the integral becomes

A

I
o _

d .
dm?xud%/ d ld My, i
(2m)" (12 = (1 — ) m7)

d=4—2¢ (=

1). .
1672 m2e o) (5:37)

Observe that the Feynman parameter integral only exist, if d is larger than 4, i.e. € < 0.
That means that we are extracting here the IR-pole of the loop integral as we wanted in the
beginning of the calculation. Inserting this result into the original integral yields

A R -
/Wl4d R (1 20) = o 5d Y (0,2,0) 1 0(1). (5.38)

Thus we find for the terms linear in (p'* + p*) of HT3

/d/dw(f) 10 (2) O, (w)
(p™ +p") -

XiW d=Ff (0,z,2)d” F¥, (p,x,w) L' (p) PRE? (p) + O ()

~cpiag (V') ;g (V1) 4 (¥

H“ \;H\H

where the € independent terms have the same form as the topologies HT'1 and HT2. Hence
the further integration can be done the same way as for HT'1. We derive the final answer
for the topology HT1 in the limit € — 0

(P +p") 1
_CDWMGM 7O ()

1\ K _, .
962 T Oz, () =L 0) PrE (p) [Y'Y'1Y], . (5.39)

T) 18

As for HT2 and HT1 we can apply the steps for for the calculation of the terms linear in
(p'* + p*) of HT3 onto the same terms of HT4. Therefore we derive for HT4 the result.

_(p/#+pl‘«) * (0 1 1 k 7 j
~cpigi-ge 5=l (7 ) 1098, (7 ) 7sL ) PrE? () [YYTY],. (5.40)
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The topology HT5 can be written as

X

/ 1t (0) N fOgn (2 -
O)ia O () 17 ) 579, @)
xL' (p')d~Fy (I, z,3)d” F§, (I,x,w) PRE (p). (5.41)

We note that the integrand structure is almost the same as for the topology HT3. Hence
this diagram topology can be computed in the same way as described above. Therefore, we
find for this diagram topology the result

(™" + p*)

. N 1 1\ k%, ;
_CDiagZWGMfl(iO) (T) fﬁo)gEj (T) fL (p") PrE? (p) [Y'Y’TY]Z.J.. (5.42)

5.2.1.3 Topology HT6

Compared to the aforementioned Higgs exchange topologies the topology HT6 exhibits right
chirality Higgs couplings as well as wrong-chirality Hggs couplings. To write the expression
in a particular easy form we use in this part of the Higgs exchange computation a cut-off
regularisation.

A?

S

= Cdiag

1
3
/ / (3) Aeravinde)
T T

% {312 (l O (Fy (L) {f (l,y,z ))) + 120202 (d" F Lz y)d” B (l,y,z)) . (543)

0 1-6
T
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We already integrated the photon vertex in (5.43). In (5.43) the first term in the fermion
contains the right chirality contribution. Due to it being a total derivative we can integrate
the momentum integral directly to find

1=A2

/ / / sy (P00 (P Lo L) | 0 (a0

T T

—_

where the boundary term for 1=0 yields zero. To compute the boundary term I = A% we
expand the remaining fermion propagators for large loop momenta [ > T'. The leading term
of this expansion does not depend on the IR brane boundary conditions of the propagator,
thus we do not have to specify the excact fermion fields and can still remain in the topology
notation. After inserting the expansion

) 1 1 21 2
F(l,z,2) =Fx(l,z,2) = %k4w5/2x5/2\/ o 1/ —lxﬁ(w — ) (eT + ezl“’) ol (= F—wtz)
o4 52 5/2 1 1 . 2 2z JI(—Z+w—z) 1
+ 2I<; w2z % lw” lmﬁ(x w) (e +e ) —&—(’)(—% ). (5.45)

we find that the right-chirality term vanishes for the limit A — oo in the narrow bulk
Higgs localisation scheme, see section 2.3.4 for the exact definitions. This is due to the
introduction of an additional } factor through the exponential functions in (5.45) after the
vertex integration. In the brane Higgs scenario, where we set § — 0 before any other
regulators, the exponential is cancelled. In this case the high momentum expansion of the
F*/~ functions simply yield

FF(1,1)T,1)T) =F5(,1/T,1/T) = %ﬁ. (5.46)
Hence we find, that the [* term is cancelled in the brane Higgs scenario. As the wrong-

chirality term vanishes the topology HT6 yields the value

(" +p") . (0) (0 1 k® i j 11t
~eviagi= o5 —uh (7 ) 198, (7 ) sl W) PrEV () [Y'YTY] 0 (547)
for an exactly brane localised Higgs.
For the solution of wrong-chirality term in HT6 we perform twice a partial integration with
respect to di* in d dimensions. This yields a e [d?ld~Fy (I,z,y)d”Fy (I,y,2)7 term,
which can be treated the same way as for the topologies HT3-HT5. We therefore just give
the final result of the topology HT6 without additional computations in the narrow bulk
Higgs scenario

(" +P") .0 (1 k8

“ies’ ggrz wh\ T

Fgs, <§;> KL W) PE ) YY), (5.48)

5.2.2 Off-shell zero-mode Higgs exchange contribution

All Higgs exchange diagrams with a mass insertion on an external line, also contain con-
tributions coming from off-shell zero-mode propagators adjacent to the Yukawa coupling.
Thus the topologies HT1, HT2, HT3 and HT4 contain also off-shell contributions, which
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have to be computed. We consider first the off-shell terms of the diagram topology HT1.
These can written as

[ dy /T /T (T)3 d_4/ i
= —Cpia dx dz dw | = et —
%

< (V),, (V1) (V) 17 (2) £ Vg, () L' () [A7 FY, (8, 2, 9) d* Fy, (5, y,2) Y

+Fy (9, 2,9) Fy, (b,y,2) P'y.0) j}fff? (@) £ (w) PrE7 (p). (5.49)

-
|
1Y
—
|
>

To compute it we follow the same strategy as for the on-shell contributions. The difference
to the on-shell case is the factor pﬂz, which has to be removed by an additional p factor. To
find all terms doing this it is necessary to expand the F functions to second order in the
momentum, e.g. for Fy, we would write

F;a (ﬁayax) = F};a (l,y,x)+(p2—2pl) ap2F;a (pvya'r)kn:l
1 2 —
+5 (* =2p-1)" 0% Fy, (Ly,2),; + O (p°) . (5.50)

The d‘F;,; 7, z,9) d+F;a (P, y, ) v, term cannot generate a p factor, thus it does not con-
tribute to the dipole coefficient. For the Fy. (p',z,y) Fy. (p,y,) term we rewrite first the

ﬁ’yuﬁp factor
Dby = Pvun® — P rvalp — 10 + [ylp. (5.51)

Note that the terms p’ Yup? — PV / # are not relevant in the following calculation, because
the term p’ fy#p2 cannot remove the global p factor and one cannot remove the p’ factor in

#vul. The term [~,p® can only generate a term proportional to p, with a O (p-1) term
coming from the Taylor expansion from the F functions. The term [,/ p needs terms of

the order O ((p . l)2) or O((p-1)(p'-1)) to contribute to the coefficients of (p + p’)". This
yields for the (p + p')" coefficient of the off-shell part of HT1
—L'(p) Fy. (9, 2,9) Fy. (b, x)ﬁ'mﬁ]%PREj (p)
=L'(p) [-2(p- 1) Fy, (I, 2,9) 02 Fy. (,y, ) [y,
A0 ) (o) B Fy, (1 2,9) Oy, (Ly.2) Il

—2(p- 1) Fy. (I2,y) 9 Fy. (Ly,x) mlp} PrE’ (p)

- Ti 74pt _ 8pl
=L (p/) TIZQFYQ (l,2,y) 3p2FY; (Ly,x) — mﬂaﬂﬂq (1, z,y) aPFY; Ly, x)
8pﬂl4 — 2 .
———F, (I 2B (1 PrE’ .52
d(d+2) Ya(7z’y)al Y, (ly,x)| PRE? (p)(5.52)
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Because the propagator connecting the external Higgs emission to the loop was replaced
by a zero mode propagator, zero mode fermion propagators inside the loop would make
this diagram topology a standard model contribution. Thus we consider only zero-mode
subtracted Fy. functions. This problem only appears in the diagram of the minimal RS
model, because the fermions propagating in loops of pure RSc diagrams do not have a zero-
mode due to their mixed boundary conditions.

As for on-shell contribution, we integrate first over the photon coordinate integral and then
the loop momentum integral. Using the Kaluza-Klein decomposition (A.10) we find

[ dy 4pp 2p 8P 4
zF -
/(W[ PRy (1,500) 0oy (1) —
3
8Py
xO0pFy (I, z,y) Fy, (Ly,z) - m v, (1,2,9) O Fy, (Ly,x Zg 2) oy (@)
4p, 12 8p,, A 16p,, A

—_ . (5.53
. [ d (12 —m2)® +d(d+2) (12 —m2)* +d(d+2) (12 —m2)* (5.53)

The factor ﬁ is the same as for the on-shell case, i.e. we can recycle most of the result

(5.26). We find !

d?l 4 12 i
_d—4 (n) (n) *Pu 52
r /(%)d;g @& @) F
d=4—2¢ . Pu (n) (n) i =0 . Py e
= 397 2 9y, (Z)gya (z) m2 +O(e) = 1327T2 Fousy, 0,2,). (5.54)
=1 n
For the the 72)4 terms we find

8p! +16p, , d?l n " 14 7
R m“/ Zg“()g@()—@

d(d+2) (2m)* = (12 —=m3)
. d 3—5
N T PILACEAC (li)zr(lf)(;)Q) (7z)
dmizre L; el z W 68 @) gy + OO
20 Z%FMY (0,2,). (5.55)

Adding both integral results we compute

N T T .
- ( 033 327r2> Fausy, (02,2)

o1 7 B
- Jﬂm (P +pp) +i 57672 (P p;)} Fousy, (0,z,2). (5.56)
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Thus after these steps the (p# + PL) coefficient of the off-shell terms of HT'3 (5.49) becomes

L B ;
iy (V),, 07, (1), [t [ax [ (5) e ) £0m,

1 3 |
Tz Famis v, (0.2,2) £ (@) £ () L' @) (pu+ p),) PrE? (9).

To perform the remaining integrals we expand F7,5y. and all mode functions around around

~ 1 ~ L ~ L1
WA, TR, and 2 &

11
F = F - = 5
sy, (0,2,0) = Fyygy, (0, T T) +0(6),

where Fy gy (O7 %, %) needs to be determined independently for for all types of fermion

fields. Using this expansions the final result for (pu + pL) coefficient of the off-shell terms
of HT3 can be written as

RONE. LYo (1) o (1
~eping (V) (), )y 10 () 008, (7) 27 (3) 57 (7
. 1 11 .

L) gy Fawsre (0o 3 ) (w10 PREV ). (557

For the off-shell contribution of the topology HT2 we can use the same steps as above by
applying the rules
Py =Dy Pu— Py
_ 0 0 0 0
Fpusy = Fhusx ) @) £ () = g5 (2) g5 (w). (5.58)

This leads to the following expression for the off-shell terms of (p,, + p,,) for HT2

‘ i e (LY 0 LY (L), o1
— CDjag (Y)ia (Y )ab (Y)bj e I (T) fns )gEj (T) 91, (T 9, T
Ti () 1 + L1 ’ j
We deal with the off-shell terms of HT'3 and HT4 using the same strategy as for the diagram

topology HT1. The off-shell contribution of the diagram topology HT3 is again
w oo z
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To eliminate the p term we expand both Higgs propagators to second order and then only

collect only terms, which will be proportional to p, or p,,in the end of the calculation. The

relevant terms are

L) ——— P oo — ) PrE ()
2 2

-0 (p-0)°"p

L0 @D (D)

=2 —p—p) B + B +2 6
Ip 16 8 2
J 1 o= AV
LW 5 Prl? ®) = Gy * qar g a?” ~ an P+

1
*d(d+2)
As usual we used rotational invariance of the loop momenta in d-dimensions to derive this
result. Inserting d = 4 — 2¢ we find then for the relevant (p + p’)" coefficient

m (p+p) TE* %4% +0(e). (5.62)

Note that this O (¢) term has the same for as for the on-shell case of this topology (5.35).
Thus we can reuse the loop integral off the on-shell contribution here. As in the case of the
topology HT'1 we have to remove the possible zero modes. The loop integral gives

L' (p') PRE? (p) = (—@d=8)(p+p)" +4(p—p)") L' (v)) PrE? (p). (5.61)

_ il 1 1 -
:U'd 4/ ( )d l4FY ZMS (l z {E) GWFYLIZMS (07Z,£U)+O(1). (5.63)
Putting everything together the off-shell term of HT3 proportional to (p+p )“ yields

s 0,0, [ o o e (1) 0,

<0 (2) 1gs, (w >@FQZMS<O,Z 0 10 @) 10 ) I ) PR () (5.64)

To perform the remaining integrals we expand Fj, ;s and all mode functions around around

w R %7 TR %, and z &~ % We find as the final result
0 1 o (1 0 (1
cDiag (Y/)ia (Y/T)ab (Y)bj f( ) ( ) f(O) () fl(b) () fl(b) (T)
* 1 1 i .
X€ “(p—l—pl)# WFYa ZMS (0 T T)L ( )PRE] (p) (565)

Again this result can at once be adapted to the topology HT4 by applying the rules

p/u — pu pu — p/u

Fpusy = Fhusx  £7 @) 1 () = %) (2) g (w). (5.66)
We find
A t O (1) j0g, (L) g0 (1
—CDiag ( 5D)m (Y )ab (Y)bj fl,i T 9E; T 9E, T 9E, T
o L1 1 1Y - ;
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5.2.3 Zero-mode Higgs exchange matching

With the complete computation of all Higgs exchange diagrams at hand we can now perform
the matching of the Higgs exchange diagrams to the dipole coefficients. To do this one has
simply to compute all SU(2), x SU(2), group factors for each diagram and insert the
correct factor cqiqg. Note that the propagators of the RSc T’ 4 triplet fermions have a non-
trivial dependence on the SU(2), quantum number, which complicates the group factor
computation slightly. All group factors can be found for all leptonic diagrams Appendix
C.2.

Let us now collect the Higgs exchange results for a narrow bulk Higgs in the leptonic sector
of the minimal RS model

e T3 T8
a;yj Higgs = mﬁ %Qe (FL - FE)
0 i 0
" 022 k4 Q. & (UT)YY'Y]; g5 (1/T), (5.68)

where the Fx (X= E, L) are abbreviations for
DY i F(—ep) Y i £ (/T [V s (1/T)
£/ D) Y kg s, (1 TYY i F (e, )Y Tnjgls, (1/T) . (5.69)

The function F(cr, ) is up to terms linear in % equal to Fy g (0, %, T) It can be found
in equation (4.23).
In the custodially protected model the Higgs contribution to the leptonic dipole is given by

e T3 T®
a’;yj HiggS: 192W2ﬁﬁQe(FL+FT3_Fd+2Fu)
+— 192 5 k4 2@6 D)y yty - vl 6 (1/T), (5.70)

where we introduce the additional abbreviations
Fr,= [12Q/D)YaFr, ()Y Ten 0 (1 T)2[Y g% (1/T)
Fu= f)Q/D)YiF (—ex )Yt (1/T)2[Y]nigi) (1/T). (5.71)

Here [Y,] is the u type Yukawa matrix, which generates the tiny masses of the zero-mode

neutrino fields. Fr, equals the function F ' o Ly (O %, T) A simple Taylor expansion yields

e
FTS (C) - T5 1—2¢ ’ (572)
with € = T'/k. The associated dipole elements for the the Higgs exchange for an exactly
brane localised Higgs are generated simply by dropping the wrong-chirality contributions
proportional to [YY Y] in (5.68) for the minimal RS model. In the custodial RS model this
approach only partially leads to the correct result. In the case of a brane Higgs we also need
to add the right-chirality contribution from the diagrams generated by the topology HT6.

We find for a brane Higgs in the custodial protected RS model

e T3 T8
il iggs = 719%2 y ﬁQe (Fy + Fr, — Fy +2F,)
]_92 1092 k4 3Qe (I/T)[ YTY - YVYVTY]U gE' (1/T) (573)
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Note that the brane Higgs result contains a different sign in front of the YY1Y compared
to the narrow bulk Higgs case.

The appearance of a term of the YY Y in the brane Higgs case a lowers the phenomenological
difference of both localisation scheme in the custodial protected RS. Therefore we drop
this localisation scheme in the quark sector. Note that the brane Higgs case was already
considered in great details in [50]. Concentrating on the narrow bulk Higgs case we find for
the minimal RS mode for the Higgs exchange contribution to quark dipole operators

@5 riggs = ﬁ%ﬁ ZTT; ((2Qe — Qa — Qu)Fg — QaFa+ (2Qc — Qu)Fy)
192 757 (2Qa+Qu—Qe) J 1S/ YaY Yalis 6f (1/T) (5.74)
aj) Higgs ﬁ% % (2Fg + Fy+ Fu)
- s ) D Yily o) (/7). 5.75)

where the F, (¢ =d, @, u) are simple adaptations of (5.69) and (5.71) to the quark sector,
for example Fg = (FL)|cp=cq-
In the custodially protected model the Higgs contribution to the quark dipole is given by

e T3 T8
%5l iggs =~ @g 7 (2Qc = Qu = Qu)(Fo + Pry) = QuFa+ (2Q — Qu)Fy)
‘ - FO YV IV 6 Q)T 5.76
1922k4(Qd+2Q“ 2Qe) fo, (1/T)YaYy d]mgdj(/ ) (5.76)
g _ Js T T8
@i Higgs 1927‘(2 kL ok8 (2FQ +2Fp, + Fa+ Fy )
T3
192 2 k4 (O)(l/T)[YdYTYd]U gd (1/T) (5.77)

5.2.4 Bulk Higgs with a beta profile

Next we consider the case of a bulk Higgs with the /5 profile (2.65). The dominant contribu-
tions were studied in some detail in [79] and numerical estimates were obtained by summing
a large number of KK modes. Using 5D propagators the effect of the Higgs zero mode can
be computed analytically for large 5. To see this let us focus on a diagram generated by the
topology HT'1. The methods used here can be applied to all other Higgs exchange topologies
analogously, but may require appropriate expansions of the fermion propagators for a fully
analytic result. For light external fermions the dominant contribution can be written as
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=

4
_ B T B d*l dz dy dz dw (0) (0) _
= Qe V1LY [ / e ()92 ()™ B, (5., 0)

F

x Mg (l,2,2)0 (w) [d™Ff (0 — 1, 2,9)Fg (p— Ly, a)v"(p— )

+Fg, (0 =1 zy)d” Fg (p—Ly,x)(p' — "] (5.78)

where we chose p,p’ for the incoming and outgoing fermion momentum, respectively. The
integral over the w coordinate can be taken right away as we can set p to zero in the external
fermion propagator:

Sl

dw
E(x,Bycp,cp) = / 5 g(b?)(w) d=Ff(p=0,2,w) ®9 (w) (5.79)

b

, \/ 1+ 2cg \/ 2(1 + p) 1 (Tx)>tere=5/2
=1
1—elt2ee V1 —e2t262 —¢cp +cp+ 8 1—e2cL—1

X |:(Tx)27CL+CE+'B(1 _ 626[171) 4 (Tx)172CL (62CL71 _ €1+CL+CE+ﬂ) _ (1 _ €1+CL+CE+,8):| .

After expanding the remaining integrand for small p,p’ we perform the integral over the
photon vertex bulk position y using the completeness and orthogonality relations. We then
find for the diagram

1

Qe V711, % | (d4l / 2 v 0 e, 8 er, 0n,) Aall, . 2)

2m)4 | k10525

E

< [§PoRa 1) | 0 5. (5.50)

This leaves us with only three integrals over x, z and the loop momentum.

Let us first consider the Higgs zero-mode contribution by substituting Ag (1, x,2) — /1% x
OO (2)®©(2). Since 3 is large but finite until all integrals have been carried out and all
regulators removed, we can perform the momentum integral directly in d = 4 dimensions.
To this end, we switch temporarily to the mode picture for the fermion propagator, evaluate

the integral
d4l 1 i 1
= — — 5.81
/ @ (& —n2P . AmEmE (5:81)

and resum the mode expansion back into 5D propagators, which results in

l

dz dx
—iQue iy [Y / oos s I (@, Benyep,) 20 (@) @) (2)
1 — % /1
><72(47T)2d Fp (0,z,2)(p" +p'"). (5.82)

Since the zero-momentum limit of the fermion propagator has a simple form, the two re-
maining integrals are elementary. The final analytic expression is lengthy and valid for any
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positive value of 5. We refrain from giving the explicit expression. However, the limit
B — oo is straightforward. After using (B.37) to relate the Yukawa matrices for the bulk
Higgs to the couplings for the delta-regularized Higgs we recover the same answer as already
found in the section for the computation of the topology HT1,

Qe 23 (0)
96m2T2 4 7 L

(1/T)Yin Yy Yisgls) (1/T) (" + ™). (5.83)

This observation is general: the Higgs zero-mode contribution of the bulk Higgs in the
B — oo limit is always equal to the one of the theta-function regularized brane Higgs. In
other words, the localisation limit of the bulk Higgs is independent of the bulk profile at
finite Higgs localisation width.

We still have to determine the contribution from the tower of KK Higgs excitations in
the loop. To illustrate the computation in the 5D framework, we consider again the dia-
gram H1 in the topology class HT1. The KK contribution is obtained by the replacement
Ag(l,x,2) = AZMS(1 2, 2) in (5.80). An analytical evaluation seems difficult even for 3 > 1.
Before turning to the numerical calculation we shall first show that the KK contribution
does not go to zero for large 3 despite the fact that the lowest KK masses are of order 5T
This confirms the non-decoupling effect found in [79], now in the 5D framework. To this end
we look at the different loop-momentum regions separately. There are two relevant scales,
the KK scale T and the Higgs localisation scale ST. This leads to several momentum regions
that allow for various expansions of the propagators. The expanded forms can then either
be integrated directly or at least their 3 scaling can be determined.

e For small loop momenta [ < T we can expand both the fermion and the Higgs prop-
agator around [ = 0. We can then analytically integrate the x and z coordinates as
in (5.82). In this region the scaling with 8 must be the same as the scaling of the Wil-
son coefficient of the four-fermion operator discussed in section 4.1 and in appendix
B.4. That is, for large 8 the integrand scales as 1/8. Hence, the total contribution
from this region vanishes for 8 — co.

e The second region is [ ~ T. For the Higgs propagator we can use the same expansion
for small euclidean momenta as for I < T but the fermion propagator can no longer be
expanded. Nonetheless, d*be (I,z, z) does not introduce an additional § dependence
in this momentum region. We recover the overall scaling o 1/ for fixed values of [
just as for | < T. The only difference to the region with [ < T is the scaling of the
integrand with the loop momentum [, which no longer is a simple power law. However,
for I ~ T, the scaling of the integral with § is the same as the integrand, that is 1/,
and hence the contribution from this region also vanishes for § — oco.

e For loop momentum [ of the order ST we can make use of an expansion of modified
Bessel functions of the form Zg(fz) and Kg(fz) for large 3, given by

1 Bl (@) T e Bf@
Iﬂ(ﬁi’?) ~ mm g(z), Kﬂ(ﬁﬂf) ~ \/;(1‘“52)1/4 g(z). (5.84)

The exact expressions for the functions f, g and § can be found in [118,119]. Here
we only need that f, g and § depend on [ only via terms that vanish at least as
fast as 1/ for B — oo and that f(x) is a strictly monotonically increasing function
of z. Using these expansions one can show that the Higgs propagator retains the
same 1/f scaling as in first two regions. Taking into account the behaviour of the
fermion propagator for [ > T we find that d*l[? 8122 d~F*(l,z,z) counts as a factor
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of dll or equivalently dl - (8T). This cancels the 1/5 from the Higgs propagator and
leaves us with the coordinate integrals. Their counting is easier to determine when
the integral over w has not yet been carried out. The integral over w then cancels the
/B factors from the Higgs zero-mode profile and one Yukawa coupling. Every integral
over a coordinate difference counts as 1/8 (compare the discussion of KK effects in
the gauge contribution). Including the two remaining Yukawa couplings, we find that
the integrand scales as 1/ in the region | ~ ST. Hence the integral over the domain
I ~ BT takes a constant value for f — oo.

e Finally, for [ > ST we expand the Higgs propagator for large momenta, since it is now
dominated by the scale [ and no longer by S7T. Consequently, the Higgs propagator
scales as 1/, and the distance |z — z| is limited to be of order 1/I. This effectively
trades two powers of 1/(8T') for two powers of 1/I compared to result in the [ ~ 5T
region, resulting in the scaling o< 3/I2 of the integrand. The final integral over the
modulus of [ is therefore convergent and since

oo

1
dl 5 == (5.85)
8T

the high-momentum region also gives a finite S-independent contribution to the dipole
operator coefficient.

Since in every region the integral over [ either vanishes (I < T, I ~ T') or converges (I > T
and | ~ BT) to a constant, the contribution to the dipole Wilson coefficient due to the
Feynman diagram H1 tends to a constant for large § as announced. For large values of
B the integral is further dominated by the high-momentum regions and therefore the 5D
masses of the fermions enter predominantly via the external zero-modes.

The left panel of Figure 5.10 shows the numerical result for the integrand as a function of
the loop momentum [ and demonstrates the expected inversion of the order of the curves
for different 8 values from the intermediate to the high-momentum regions.? The right
panel shows the KK Higgs contribution as a function of # normalized to the zero-mode
contribution in the f — oo limit. The plot illustrates the approach of the KK contribution
to a constant. The relatively fast convergence with increasing [ is a feature of the simple
diagram topology under consideration. The plot shows that the KK Higgs contribution
while somewhat smaller than the corresponding zero-mode contribution is of the same order
of magnitude [79].

A similar scaling analysis can be applied to all other diagrams involving KK Higgs modes.
We will not discuss them in detail, as we anyway have to resort to a numerical evaluation
in the end. In appendix B.5 we give the numerical ratio of the KK tower to the zero-mode
contribution for each diagram topology. The final result for the leptonic dipole operator
contribution due to by the exchange of the KK Higgses is

pxx  Que T3 (0) T (0)
ij = 19972 14 ~Akx - f1, (1/TYY Y]ingj (1/T) (5.86)
in the minimal model and
H,KK Que T 0 cs cs 0
T = S (UT) [ARYYTY + BERYLYIY] ) (1) (5.87)

?Note that the solid curve for 8 = 160 does not reach the asymptotic region of very large loop momentum
Il > BT, while = 10 is on the small side for the 8 > 1 scaling to hold. When taking the coordinate
integrals analytically (possible in some of the momentum regions) we encounter ratios of I' functions such
as I'(6 + B8)/T'(7 + B3), which scale as 1/8 for large 3, but 8 ~ 10 is not quite large enough to make this
manifest.
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Figure 5.10: Left: Absolute value of the integrand for the diagram H1 with zero-mode
subtracted Higgs propagator as a function of the loop momentum [. The curves correspond
to 8 = 10 black (dotted), 40 blue (dashed) and 160 green (solid). The KK scale was set
to T =1 TeV. Right: KK Higgs contribution to the dipole operator as a function of g
normalised to the 8 — oo limit of the Higgs zero-mode contribution.

in the custodially protected model. Here we again dropped the suppressed off-shell terms
similar. The numerical values of the coefficients are

Akk = 0.46(0.04) es . =1.4(0.2) B = 0.1(0.05) , (5.88)

where the number in parenthesis shows the estimated error due to the extrapolation to
B = oo. The sizeable relative uncertainty in B comes from large cancellations among the
various contributions to the coefficient. In the minimal (custodial) mode the KK contribu-
tion is about 50% (75%) of the zero-mode contribution.

Note that by writing (5.86) and (5.87) we tacitly assumed that Higgs Kaluza-Klein contri-
bution is roughly independent of the 5D mass parameters and therefore allowed for compact
analytic expressions. Nevertheless there is a nontrivial dependence of the KK contribution
on the 5D mass parameters; in particular for diagrams with a Higgs emission from an ex-
ternal line. In the lepton sector this effect is quite small especially when compared to the
sizeable numerical uncertainties; we therefore neglected it in [55]. In the quark sector the
wide range of 5D masses leads to more noticeable effects; since we can only determine these
numerically we do not give an explicit expression. To give an idea of the potential size: the
figure 5.11 shows the additional effect of the mass dependence (without numerical uncer-
tainties) for the diagram. One can see that the effect is indeed of the order a few percent
for leptons, but can potentially be of O(1) for quarks. It is therefore not feasible to use a
simple analytic approximation as was done in the lepton sector.

Furthermore, we need to include KK Higgs corrections to the off-shell contributions to
the Wilson coefficients. Again these terms are not necessarily suppressed in the quark sector,
as the third generation Yukawa couplings are sizeable. However, we can only determine this
contribution analytically for the Higgs zero-mode and not for the Higgs KK modes; it is only
accessible numerically, but is quite small, only about 25% of the corresponding zero-mode
effect.

We therefore treat the whole effect of Higgs KK modes similarly to how the gauge-contribution
is handled. Here we only remark that the total effect of the KK modes is smaller than the

87



CHAPTER 5. LOOP-INDUCED DIPOLE OPERATORS

o.5»/
1.2
3 1
(@]
(@)
08
0.6

-1.0 -05 0.0 0.5
CQ,int

Figure 5.11: Illustration the additional dependence of the 5D mass parameter dependence
of the KK Higgs contribution for the diagram on the right. cq,,,,cqg.,, are the 5D masses of
the internal doublet propagator and the external doublet zero-mode. For leptons generally
only a small region in the upper right corner (cg ~ 0.4 — 0.7) would be required.

effect of the Higgs zero-mode but not parametrically so, see also [55,79].

Note that the relative high uncertainties are generated mainly due to the implementation of
the numerical integrals inside Mathematica, as the C++ code used for the gauge exchange
has severe problems to evaluate even one integrand point. The main problem of the nu-
merical evaluation of the Higgs KK diagrams is caused by the zero mode subtracted Higgs
propagator, which contains Bessel functions of the type Zg and Kg. These Bessel functions
can evaluate to extremely large numbers even for moderate values of 8. The right chirality
term of the topology class HT6 only could not been computed in Mathematica, because the
integration did not terminate within a reasonable period of time to useful numerical preci-
sion. To tackle this diagram we had to dissect the Higgs propagator into potentially large
terms and then add them up in a controlled way. This allowed us to evaluate the integrand
up to loop momenta of 600 7" in C++, which enabled us to perform the integration via
the CUBA package. To this end we employed a integration routine inspired by the gauge
invariance programs, which are able to compute the on-and-off shell terms.

To conclude this chapter we remark that irrespective of the Higgs localisation, the dipole
coefficients ag generated by Higgs exchange is in general misaligned relative to the mass
matrix in the lepton as well as the quark sector. For the bulk Higgs case the numerically
dominant terms scale as YYTY in both the minimal and custodially protected RS model.
After rotation to the mass basis this potentially generates large flavour violating transitions.
For the same reason, even after the rotation to the mass basis, unlike the gauge-boson
contribution , the Higgs contribution depends strongly on the values of the 5D bulk mass
parameters and the 5D Yukawa matrices. It usually increases with the magnitude of the
Yukawa matrix entries.
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5.3 Dimension-eight operators

The effects of dimension-eight operators are suppressed relative to the dimension-six ones by
a factor of O(v?/T?) and therefore negligible. However, for LFV observables this counting
can be numerically upset, as noted in [32], since the leading dimension-6 contribution to the
dipole operator from gauge-boson exchange is suppressed by a factor of 30-50 due to the
near-alignment discussed above and in [28,54] . Relevant dimension-eight effects can arise
directly from dimension-eight operators and indirectly from v2/7?2 corrections to the field
rotation to the mass basis.

The first class corresponds to the descendant (L;o"" E;)®X,,®'® (X = B,W) of the
dimension-six dipole operator (L;o"" E;)®X,,,, which after EWSB give rise to the same
dipole vertex structure. However, the dimension-eight operator has a coefficient function
proportional to YYTY even for the internal gauge-boson exchange contribution, and does
not suffer from the alignment suppression of terms proportional to Y. Depending on the
value of T, the dimension-eight contribution may then be the dominant source of flavour
violation. This is relevant only for the case of an exactly brane localised Higgs in the minimal
RS model, where the contributions to the dimension-six dipole Wilson coefficient cubic in
the Yukawa coupling due to Higgs exchange are also suppressed (see previous subsection).

The second class of dimension-eight effects arises from the fact that the tree-level relation

) 1+ 2¢
— UT 1/ a= 2% ,/ 1+2€2 Vien = diag{me, m,,,m,} (5.89)

that defines the rotations U, V' to the mass basis [20] receives corrections due to multiple
Higgs vev insertions.?> The diagonalisation condition has the form

(U 1—2cy, 1+ 2cg .
Nohth e Vo Y N Tz, Vi = divg{me,my, mo} - (5.90)
J

cf. (3.39). The modified U and V field rotation matrices applied to the Lagrangian (3.2)
generate an additional source of LFV which formally enters at the same level in the v/T
counting as dimensions-eight operators, which can be taken into account by the substitution

02
q
a . — a .+ 6? iy Syyiy (591)
The direct effect of the dimension-eight operators is more difficult to estimate. We have
to evaluate the contributions to the dipole-like operators that appear at the dimension eight
level, i.e.,

1
LAim=8 710 a; (Lo Ey) B, 10 + ﬁ al (Lt Ao B Wi, TR (5.92)

d1m 8 B,dim—-8

ij
sin Ow a; would require the computation of roughly 150 different diagrams in the
5D theory for the minimal RS model alone.

Fortunately, only some of these diagrams actually contribute. For the following we
consider only the minimal RS model with an exactly brane-localised Higgs. For the other
Higgs localisations the dimension-six dipole is always dominant and dimension-eight terms

The computation of the electromagnetic dipole coefficient a;;j = cosOw a

Wdlm 8

3The square root factors arise from the explicit expressions for the lepton zero-mode profiles.
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Figure 5.12: Example of a diagram contributing to the matching onto the dimension-six
dipole operator and several related diagrams that contribute to the dimension-eight operator.

are negligible as discussed above. We then have two fundamentally different contributions:
from the so-called wrong-chirality Higgs couplings (WCHC) and from the ordinary Higgs
couplings to lepton modes with the same chirality as the SM zero modes. It turns out that
for the exactly brane-localised Higgs the WCHC contribution can be computed analytically
and is simply given by

dim—8,wCcHC _ 1 4

ij 3 aij’Y—>YY’fY (5.93)
in terms of the dimension-six gauge-boson exchange contribution.

To illustrate how this result arises let us consider the left-most diagram in Figure 5.12
(W8 in the notation of [28]), which contributes to the matching of the afj‘-/ coefficient. There
are 10 ways to add two additional external Higgs lines to the fermion line. However, since § /T
(6 being the Higgs localisation regulator) is much smaller than the dimensional regulator or,
equivalently, than the inverse loop momentum cut-off, we find that only the three diagrams
shown to the right in Figure 5.12 give a non-vanishing WCHC contribution for § — 0. In each
case the integrals over the Higgs vertices can be taken analytically. In the above example the
WCHC contributions of the two right-most diagrams cancel, and the remaining diagram can
be expressed in terms of the associated dimension-six diagram as shown in (5.93). Similarly
the descendants of all other dimension-six diagrams can be shown to satisfy (5.93).

Hence the effect of the WCHC can be included via the redefinition
g _ 0 g

i~ gr2 Y |Y~>YY1‘Y (5.94)

al; = a
where we used that the Higgs fields will assume their vacuum expectation value (®T® —
v?/2). Combining this with (5.91), we find that the direct and indirect contribution cancel.
That is, at the dimension-eight level the WCHCs do not generate sizeable flavour-changing
transitions by lifting the misalignment suppression and can be ignored.

This leaves us with the dimension-eight contributions that have no WCHCs. In the
minimal model as defined in [28] there are no such contributions from the diagrams with
non-abelian vertices. Then there are only seven non-vanishing diagrams that involve an
internal W boson, but about 50 diagrams with a hypercharge boson. Fortunately, the
limited particle content of the minimal model allows us to recast the expressions of all
diagrams in the form of the original dimension-six diagram with modified fermion lines. For
instance, the second diagram in Figure 5.12 has terms without WCHCs, but differs from
the original diagram only by the two additional (zero-momentum) Higgs insertions that
modify one fermion propagator. This can easily be calculated as the Higgs vertices can be
treated analytically. Since the flavour-dependence of the fermion propagators (excluding
zero-modes) is relatively mild, one can use the single-flavour approximation, where the
Yukawa matrices are the only flavour-dependent quantities. It is then straightforward to
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compute the contribution to the dimension-eight coefficients. We find

dim—8 g
a;; ~=04aily yyiy - (5.95)

This size is in agreement with the estimate given on the basis of a subset of diagrams
in [32], were the non-abelian contribution was found to be ag-/’d’m_S ~ —0.31 ajg/}/’Y%YYTY'
The minimal model requires a KK scale T" > 4 TeV in order to pass the constraints set
by electroweak precision observables [23]. Hence the dimension eight contribution to
is suppressed by an additional factor v?/T? of at least 1/500. We therefore neglect the
contribution of the dimension-eight terms to the off-diagonal elements of o;j, since it is
smaller than the effect of the Barr-Zee diagrams which also feature three Yukawa couplings
without the need to take the dimension-eight term into account.

For the custodially protected model the dimension-eight coefficient would be much harder
to compute. Not only does the number of non-trivial Feynman diagram topologies increase
significantly, but the larger particle content leads to numerous non-vanishing possibilities
to assign the various fermion species to each topology. However, independent of the Higgs
localisation there always exists an unsuppressed dimension-six contribution proportional to
YY1Y, hence the dimension-eight terms are never relevant.
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Chapter 6

Phenomenology

In chapter 3 the main observables of interest a,, u — ey, u — 3e, uN — pN and B — X7,
were all expressed in terms of Wilson coefficients of the dimension six SM effective theory.
That was followed by the matching of the Wilson coefficients in chapter four and five. We
are now equipped to calculate a, and all branching fractions of the observables for a specific
set of 5d parameters.

In the first section we begin our analysis by computing some rough estimates of different
Wilson coefficient contributions to the considered branching fractions processes. Afterwards
we perform a numerical numerical scan over a set of 5d parameters. To this end we first
concentrate on the RSc contribution to the muon g-2 moment, which was the first for this
thesis computed low energy loop-induced process. Following this we focus next on the scan
over the lepton flavour violation (LFV) sector. Here we concentrate mainly on the decays
u — ey, 4 — 3e and the muon conversion in the presence of nuclei. Here we ignore at
first the strong bound generated by the measurements of the electron dipole moment [120].
However we consider later on the effects of an applied EDM bound on the LFV observables.
In the last part of the numerical analysis we then focus on the the inclusive quark decay
B — X,v, before concluding this chapter with a summary of all findings.

6.1 Estimates

We first consider the effect of the dimension-six dipole operators, where we distinguish two
different contributions: from the Higgs-exchange diagrams, which involve three Yukawa ma-
trices, and from gauge-boson exchange, which involves only one. We concentrate completely
on the leptonic sector as the main conclusions extracted for u — ey can be transferred to
the B — X, v branching fraction, because both processes are mediated by dimension six
dipole operators.

The gauge contribution leads to naturally suppressed flavour-violating couplings, whereas
the Higgs contribution does not have a built-in flavour protection. For not too small Yukawa
couplings the Higgs contribution is dominant. We mainly focus on p — e transitions and
the muon g-2, for which the dipole coefficients a2, a1 and ass are relevant.

To obtain an estimate of the Higgs-exchange contribution let us start with Wilson coefficient
[see (5.70) and (5.87)]

Que T° o cs cs 0
aff = to5 5 - fi (YT + AZOYYTY + BEY, Y[ Y]yey) (1/T) (6.1)
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in the custodially protected model with a bulk Higgs. An analogous expression holds in the
minimal model [(5.68) and (5.86)]. For an exactly brane-localised Higgs, a/} is of similar size
as above for the custodially protected model, cf. (5.70), but suppressed in the minimal model
due to the absence of the numerical dominant wrong chirality terms. Now we recall that
the relation of fermion zero-mode profiles, the 5D Yukawa matrix and SM Yukawa matrix
(before rotation into the flavour basis) is given by

_T° 0 )
vis = 73 JL, (1/T)Yis95,(1/T) . (6.2)

If the fermion mass hierarchy of the diagonalised SM Yukawa matrix is carried democratically
by left- and right-handed fermion modes, i.e.

s
Yij N , (6.3)

we arrive at the estimate

Quev/2m;m; os s
ajj ~ HlT\/? (24 AR)Y.2 + B Y2, (6.4)

where we assume that
YyTYZ.. YVYTY ii
}/'*2_ [ — ]J ]/'VQ’*_ [ l/ ]J (65)

are approximately independent of ij ("anarchy"). For anarchic Yukawa matrices we also
expect that the rotation matrices U and V follow the same hierarchy and hence, barring
accidental cancellations, that ajs ~ ag;. Further using that Aff ~ 1.4 > Bxx we obtain?!

g 9Queymemy, v?

Qo ~

19272y *
5Q,.em
H w59
22~ ooz, V- (66)

which yields

1 TeV?
Aa,u |Higgs dipole ™ 8.33 - 1011 X ;2 Y*2 (67)
_ 1TeV?
Br (1 = €7) Higgs dipote ~ 5 10 9 x T Yt (6.8)

If the dipole also dominates i — 3e one can combine (3.16) and (3.18) to obtain the relation

Br(u— 3e)  20em log Mt 11
Br (1 — ev) 3

- 8] ~ 0.006,, (6.9)

€

which translates into an estimate of

4
N3.10—11xﬂ

4
|Higgs dipole T4 Y- (6 10)

Br(p — 3e)

10ur estimates always yield a1 ~ a2, hence we only give oo explicitly.
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For muon conversion one finds

4
1.5 x 1071 x 1Tev?

Au
Br®" (uN = eN) iigas dipole ™ T4

vt (6.11)
We emphasise that these are crude estimates. Even in the anarchic case the random phases
of the different elements can lead to cancellations or add coherently. However, they provide
useful guidance to the results of the numerical scan discussed below.

The Barr-Zee contribution is similar to the Higgs contribution, since the dominant contribu-
tion to the n;; Wilson coefficient is also proportional to a product of three Yukawa factors.
Comparing the prefactors in (3.41) we find that the Barr-Zee contribution to the dipole co-
efficient is smaller by a factor of about 170 than the contribution from the 5D Higgs loops.
Thus we expect a p — ey branching fraction of about

1TeV*
oYy, (6.12)

Br(,u—>ew)|BZ~2~10_13>< T Y
if only the BZ contribution existed. The BZ contribution to the other processes is also
smaller by a factor of about 1702.

Due to the Y* dependence the Higgs-exchange induced dipole operator is less important
for small Yukawa coupling. In this case, and also for the special case of the brane-localised
Higgs in the minimal RS model, the dipole operator generated by gauge-boson exchange
becomes crucial. We do not have an analytical expression for the gauge-boson contribution,
but we know that there would be no flavour violation from it, if the function A;; in (5.17)
was independent of ij. The 5D mass parameters must decrease with the absolute values of
the Yukawa couplings in order to guarantee the correct values for the SM masses fermion
masses. Aj;; varies more strongly for smaller absolute values of the 5D mass parameters, see
Figure 5.8, and therefore the flavour-changing gauge-boson contribution should increase with
decreasing Yukawa coupling. To verify this we fix the Yukawa matrix structure, that is the
ratios of all matrix elements, and scale the maximal entry Yy, from 2 to 0.3. For simplicity
we assumed symmetric 5D mass parameters ¢y, = —cg,. The resulting y — ey branching
fraction from af; alone in the minimal model is shown in Figure 6.1 (left). The precise
value of Br (i — ev) obviously depends on the arbitrarily chosen Yukawa matrix structure,
but the variation with the size Y, of the Yukawa couplings is not very large compared to
the fourth-power law of the Higgs-exchange contribution. For the Yukawa matrix used in
Figure 6.1 we find a u — ey branching fraction of a few x 10712,

This agrees with the estimate based on the functional form of the gauge-boson induced
dipole coefficient af;. The numerical value of the Wilson coefficient is 28, 54]

afMe m —6(19) - 10 g5 (6.13)
The value without (in) parenthesis is valid for the minimal (custodial) model and is inde-
pendent of the details of the Higgs localisation. y;; is the 4D Yukawa matrix in the flavour
eigenbasis. The matrix relation a®*"8¢  y is only violated by corrections of about (2-3)%
as discussed in Section 5. This violation is the source of charged LFV as it introduces small
off-diagonal elements in the dipole coefficients o;; in the mass eigenbasis after EWSB. Us-
ing (6.3) and applying a factor 2/100 for the 2% of misalignment between y;; and afj, we
estimate

2
a2 ~2.6(8.1)-107% x 00 (6.14)
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Figure 6.1: Left: Gauge contribution to Br (1 — e) (T' = 1 TeV) for fixed Yukawa structure
as a function of the absolute Yukawa coupling size. Right: The Wilson coefficient iy
following the approximation (6.18) as a function of Yukawa coupling size for T' = 1 TeV.
The O(m,,/m) term is not included.

for the coefficient relevant to p — e transitions. Again, we regard this as a rough estimate,
since there may be cancellations when the rotation into the mass basis is performed. We
then find:

_ 1y 1Tev*
Br (u — €7>\gauge dipotle ~ 0-5(5)-10 Hox T4 (6.15)
1TeV*
Br (11— €6€)|auge dipote 0.3(3)- 10713 x ;4 (6.16)
1TeV*
Br (N = €N uge dipole 0.2(2.2) - 1071 x ;4 (6.17)

Note that this contribution is independent of the typical size of anarchic Yukawa coupling up
to the O(1) variation shown in Figure 6.1. It is typically smaller than the Higgs contribution,
but provides the “gauge-boson floor” to the dipole coefficient, since it is less sensitive to
5D model parameters than the Higgs contribution and always present. In the custodially
protected model the rate is a factor of 10 larger than in the minimal model.

The previous estimates were based on the assumption that the dipole operator dominates
the LFV amplitudes. This is not always the case, especially for the 4 — 3e and muon
conversion process. Next, we therefore consider the impact of the four-fermion and fermion-
Higgs operators, which are generated at tree-level. In both cases the dimension-six Wilson
coefficients are independent of the 5D Yukawa matrices. However, a dependence on the
Yukawa matrices enters through the rotation to the mass basis after EWSB. For illustration
we consider the operator (E;v*FE;) @Tiﬂié with Wilson coefficient ¢j; = ¢jd;; and restrict
ourselves to the minimal model. For all three muon flavour-violating processes the relevant
matrix elements are Vlch;kag. Flavour violation arises, because ¢} depends on the bulk
mass parameter cg,, hence c}j while diagonal is not proportional to the unit matrix in
flavour space. We can estimate Vl]}cjl-kvkg by making use of hierarchical fermion zero-mode
functions. Assuming fg, (1/T) < fg,(1/T) < fg,(1/T) and symmetric mass parameters
we can employ the rough estimate |V;;| ~ min (y/m;/m;, /m;/m;) with m; being the SM
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lepton masses to obtain

Me
N2 = ViiehVie ~ | 2 (¢ = ¢} + O(m,,/m.)). (6.18)
1

We can use this formula to study the dependence of 7, on the size of the 5D Yukawa
couplings. Since the product of Yukawa matrix and 5D fermion zero-mode profiles must
reproduce the SM mass matrix to leading order in v/T, the 5D profiles and therefore the 5D
mass parameters are correlated with the Yukawa matrix. The simplest estimate (assuming

symmetric mass parameters) yields the correlation 1/1/Y, ~ f J(E?) (1/T). Since the ¢? Wilson
coefficients arise from a coordinate integral over a single fermion-gauge-boson vertex they
will roughly scale as | 1(5(1)(1 /T)]?, that is 1/Y,. This behaviour was already observed and
explained in [31]. The right panel of Figure 6.1 shows i, as a function of Y, (keeping the
lepton masses fixed). The curve can be fitted by Y, ~%?* confirming the above scaling. This
scaling is quite general, although if the mass hierarchy is mainly driven by the right-handed
modes, the mass factors in the estimate (6.18) must change to account for the change in the
relation (6.3).

Similar estimates can be obtained for the four-fermion operator coefficients. Here we have
terms with different dependencies on flavour. The Wilson coefficient biLjE of (LivuLi) (E;4"E;)
has three contributions denoted by b, b1 and by, see (4.3). by does not depend on the 5D
masses and hence does not contribute to flavour-changing processes. b; depends on a single
bulk mass parameter and has the same scaling < 1/Y; as the ¢® Wilson coefficients. The
by function depends on two bulk mass parameters and scales roughly as 1/ Y,2. However,
as discussed below (4.13), for light leptons this term is suppressed and not relevant. This
would be different for processes involving fermions with zero-modes that are IR brane lo-
calised such as the (right-handed) top quark, in which case the ratio of exponentials in by
no longer compensates the logarithmic enhancement factor and b, becomes the dominant
term in (4.3).

From (3.41), (3.25ff) and (3.30ff) we see that the four-fermion coefficients usually appear
in combination with the coefficients of the Higgs-lepton operators. For a typical RS model
parameter point, which reproduces the lepton masses, the Higgs-lepton operator coefficients
are larger by a factor log e relative to the four-fermion operator coefficients. This allows us to
use (6.18) to estimate the effect of the tree-level operators on the generically tree-dominated
LFV observables. We find

1TeV* 1
Br(p — éee) ~ few-10712 x ;}/ Ve (6.19)
*
1TeV? 1
BrAu (,LLN — GN) ~ feW . 1079 X TL‘}/ W s (620)
*

where we used the parameters given in Table 6.1. We stress again that these numbers are
rough estimates, which depend strongly on the precise structure of the flavour rotation ma-
trices V and U. Thus we have three separate contributions to g — éee and muon conversion
with different dependence on the size of the 5D anarchic Yukawa coupling (Y, V), Y,72).

6.2 Numerical analysis

In the previous section we attempted to give an idea about the size and the relative im-
portance of the various contributions to our three main LFV observables and the Higgs
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m, | 0.105658 GeV  [121] me 5.10998 - 10~* GeV [121]
5%, 0.231 [121] My 125.7 GeV [121]
My 91.187 GeV [121] My 80.385 GeV [121]
my 173 GeV [121] r, 2.99598 - 1071 GeV  [121]
D[Au] 0.189 [95] SP[Au] 0.0614 [95]
S™[Au] 0.0918 [95] VP[Au] 0.0974 [95]
V" [Au] 0.146 [95] Lo e | 871-10718 GeV * [122,123]
DIA]] 0.0362 [95] SP[A]] 0.0155 [95]
S"[A]] 0.0167 [95] VP[A]] 0.0187 [95]
VAl 0.0173 [95] LAl iure | 4.64-1071° GeV [123]
¢, 2 £, !
Iv, 1 7, 2
u 0.018 fe 0.034
u 0.016 fa 0.038
s 0.043 f3 0.043

Table 6.1: Input parameters for the numerical analysis. For the couplings of scalar quark
currents to the nucleons we use the results of [97] and fix the value of the nucleon-pion o-term
to 50 MeV. The * indicates that we use the average of the values given in the references.

contribution to the muon g-2. While such estimates are useful to understand the rough de-
pendence of our results on the input parameters, especially the Yukawa coupling size, they
cannot replace a study of the full parameter dependence. To this end we next perform a
numerical scan over the “generic” parameter space. We analyse four RS models: the minimal
RS model (as defined in [28]) as well as a custodially protected model (as defined in chapter
two), each with either an exactly brane-localised or a bulk Higgs include in chapter two) its
KK excitations in the 8 — oo limit. We refer to these models as MI (minimal, bulk), MII
(minimal, exactly brane-localised), CI (custodial, bulk) and CII (custodial, exactly brane-
localised).

The 5D input parameters needed for the numerical evaluation of the dimension-six Wil-
son coefficients are the 5D Yukawa matrices Y, Yy, Y, (and Y, in the custodially protected
model), the 5D bulk mass parameters ¢y, = My /k of the leptons and quark fields and the
KK scale T. In case of the exactly brane-localised Higgs the wrong-chirality Yukawa cou-
plings can in principle differ from the “standard” correct-chirality Yukawa couplings, but for
simplicity we assume them to be equal. Since we do not want to give up the idea of “natural”
Yukawa matrices, we further assume that the Yukawa entries are O(1) and anarchic. To
illustrate how the size of the 5D Yukawa matrix entries affects the different observables,
we adopt two scan strategies for the flavour violating sector. In both the modulus of the
matrix elements is larger than 0.1, but in the first (second) scan the maximal modulus Yj,ax
is bounded by 0.5 (3 for the second). Further, we require that the derived fundamental
low-energy parameters, such as the measured values of lepton masses and quark masses, are
reproduced by chosen sets of 5D parameters. In practice, we randomly generate 5D Yukawa
matrices within the above mentioned constraints, and then fix the 5D mass parameters cy,
such that the correct lepton and quark masses are obtained. Note that for the analysis of the
Higgs contribution to the muon g-2 we follwed a different scan strategy. Here we generated
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5d parameter sets with Yukawa moduli in the range (0.1, 1/3), (1/3,3) and (3, 10) with T’
fixed on the value T'= 1 TeV.

Note that we only require that all (Dirac) neutrino masses are below 0.1 eV and that
their mass splitting does not violate the bounds from neutrino oscillation; we do not require
that the PMNS matrix is reproduced. Recall that the dependence on the neutrino Y, ,which
only enters in terms with at least three Yukawa factors, is quite small as the numerical
dominant wrong-chirality Y, terms drop for zero-mode contributions. In the bulk Higgs
model the Y, is mediated purely by the KK excitations of the bulk Higgs field. For fixed
value of the KK scale T and given scan strategy, we generate about 2-10° Yukawa matrices.
In the quark sector we additionally generate a set of ~ 1-10° Yukawa matrices, where also
KK scale T is chosen randomly between 1 TeV and 8 TeV. The generation of the Yukawa
matrix data sets is done using Mathematica .m files which are distributed on the T30 theory
computer cluster via the Sun Grid Engine. The packages, which create the Lepton Yukawa
sets, are organised in such way, that they create two hundred sets of Yukawas, which are
saved in a single file. Hence the generation of 2 - 10° for a specific size of T and Y.y needs
exactly 1000 jobs, which can be done in less than 10 minutes due to the Cluster being able to
handle more than 1000 mathematica kernels at once. The generation of the quark Yukawa
matrices on the other hand is at least a factor 100 slower. That is due to algorithm, which
tries not only to generate the correct 4D mass spectrum but also the CKM matrix to a good
approximation. The slowness of the generation of the quark Yukawa matrices is independent
whether the scale T has been set to definite value or is being generated randomly.

For each of the saved Yukawa sets we calculate the Wilson coefficients. This yields then
the custodial protected RS model contribution to the muon g-2 and the branching fractions
of 4 — ey, 4 — e conversion, y — 3e, 7 — w7y, and 7 — 3u in the lepton sector. In the
quark sector we evolve the Wilson coefficients by solving the RGE equation exactly and then
extract the branching fraction B — X,v. The practical implementation of this process was
also done by Mathematica .m files. Each Mathematica package reads exactly one Yukawa
data set file and then evaluates all observables for each Yukawa and saves the result in a
new file. Using the T30 theory computer cluster this process can be massively parallelised
via the Sun Grid Engine. Here the programs, which compute the quark Wilson coefficients,
are also slower than the leptonic versions, but only due to the loading process of the larger
gauge boson numerical grids.

The required low-energy parameters are shown in Table 6.1. We also added the material
constants of aluminium, which serves as the target for the next generation of muon conversion
experiments.

6.2.1 Muon g-2

The gauge contributions are expected to be virtually independent of our parameter choice,
as A;j;, cf. (5.17), is approximately mass-parameter independent. The left panel of figure
6.2 shows the result for Aaf, for a fixed value of ' =1 TeV. The result for T' = 4 TeV is
shown in the right panel. The histograms are generated from each 2 - 105 parameter sets.
The distribution is centred around 2.72 - 10710 for T' = 1 TeV while T = 4 TeV lead to a
central value of 1.63 - 107!, This is in line with the typical scaling Aafree o % xInk/T.
The model-independent gauge contribution to g, — 2 in the custodially protected RS model
can thus be reliably estimated via

_ 1 TeV\?
Adf ~2.72 x 10717 <T> (6.21)
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Figure 6.2: left panel: Histogram of the contribution of the gauge diagrams Aa® to the
anomalous magnetic moment a,, for fixed T'=1 TeV. right panel: Same for T' = 4 TeV.

for any phenomenologically relevant value of T'.
Comparing to the result in the minimal model [28], Aaj™" = 0.88-107'°(1 TeV)?/T? we see
the minimal model gives a correction to the anomalous magnetic moment that is roughly a
factor of 3 smaller, while the T dependence is, as expected, the same. Despite the significant
enhancement compared to the minimal model, more realistic choices of T' > 2000 GeV (which
corresponds to KK masses larger than 4.7 TeV) only gives an enhancement to a,, of at best
6.8 - 10711, The difference between the current experimental value and the SM prediction
for the anomalous magnetic moment of the muon is given by [124]
a® — aSM = 287(63)(49) x 10~ (6.22)

where theory and experimental uncertainties are given separately. Thus, the gauge contri-
bution Aaf, to a, alone is too small to be noticed in experiments.

The effect of the modified W/Z coupling Aaf W is not included in the above numbers.
For mass parameters |cz,/p| > 0.55 it is given by

(6.23)

1 TeV?
W —11
Aa?W x —0.46 - 10 <T>

and is, for general 5D masses of the order of few x 10*1211}%\/2 in both the minimal and
custodially protected model. This is negligible for the custodially protected and a ~ 5%
correction in the minimal model.

The Higgs contributions are strongly dependent on the model parameters, especially the
Yukawa matrices. So general statements as in the case of the gauge contribution are not
feasible. However, it is worthwhile to study the effect of the Higgs exchange in several
illustrative scenarios. Let us first go back to the minimal RS model which was already
discussed in [28]. Obviously, the contribution to g, — 2 will increase with the magnitude
of the Yukawa matrix (in the minimal case there is only one lepton Yukawa). To quantify
this statement we study the shift of (g — 2), due to the dipole Wilson coefficient af for
three hypothetical cases: the Yukawa entries are each in the range (1/10,1/3), (1/3,3)
or (3,10), T is fixed to 1 TeV and we generate 10* random data sets for each scenario.
Figure 6.3 (left panel) shows the result for the different Yukawa ranges using a logarithmic
scale for the abscissa. One can see that the central values of the histograms scale with the
square of the corresponding average Yukawa size. This was to be expected from (5.68) as
the product of zero-mode profiles compensates for one Yukawa factor provided the Yukawa
matrices themselves do not carry a strong hierarchy. As each of the distributions is spread
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Figure 6.3: left panel: Higgs contribution to g, — 2 for different average Yukawa sizes in
the minimal model (see text for details). The red (light grey) histogram corresponds to
Y] € (1/10,1/3), the green(grey) one to |Y| € (1/3,3) and blue (dark grey) to |Y| € (3,10).
We use T' = 1 TeV everywhere. right panel: Higgs contribution to g, — 2 for the custodially
protected model without the histogram for small Yukawa matrices. The x-axis uses a linear
scale in units of 1077,

out over more than an order of magnitude it is not possible to make quantitative statements
without a detailed knowledge of the Yukawa matrices. We also find that a favours a
positive contribution to (g — 2), if one constrains the Yukawas as described. Here the
logarithmic scale on the x—axis is slightly misleading: it illustrates the scaling with the
Yukawa size but misses a short tail in the negative region. Nonetheless, the contributions
are predominantly positive. This is interesting as the Higgs contribution is then aligned with
the gauge contribution: both reduce the difference between theory and experiment (6.22).

We can use the current limits on g, — 2 to give a rough bound on the ratio ET/—*E The bound
is, in a sense, maximally weak, as the preference for a positive sign forces us to consider
Aaﬁs < 6-107? as an upper bound. Thus the constraining power of g, — 2 for the lepton
Yukawa sector is weaker then Higgs production [78] is for the quark sector. Note that both

are sensitive to the ratio }T/—*j however there is no reason why the Y2 of the quark sector
should identical to the equivalent product in the lepton sector.

Only average Yukawa entries of at least 3 would allow for a correction that is sizeable
enough to remove the current tension. However, such large values would, assuming Yukawa
anarchy, also effect other observables. We also find that the general T-dependence is in
agreement with the expected 1/7? behaviour from power-counting.

Next, we turn to the custodially protected model. We now need to include the term with the
novel Yukawa Y in (5.70). The right panel of figure 6.3 shows the Higgs contribution to the
anomalous moment in the RSc model. We only show the two cases of large and intermediate
Yukawa entries; on a linear scale the histogram for small Yukawas entries is too narrowly
centred around zero to be visible.

As in the minimal scenario we find potentially very large corrections to g, —2 for 7' =1 TeV.
The correction scale with an overall 1/T? scaling factor. The preference for a positive
contribution that is present in the minimal model is also observed. That is because the
Y" term appears only due to the KK excitations of the Higgs. Therefore it is numerically
suppressed compared to the standard Yukawa matrix term. It is noteworthy that this term
exist also at zero mode, but it cancels after the summation of all possible Higgs exchange
diagrams. In [54] we did not include the contribution coming from the diagram topology HT5
and HT6. Therefore this cancellation was missed leading to an custodial Higgs exchange
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contribution, which centres almost uniformly around zero [54]. Some data sets with Yukawas
in the interval Y| € (3,10) could potentially yield a sizeable g-2 contribution, however the
energy scale of T= 1 TeV is below the bounds from the electroweak precision tests [23].
We conclude that the muon g-2 contribution does not provide any new constraints on the
parameter space of the custodial protected RS model.

6.2.2 LFV

The muon g-2 computation generates almost no constraining power on the potential param-
eter space of the minimal and custodial RS model. Nonetheless this computation led to the
computation of almost all in the LFV needed Wilson coefficients. The resulting numerical
scans are shown in this section. We concentrate here mainly on the minimal model as the
custodial protected RS model with its additional particle content only gives rise of larger
branching fractions and no entirely new effects. In this section we will also investigate the
electron dipole moment, which can be used to eliminate almost all theory points used for
the initial scan.

6.2.2.1 Minimal model

The results of our numerical scan through the constrained parameter space are best illus-
trated in two-dimensional scatter plots, which visualize the typical range of values for the
branching fractions and correlations between the observables. It is important to keep in
mind that the point densities in these scatter plots should not be used as a measure for the
likelihood of the corresponding value in a given model.

Figure 6.4 shows the values and correlation of the ¢ — ey and p — 3e branching fractions
in the minimal RS model for two different values of T', T' = 4TeV (top) and T = 8 TeV
(bottom). T' = 4TeV is also roughly the lower bound on the KK scale from electroweak
precision observables [23]. The left panels correspond to the MI scenario, the right panels
to the MII case. Each plot shows the results for Yj,.x = 3 in blue (dark grey) and for
Yiax = 1/2 in orange (light grey). The current and expected future experimental upper
bounds are shown by solid and dashed lines, respectively.

All four plots feature a sharp lower bound for y — 3e given the u — e7y rate, which
is precisely given by the relation (6.9). pu — 3e branching fraction values in the vicinity
of this bound are dominated by the contributions from the dipole operator. For very large
dipole coefficients or equivalently very large u — ey branching fraction, the tri-lepton decay
is always dominated by the dipole, and the two observables are strongly correlated. This
generates the prominent thin line directed to the upper-right in the MI model with large
Yukawa couplings.

In the bulk Higgs case u — ev is, as expected, quite sensitive to the upper bound Y .x.
This is a consequence of the YY 1Y terms in the dipole coefficient. They are naturally
flavour-violating and scale with Y;2, . Consequently, the scan with larger Yukawa entries
includes points with substantially larger p — ey branching fraction than the small Yukawa
coupling scan. However, the dipole coefficient has two components. While the Higgs and
the small Barr-Zee contributions scale as Y;2, _and vanish when the 5D Yukawa couplings go
to zero, the gauge-boson exchange contribution is not very sensitive to the Yukawa coupling
size. In fact, for a generic anarchic Yukawa it grows mildly with decreasing Yukawa size,
see Figure 6.1. Thus there has to be a smooth transition from the "Higgs-dominated” to the
“gauge-dominated” regime when the Yukawa coupling decreases.

To illustrate this point we included three curves in the plots for the bulk Higgs case defined
as follows. We chose three (random) Yukawa matrices with Y;,.x = 3 and scale the matrices
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Figure 6.4: 2D scatter plots of the branching ratios u — ey and p — 3e for fixed T' (4 TeV
upper row, 8 TeV lower row) with Yi,.x = 0.5 in orange (light grey) and Yijax = 3 in blue
(dark grey), respectively. The left panels show the results for the MI models, the right
panels for the MII ones. The current experimental bounds on the branching fractions are
given by solid lines. The region above/to the left is excluded. The sensitivity of future
experiments is shown by the dashed lines.

down to Ypax = 0.25, keeping the relative size of the matrix entries fixed. The curves show
the resulting trajectories. For large Yukawa couplings the curves all run close to the dipole
dominance bound. With decreasing Yukawa couplings Br(u — ey) and Br(u — 3e) first also
decrease following the change in the dipole coefficient. Then the growing effects of the tree-
level operators begin to dominate u — 3e and the corresponding branching fraction begins
to increase, while Br(u — e7y) continues to decrease. For even smaller Yukawa coupling
the gauge-boson exchange contribution to Br(u — ev) exceeds the rapidly decreasing Higgs
contribution and Br(u — ey) reaches a hard lower limit.
The exactly brane-localised Higgs case displayed in the right panels of Figure 6.4 behaves
the same in this respect. However, since the leading Higgs contribution is suppressed for
the exactly brane-localised Higgs, the range of values for Br(u — e7v) is almost independent
of Yinax- A change in Y,.x predominantly affects Br(p — 3e), which increases for smaller
Yimax due to the larger coefficients of four-fermion and fermion-Higgs operators. This also
explains the drop shape of the scatter plot for Yi.x = 1/2. Points with large p — 3e
branching fraction arise from large tree-level Wilson coefficients either due to the structure
of the Yukawa matrix or due to accidentally small couplings. In both cases the process
1 — ey also receives sizeable contributions from the tree operators leading to the roughly
linear correlation in the upper-right corner of the scatter points.

Values and correlations of y — 3e and p — ey with muon conversion in gold are shown
in Figure 6.5 (colour coding as in the previous figure). The top row shows p — ey against
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Figure 6.5: Correlation of the branching ratios for ;1 — ey and p — e (upper row) and for
u — 3e and p — e (lower row), both for T'= 4 TeV. The left panels show the results for
the M1, the right panels for the MII model.

uw— e (MI left, MII right). The two observables are essentially uncorrelated in the bulk
Higgs scenario. This agrees with our previous observation that muon conversion is mostly
insensitive to the dipole coefficient af} which governs the g — ey branching fraction. Only in
rare cases is the dipole operator large enough to dominate also muon conversion leading to
the noticeable spike towards the right in the upper-left plot. In the exactly brane-localised
Higgs case (upper-right panel), correlations are absent only for Y, = 3. As mentioned before,
for Y, = 1/2 p — ey receives non-negligible contributions from tree-level operators, which
manifests itself in a weak correlation.

For the same reasons ;1 — 3e and p — e (bottom row) are strongly correlated for small
Yukawa couplings in MII model, but only feature a lower bound on the branching fraction
of pr — 3e for a given Br(u — ¢) in the other scenarios. As noted in the previous subsection,
the branching fraction of ;1 — e decreases with increasing values for Y. This effect can best
be seen in the upper left panel of Figure 6.5. The slopes of the three sample trajectories
also verify this effect.

6.2.2.2 Custodially protected model

Figure 6.6 shows the combined results for the custodially protected model. The left panels
correspond to the bulk Higgs model CI and the right panels to the exactly brane-localised
model CII. The colour coding is the same as above. Here the KK scale T" was fixed to 8 TeV,
since for T around 4 TeV it is already non-trivial to find points, which are not in conflict
with the muon conversion bound.

The broad picture for model CI is almost the same as for MI. The shape of the distri-
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Figure 6.6: Correlation of the branching ratios for u — ey and u — 3e (top row), pu — ey
and ¢ — e (middle row), and g — 3e and u — e (bottom row) for T = 8 TeV in the
custodially protected model. Model points with Yi,.x = 1/2 are indicated by orange (light
grey) points. For Yiax = 3 we use blue (dark grey) points. The left panels show the results
for the CI, the right panels for the CII model.
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butions does not change. Quantitatively, the custodially protected model generates signif-
icantly larger branching fractions. In particular, the p — ey branching fraction, which is
most sensitive to the magnitude of the dipole operator coefficient, is typically enhanced by
a factor of about five. This was to be expected as the main difference in the custodially
protected model is a larger gauge- and Higgs-contribution to the dipole coefficient a{lj. Again
the dipole operator creates a correlation of y — ey and p — 3e especially for the larger
value of Yiyax.

For the CII model the distributions are very different from the result in the MII model. This
is a consequence of the new additional terms (5.47) in ag . This additional contribution to
the dipole coefficient is only slightly larger than the corresponding contribution for a bulk
Higgs. The phenomenology for bulk and brane Higgs case is therefore quite similar in the
custodial RS model. The bounds imposed by the non-observation of LFV are comparable,
although more restrictive for the exactly brane-localised Higgs.

The fact that the sign of ag depends on the Higgs localisation does not lead to a notice-
able effect. If the dipole operator is dominated by the Higgs contribution, a sign flip of the
coefficients a;; only affects terms in (3.16), (3.18) and (3.20) that come from an interfer-
ence of the dipole with a four-fermion operator. In general, these terms do not provide the
dominant contribution to the branching fractions. The situation would be different if the
RS contribution could interfere with a sizeable SM contribution to LEV observables. An
observed enhanced or reduced rate could then be used to discriminate the brane from the
bulk Higgs model.?

6.2.2.3 EDM constraint

The randomly sampled Yukawa matrices also generate electric dipole moments (EDMs) of
the leptons through the non-hermitian part of alAj, see (3.7). We checked that the present
experimental limit on the electron electric dipole moment [120],

|de| < 8.7-107* ecm (at 90% CL), (6.24)

does not affect our conclusions. To this end we first consider the quantify

A
my, Ima}ql’ (6.25)

\ me Imadl,
shown in Figure 6.7 for T= 8 TeV in the custodial protection model including Higgs KK
excitations. The quantity is centred around the value 1 for anarchic Yukawa matrices. There
are large deviations from one in both possible directions depending on the particular Yukawa
structure. This demonstrates that the EDM and the LF'V observables are uncorrelated. In
total the EDM bound eliminates 85 % (12 %) for the CI model with Y ax = 3 (Yinax = 0.5)
and 90 % (25 %) for the MI model with Yipax = 3 (Yinax = 0.5). Nevertheless the the
general form of the scatter plots remains untouched by this huge point elimination, due
to the EDM and LFV sector not being correlated. We show this in Figure 6.8 for all six
scenarios for the correlation of of the branching ratios for y — ey and p — 3e and Yiax = 3.
The surviving points still cover almost the whole range for the bulk Higgs models and the
custodial protected RS model with a brane localised Higgs. We observe that the EDM
bound only removes the edges with large branching fractions. However these points are
already excluded by the bounds on the searches of ;1 — ey and u — 3e. In addition the MI
model is almost not affected by the EDM bound, due to the missing wrong chirality terms

2This is precisely what is observed in Higgs production, see e.g. [78].
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as left but with Y.« = 3

in the Higgs exchange. Note that for Y .x = 0.5 the difference between the EDM passed
and the complete set of theory points can almost not be seen in scatter plots of the style of
Figure 6.8. We observe the same behaviour in all other correlation plots in the LFV. For
this reason the main points of our analysis of theory points without the consideration of the
EDM bound still, despite the exclusion of the majority off most of the points.

6.2.2.4 A note on LFV 7 decays

Tau decays offer another opportunity to study LFV. However, the short lifetime of the 7
and its high mass make it unsuited for studies in low-energy facilities. The best bounds on
processes like 7 — ey or 7 — 3u come from Babar [125], Belle [126] as well as LHCb [127].

The RS model naturally generates higher rates for 7 — pu, e transitions than for uy — e
transitions, since there is a close relation of lepton masses with the corresponding zero-
mode profiles, which also control the size of LFV. However, the fantastic sensitivity of
past and future experiments searching for muon flavour violation still makes searches in the
muon sector the most promising avenue, unless additional flavour structure suppresses muon
flavour violation.

Nevertheless, it is instructive to provide the expectations for tau LFV in the RS model.
In Figure 6.9 we show the values and correlation of the 7 — py and 7 — 3p branching
fractions. The colour coding is the same as in the previous subsection. The solid lines
correspond to the current best upper bounds on the branching fractions. Compared to the
bounds in the muon sector the current limits from tau decays are not restrictive even for
T = 4TeV. An improvement of more than five orders of magnitude would be required for
constraints as severe as those from muon decays.

Qualitatively, the 7 — py vs. 7 — 3pu plot is similar to the corresponding “muonic”
plots (first row in Figure 6.4). The main difference is the large effect of the four-fermion
and fermion-Higgs operators. For the exactly brane-localised Higgs this generates the strong
correlation for small Yukawa couplings Yi,ax = 0.5. In the bulk Higgs case this effect prevents
scatter points close to the dipole-dominance line.

6.2.3 Radiative b decays

To see the potential effect of the additional contribution to C’%) on the B — Xv decay
we need to scan over the parameter space of the RS model. We will, as mentioned before,
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Figure 6.8: Correlation of the branching ratios for 4 — ey and p — 3e. For the Yjax = 3
set for all six different models the points passing the EDM constraint (yellow) are overlaid
over all points (blue). The left panels show the result for the bulk Higgs models. The right
panels show the result for brane Higgs localisation. From top to down: minimal 7" = 4 TeV,
minimal 7" = 8 TeV and custodial protected T' = 8 TeV.
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Figure 6.10: Br(B — X,v) as a function of the KK scale 7. The blue (dark grey) points
correspond to the data set with large Yukawas, Y4 = 3. The orange (light grey) points
correspond to Yy,.. = 1/2. The horizontal lines indicate the experimental value of and
uncertainty on the branching fraction. The left panel shows the result for the minimal RS
model, the right panel for the custodially protected model.
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Figure 6.11: left panel: Effect of operator mixing on AC7,. The histogram shows the dis-
tribution of |AC7, (us)| without operator mixing relative to the full |AC7, ()| with mixing
(see text for details). The blue (dark grey) and orange (light grey) histogram corresponds
t0 YVinaw = 3 and Y4, = 1/2. right panel: Correlation of ACs, and AC?7., in the custodially
protected RS model for T' = 4 TeV. The triangle represents the SM values of C7, and Cgg;
the dashed diagonal line indicates |[ACsy| = |AC7,|. Same colour coding as in the left panel.

consider a minimal and a custodially protected RS model with an IR-localised bulk Higgs.
The model parameters include the 5D masses of the fermions as well as the two Yukawa
couplings Yy and Y,,.
The main result of our scan through the RS parameter space is shown in figure 6.10. It
shows the branching fraction B — X,v as a function of the KK scale® T for the minimal
RS model (left panel) and the custodially protected model (right panel). The blue (dark
grey) points correspond to Y. = 3, the orange (light grey) points to Y,q. = 1/2. The
current experimental central value, see equation (1.3), is represented by the solid horizontal
line; the dashed lines indicate the uncertainty.
We find that the branching fraction is, especially for small Yukawas, predominantly larger
than in the SM. This is due to a sizeable contribution from C’éw that lacks an unsuppressed
interference term with the SM contribution—its contribution to the branching fraction is
always positive. In addition to that the contribution to C’§7 is generally larger than the
contribution to the unprimed dipole coefficient. The reason for this, as was observed already
in [48], is that the 5D profile of the doublet Q3 (that very roughly corresponds to the by, after
EWSB) is typically larger than the profiles of the down-type singlets D near the IR brane;
consequently the operator Q{77’Y X (5R)a0"” (br)aFuw receives a larger BSM contribution.
Only for the Y,,,,; = 3 sample one can observe data points with a significantly reduced
branching fraction compared to the SM. This is due to a destructive interference of C’%M
and AC7, that can counteract the contribution due to Cé,y if the Higgs contribution to
C7~(nx k) is large. This effect is more pronounced in the custodially protected model
where the additional fermion states enhance the dipole coefficient, cp. (5.74) and (5.70).
For small Yukawas the phenomenology of minimal and custodially protected model is quite
similar. This is to some extent a consequence of working only with QCD- and Higgs-
mediated contributions to the Wilson coefficient; QCD is treated the same in both models
while the electroweak sector is extended and features additional bosonic modes. In the
Yinaz = 1/2 scenario the main distinction between the two models—the Higgs contribution—
is suppressed.

3Note that the mass of the first KK excitation of the gluon is roughly given by 2.5 x T [17]
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The smallness of the Higgs contribution for Y., = 1/2 and the consequently smaller

AC7,(pr i) also make the inclusion of operator mixing mandatory. To see this we consider
two quantities: the full AC7, (i) as obtained from the RGE (3.49) and AC7., (146)|naive which
is also obtained via (3.49) but we set the Wilson coefficients of all four-fermion operators
at the high scale px i to zero. We then consider the ratio AC7 () |naive/ AC7~ (). The
deviation of the ratio from one indicates the relative importance of the four-fermion operators
for the b — sy transition. Histograms of AC7., (1) |naive/AC7+ (1) are shown in the left
panel of figure 6.11. For simplicity we only show the plot in the minimal model for 7" = 4 TeV.
For large Yukawas, Yi,q = 3 in blue (dark grey), neglecting the contribution of from four-
fermion operators leads on average to an increase of AC7., (1) by 5%. For a few Yukawa data
sets the shift can be of the order of £15%. In the case of small 5D Yukawa coupling (shown
in orange) ignoring the four-fermion operator mixing basically always increases AC7. This
can lead to an overestimate of the BSM contribution to the B — X, branching fraction
by up to 40%. Hence including the mixing is relevant and should not be neglected. This
is of course quite general as FCNCs mediated by new, massive gauge bosons usually create
simultaneous contributions to AC7, and to the ACY ,[A, B] as is indicated by the need to
include the four-fermion operators to obtain a scheme-independent result.
For completeness we also show the correlation of AC7,(up) and ACs,(up) in the right
panel of figure 6.11. We see that on average the BSM contribution to C7, is smaller than
the contribution to Cg, as was also noted in [83]. This is more noticeable for the small
Yukawa sample shown in orange (light grey). The two Wilson coefficients are then clearly
correlated and one observes a "lower bound" on AC7 for a given value of ACs,. However,
with Ype, = 3, it is straightforward to find parameter points where AC7, is much larger
than the BSM contribution to Cg,. The reason for this is the following: The zero-mode
Higgs contribution to a? and a” are almost proportional to each other, see equations (5.74)—
(5.70). However, the sizeable KK Higgs contribution has a more complicated structure; it
contributes in a different way to a9 and to a”. This blurs the correlation.

6.3 Discussion

In the following we summarize and emphasize the main conclusions from the phenomeno-
logical study. We studied first the anomalous magnetic moment of the muon. Here the
total correction by the custodial protected model is in line with the minimal RS model re-
sult [28]. The contribution is mainly driven by Higgs exchange penguin dipole diagrams.
These diagrams depend strongly on the structure and the size of the 5D Yukawa. In contrast
to that the other important contribution generated by the gauge boson dipole diagrams is
mostly 5D independent. Therefore, it yields a lower bound on the potential magnitude of
the effects of the RS model on the muon g-2. Compared to the previous calculation for the
minimal RS model [28] this lower bound is about three times as high. It noteworthy that
possible explanation the muon g-2 discrepancy by the RS model favours lower RS scales
T and larger Yukawa sizes. Ideally it would generate an RS scale T', which is larger than
other existing lower bounds on 7" like for example the bounds created from the electroweak
precision test [23]. In such ideal scenario one would be able to constrain the KK scale from
both sides. However the numerical scan shows, that the upper bounds on 7" generated by the
muon g-2 computation are too low. That is dominantly because the RS model contribution
is either to small for choices of T', which compatible to the electroweak precision parameter
bounds, or it is generated by large Higgs exchange dipole transitions, which generate an
EDM in conflict with the experimental bounds. This is our main message for the muon g-2
calculation in the custodial protected model.
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Considering the topologies of the decays we would naively expect the muon conversion
and p — 3e to be dominantly mediated by the current-current operators (Zel“fﬂ) (YTp).
These operators are determined by the Wilson coefficients ¢f; and b;;, in the dimension-six
SM effective Lagrangian (3.2). On the contrary, the branching ratio for the decay p — ey
should be mainly mediated by the loop-induced dipole operators. This idealised scenario
would then open the possibility to extract different informations of the underlying RS model
through the different parameter structure of the relevant Wilson coefficients..

In spite of this, our numerical scan shows that this is not the case. That is also our main
message #1 for the LFV sector. In particular, the decay u — 3e receives sizeable contribu-
tions from dipole operators for a large range of the parameter space. Our initial expectations
can be even reversed for a minimal RS model with an exactly brane-localised Higgs or a
minimal bulk Higgs model with small 5D Yukawas. In such case the dominant contributions
to ;4 — ey can be generated by tree-level dimension six operators. Therefore, is becomes
clear that the inclusion off all dimension-six operators for every observable is needed to gen-
erate a reliable picture of the lepton flavour violation in the RS model.

Our numerical analysis shows that the inclusion of the Higgs and gauge boson exchange
contribution to the penguin diagrams that generate the dipole Wilson coefficient a{‘j is im-
portant, because their parameter dependence is fundamentally different. Here the most
notably difference lies in the dependence of the Yukawa coupling. In fact we cannot give a
accurate description of the p — ey decay over a large range of Yukawa sizes. An omission
of the Higgs exchange dipole contributions drops the numerical dominant effects for large
Yukawas. On the other hand the gauge boson exchange stops the dipole from irrelevance for
small Yukawa couplings. This itself creates a lower bound on Br(y — e7), which depends
only on the structure of the Yukawa matrix, but not on the the overall magnitude of the
couplings. Thus our main message #2 is that the Higgs and gauge boson induced flavour
violation have the possibility to be both important. Therefore, only a full computation of
the dipole operator coefficient yields a reliable overview of the LFV sector.

The numerical indicate that anarchic RS models with minimal particle content typically
need KK scales T' larger than 4TeV to be compatible with the current data on charged
LFV. Furthermore, the combination of ;t — ey and muon conversion yields the bound on T'
almost insensitive to the size of the Yukawa matrix for models with bulk Higgs. The situa-
tion is not so simple for an exactly brane-localised Higgs, although the bound T 2 4 TeV is
still valid for small Yukawa. It is mainly generated by the muon conversion analysis. The
muon conversion is dominated by tree-level operators, which contain decreasing Wilson co-
efficients for increasing Y. This implies a weaker bound for larger Yukawas complementary
to the behaviour of the Higgs exchange dipole operator Wilson coefficients. For this reason
there still many points for Y,.x = 3 that are within the experimental bounds for T' as low
as 2TeV. The larger particle content of the custodially protected model leads directly to
larger Wilson coeflicients. For this reason the bound on the KK scale T is higher. It is
noteworthy that the appearance of the Y2 term for an exactly brane localised Higgs yields
to a good approximation a Higgs localisation independent bound on 7.

We expect significant improvements on the KK scale T in future experiments. Especially
the next generation muon conversion searches will provide strong constraints on RS mod-
els. Our analysis was performed for a gold target nucleus—DeeMe [128], Mu2E [129] and
COMET [130] use silicon and aluminium target nuclei, respectively. Aluminium and sili-
con have an approximately 20 times smaller muon capture rate compared to gold, which
enhances the branching fraction, but the wave-function overlap integrals (D,V,S) relevant
to muon conversion are also smaller, see Table 6.1. Thus an expected lower bound on the
branching fraction of 7 x 10™!7 for aluminium is roughly equal to a bound around 1016
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in gold [95] (indicated by the dashed lines in the plots). This combined with the expected
improvement on Br(u — e7v) during the next run of the MEG experiment [131] could ex-
clude the parameter space of anarchic RS models (custodially protected or minimal) up to a
lowest KK resonance mass of 20 TeV, which corresponds to T 2 8 TeV. The current u — 3e
constraint is less constraining than the one from muon conversion. However, the proposed
Mu3e experiment [132] aims for sensitivity to a branching fraction of about 10716, At this
level 4 — 3e alone will be able to exclude anarchic models with T' < 5TeV. Naturally,
should LFV be observed in any of the new experiments, the model-dependent correlations
among different processes can be used to further constrain the RS parameter space. Hence,
our main message #3: LFV violation provides very strong constraints on RS models, and
future experiments will further strengthen them.

It is interesting to compare the charged LFV constraints on the RS model and its KK scale
to those derived from other processes. The non-observation of direct KK gluon produc-
tion forces T to be larger than only about 1TeV. This cannot compete with the bounds
from electroweak precision observables, notably the S and T parameter, which are essen-
tially model-independent. They only depend on the particle content of the model and to
a lesser degree on the 5D Higgs profile [90]. For the two models discussed in this work
the electroweak precision observable bounds are 7' > 2.3 TeV (custodially protected) and
T > 4TeV (minimal) [23].

If one allows for a somewhat stronger dependence of the bounds on the model parameters,
Higgs production (and subsequent decay) is also an interesting observable. It depends more
strongly on the (mainly quark) Yukawa matrices Y,,,Y; than the oblique parameters, but
is still far less sensitive to its detailed structure than processes like ;1 — 3e, because Higgs
production depends to leading order only on the traces of Y,Y,, YdT Y,;. The trace of a
product of anarchic matrices follows a narrower distribution than an individual matrix ele-
ment. One finds that T has to be larger than 2 (4) TeV @ 95% CL for Y ~ 3 in the minimal
(custodially protected) model with a narrow bulk Higgs [78]. For smaller Yukawa couplings
the bound becomes weaker as the effect on the production cross section decreases with Y,.
For the exactly brane-localised Higgs the constraints are stronger, and one finds the same
bounds on T as above already for Y, =~ 1. As we have seen the situation is different for LEV
observables. In the minimal model an exactly brane-localised Higgs leads to weaker bounds
than a bulk Higgs, and in the custodially protected model the bound from the bulk Higgs
(with KK modes) is comparable to the one in the exactly brane-localised scenario. Thus
for large quark Yukawa couplings and the exactly brane-localised Higgs, Higgs production
provides at least equally strong bounds on the KK scale than the non-observation of charged
LFV. The LHC will be able to improve on this further in the future. In all other cases the
next generation LFV experiments will be able to set the most stringent limits on the KK
scale. Of course, this comparison assumes that the magnitude of anarchic Yukawa couplings
is roughly the same in the quark and lepton sectors.

Our findings can be compared to the results of [31], which provided the first detailed analysis
of lepton flavour violation in the minimal RS model in the KK mode picture. The branching
ratio of ;i — ey is determined from the Higgs-exchange contribution to the dipole Wilson co-
efficient alone, which is computed via one-loop diagrams involving the Higgs zero-mode and
first fermion KK excitation. Muon conversion and y — 3e are computed from the tree-level
Wilson coefficients, while the dipole contribution is neglected. Both exactly brane-localised
and bulk Higgs scenarios are investigated. We can compare with our full results only for the
bulk Higgs case as their exactly brane-localised Higgs result for the dipole operator is cut-off
dependent. Despite these caveats the overall size of the bound on the KK scale T for a bulk
Higgs is compatible with the one found above. The main difference is the dependence of the
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branching fractions on the model parameters. As [31] only includes the Higgs contribution,*
the dipole coefficient has a straightforward dependence on the Yukawa coupling size Y,. The
identification of the dependence on the Yukawa coupling size as a distinguishing feature of
tree-level and loop-induced observables, i.e. muon conversion and tri-lepton decay as op-
posed to ¢/ — £, is however valid only for medium-size Yukawa couplings, since otherwise
the neglected gauge-boson contribution with its different dependence on Y, becomes relevant
for small Y,, and for large Y, the tri-lepton decay is dominated by the dipole operator and
therefore effectively also loop-induced.

We can also compare our results with [32]. Here the Higgs-exchange contribution to the
dipole operator is not considered. The dipole coefficient is computed in the 5D framework
from a subset of gauge-boson exchange diagrams including a dimension-eight effect with
three Yukawa matrices. Comparing orders of magnitudes their results for y — ey and
1 — 3e are similar to our exactly brane-localised Higgs case in the minimal model. In
particular, the lower bound on the y — ey branching fraction for small Yukawa couplings
is also present in their estimates.

To conclude this chapter let us turn a final focus on the B — X, decay. Comparing with
the experimental value for B — X v we find that for Y., = 1/2 the RS model parameter
space is generally compatible with experimental data for T > 2 TeV. Since electroweak
precision observables already put stricter bounds on the KK scale [23,27], B — X,y does
not give any new constraints on the KK scale. Nonetheless, sizeable corrections of about
5—10% are still possible. For large Yukawas the situation is much more intriguing, especially
in the custodially protected model. As the large effects come almost exclusively from the
Higgs exchange contribution to the dipole coefficients a¥9/7 they are strongly dependent on
the specific form of the anarchic Yukawa matrices. As for the muon g-2 and the LFV it
is difficult to deduce any hard bounds on RS parameter space. However, the total BSM
correction to the branching fraction can be quite substantial. Even for T" ~ 5 TeV it is easy
to find parameter points outside the current experimental limits. Consequently, the new
Belle II searches would have the potential to discover the impact of KK states on B — X,y
with masses well above 10 TeV.

4The absence of the KK modes does affect the qualitative characteristics of the Higgs contribution.
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Chapter 7

Summary

The first run of the LHC was a huge success with the discovery of the Higgs boson, the
long sought last piece of the standard model. However, this first run can also be considered
a disappointment as any significant indication for new physics has not been found yet. In
this thesis we considered Randall-Sundrum models, which are potential candidates for a
field theory model that describes physics beyond the SM. Based on the old intriguing idea
of a spacetime with additional spacial dimensions, this model addresses the long known
gauge-gravity hierarchy problem, which is even more pressing now with the discovery of the
Higgs. It also contains a mechanism to generate the quark mass flavour hierarchies and
mixing angles naturally and therein providing one of best explanations of the SM flavour
puzzle. However, the potential lowest mass range of the lightest Kaluza-Klein particles are
potentially too heavy for direct production at the maximum design centre of mass energy
of 14 TeV at the LHC. We explained this in chapter 2. In such a situation it is time to look
for possible indirect signatures of interactions of Kaluza-Klein and SM particles. One pos-
sibility to search for such signatures are the experimental measurement of processes, which
are mediated by dipole operators and contain energy scales far below the scale of the LHC.
For this reason we explored the one-loop-induced dipole transitions in the RS model in this
thesis. In particular we concentrated on the muon g-2, the lepton number violating decays,
w — ey, 4 — 3e, 4 — e conversion and the inclusive electromagnetic penguin B decay
B = X.v.

To this end we first we introduced the RS model with minimal field content in chapter two.
There we saw that the main prediction of a RS model with bulk fermions and gauge bosons
is the existence of a large tower of heavy particles for each SM fermion and gauge boson,
whose lowest mass is of the order of the KK scale T. We also discussed the careful treatment
of the necessary localisation of the Higgs near the IR brane and introduced three different
localisations schemes, which have phenomenological consequences. In particular we included
the discussion of a bulk Higgs with a 3 localisation. Such a localisation scheme gives rise to
KK excitations of the Higgs, which are important for dipole transition even in the near local-
isation limit [79]. The mostly 5D parameter independent constraints generated by tree-level
contributions on the electroweak precision parameter S and especially the T parameter [23]
led to the introduction of the RS model with custodial symmetry, whose extended gauge
group gives rise to new gauge boson, lepton and quark fields. It is noteworthy that this
model contains heavy quark fields with a charge of 5/3. These are potential smoking gun
signatures for direct production at a particle accelerators with a sufficient high centre of
mass energy.

We then integrated the fifth dimension of the RS model out in chapter 3. To this end we in-
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troduced an effective theory containing the SM Lagrangian and a dimension six Lagrangian
based on the Buchmiiller-Wyler Lagrangian [51] containing a complete set of all operators,
which contribute to the relevant processes. We selected operators that can be generated by
the RS model. Our selection criteria was that this generation by the RS model is either a
tree-level process or in the case of the electromagnetic lepton and quark dipole operators
as well as the gluonic dipole operator a one-loop transition. This effective theory allowed
us to express all leptonic processes of interest in terms of the Wilson coefficients after the a
transition to the broken phase. To compute the branching fraction of B — X v we focussed
on the contributions of KK Klein gluons and the Higgs exchange. Here we matched the
associated dimension six Lagrangian to an effective weak Hamiltonian and then used the
results of [108] to include the effect of operator mixing due to RGE evolution from the KK
scale T to pyp to leading log LL accuracy. This is necessary as already in the SM the QCD
corrections are sizeable and the dipole operator coefficient alone is not regularisation scheme
independent.

With the formulation of the basic 5D formalism in chapter two and the computation of
the processes of interest in terms of an effective theory the next step was to match the
5D theory to the dimension six Lagrangian. This was done in chapter four for the case of
tree-level operators and in chapter five for the loop-induced dipole operators. Using the
5D approach the tree-level Wilson coefficient matching can be performed analytically. The
dipole are mostly accessible via numerical calculations, the only exception are the Higgs
exchange dipole diagrams, which were computed analytically for a nearly or exactly brane
localised Higgs. Our calculation is the first complete one of dimension-six effects, which
are not suppressed by powers of small fermion masses in the lepton sector. It considerably
sharpens previous results from [31,32,53]. This concerns in particular the electromagnetic
dipole coefficient. This Wilson coefficient depends on the localisation scheme of the Higgs
near the IR brane. It also receives contributions, which dependent parametrically different
on the the magnitude of the anarchical 5D Yukawa matrices. This leads to distinctive fea-
tures in the 5d parameter scan we provided in the next chapter.

Equipped with all Wilson coefficients in terms of 5D parameters we then assumed generic
anarchic Yukawas matrices and studied the branching ratios p — ey, u — 3e, uN — uN
as well ast — uy, 7 — 3u and the quark flavour violating process B — X,y in both
the minimal and custodial protected RS model in chapter six. Here the combination of
w — ey and uN — uN causes the most stringent constraints on the parameter space of
the models. For the minimal RS model this leads to a lower bound on the KK scale T of
about 2 TeV . However, for a bulk Higgs the lower bound can be up to 4 TeV, which is
about the size of the bounds coming from the electroweak precision parameters. For the
custodial protected RS model we deduced bounds up to 4 TeV for T', which corresponds to
first Kaluza-Klein masses of about 10 TeV far beyond the limit for direct production at the
LHC. We note that the upcoming next generation of LFV experiments with their expected
exclusion range could lead to bounds on T of about 7"~ 8TeV , which would mean lightest
Kaluza-Klein masses of about 20 TeV. Compared to the LFV sector the RS contribution to
the branching ratio B — X,v yields weaker bounds on the RS scale 7. However, for large
Yukawas there can be deviations of Br(B — X,v) even for KK scales of around 4 TeV. For
small Yukawas the impact of the RS model is mild: KK scales that are not in conflict with
electroweak precision bounds, the deviations generated by the RS model are generally small.
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Appendix A

5D Feynman rules

In this part of the appendix we will provide modified Feynman rules for the custodially
protected Randall-Sundrum model compared to the minimal RS model. We use the same
notation as in [28].

A.1 Vertices

We supply the for the calculation of g-2 needed vertex factor for the custodially protected
Randall-Sundrum model. The gauge-boson self interactions are not modified for the SU(2),
and SU(2)r compared to the minimal RS model. Therefore we will not write them down
explicitly here. Note that for the vertex factors we use the T, field basis of the Lagrangian
density (2.96). The complete set of all vertex can be found for instance in [26] with slightly
different conventions.

Fermion-gauge field vertices We distinguish here between the SU (2); x SU(2)y bi-
doublet &; and the two SU (2) tripletts i; and f; We write an R or L next to the gauge-
boson line to denote SU (2) 5 or SU (2), gauge-bosons. As above introduced a Greek indices
labels a SU (2) ; indices, while a Latin indices marks a SU (2), indices. Note that the Greek
indices g is only used here for the Lorentz index of the gauge-boson line. We work here in
the unbroken theory, which is flavour diagonal, thus we neglect here the flavour indices. For
every vertex one hast perform additionally an integral fll// kT (kz)"*dz over the remaining
bulk coordinate z

For the SU (2) bi-doublet we read off the following vertex factor of the Lagrangian:
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c R Tp o
L igs (T2)ab ’}/H ig5( 2) B i
z z
b o ac« a B ac
c P
L (Tc)ab n R (Tp)aﬁ “
95T7 95T’Y
z
b« ac afB a«

The vertex factor of the ﬂ and Tg gauge-boson interaction can be determined as:

g,eaﬂp _ z’g5e“'8”fy“

abc _ ig56ubc,y;4

e b
ek

Higgs Interactions We write down only the Yukawah interaction vertex between the
T, and the ¢! field, since the Yukawah vertex factor of the Ty and the ¢! can be used by
replacing the Greek indices by Latin ones for the T: 3§ I vertex factor. As usual the Yukawah
interaction vertex is the only one in our unbroken theory, which changes the flavour. The
flavour indices we use here are i and j. Note that the Higgs-field attains an additional
SU (2) index being a SU (2);, x SU(2)y bi-doublet. Note that due to the the covariant
derivative the kinetic term of the Higgs bi-doublet induces a mixing between the SU (2), /R
field. This mixing generates the photon-Higgs vertices if there is one Wj‘% field and or one
W3 gauge-boson included into this vertex.
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A.2 Propagators

The notations and conventions of [28] cover only the minimal RS model, therefore we need
to adapt them to custodially protected RS model. Because we are working here in the
unbroken theory this gives rise to two different kinds of fermion propagators for the new
fermion fields of the &' and 7% multipletts and one new type gauge-boson propagator for
the new gauge-boson fields.

A.2.1 Fermion propagators

For the calculation of the new fermion propagators we distinguish between the &' and T4
fermion multipletts. We define the ¢! propagator as follows

a

b a [ 1
v 5 a = 0metal (pay) (A1)

where x,y are 5-coordinates and a,b «, 8 SU (2) indices. Observe that we neglect here the

generation indices. The object Afl; (p,x,y) can be decomposed in the unbroken theory in
the following way:

AY (p,a,y) = AL (p,2,y) 6" + AL (p,x,y) 6°2 (A.2)

where Ay, (p, x,y) is the already in calculated doublet propagator, while A, (p, z,y) belongs
to the new fermion fields inside the ¢! bi-doublet, which have (—,+) boundary conditions
for the left-handed mode functions.

For the T* SU (2) triplett the fermion propagator can be written as

) =Ly, (A3)
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In the T basis the object Ag; (p, ,y) is not diagonal in the two SU (2) , indices, because the

first two components of T*are a linear combination (2.102) of the standard model singlet field
L and a new field A with (—, +) boundary conditions for the right-handed mode functions.

The object AZ;; (p,x,y) can be written in the basis (C.17) as

Aaﬁ (p, z y)
Ap (p,2,y) + Dpm (p,2,y)  iAE (P, 2,y) — iBpm (p,2,Y) 0 )
*ZAE (p7x7y)+iApm (p7x7y) AE (p7x7y)+Apm (paxay) 0 Xi'
0 0 28pm (p:2,9) ) 4
(A4)

Here Ag (p, z,y) is the standard model singlet propagator and A,,, (p, z,y) the propagator
for the fields of the T triplet, which have (—,+) ((+, —)) boundary conditions for the right
(left)-handed mode functions. Note that one finds for T% triplet directly the propagator

AZ; (p,ac,y) = 5abAmp (p,%y) (A5)

To compute Ay, (p, z,y) and A, (p, z,y) we use the general form of a fermion propagator
in a RS model in conformal coordinates [28§].

AX (paxvy) = 7F)€ (pvxay)pPLfF)_(‘—(p,x7y)pPR
+d"Fy (p,x,y) P +d"Fy (p,z,y) Pr, (A.6)

where X can stands for arbitrary boundary conditions. The operators d™ and d~ are defined

as 9 9
=0 ——— = d~=—0,+- -5,

T €T x T

The F functions obey the differential equations [28§]

2
9 5 CC—c—6 4| _
PP -8+ 2+ 2| Fx (p, 2,
[p e +I] X (0,2, y)

i(kz)' 6 (z —y) (A7)

24c—6 4
- S A B ) = 00 ()

and can be decomposed as follows in terms of Kaluza-Klein mode sums [28]:

) = 3@ 5w (4.9)
R ) = 3l @) 5l (4.10)
TRy = Yo @ ) 1 ) (A11)
d*Fx (p2,y) = Z £ %g&? () (A.12)

where fx (z) (gx (x)) is the left (right)-handed mode function. The Kaluza-Klein decompo-
sition is useful to determine the boundary conditions for the A, (p,z,y) and Ay, (p, 2, y)
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propagators.

The A, (p, 2, y) propagator is the propagator of a £’ fermion field with (—, +) ((+, —))boundary
conditions for the left (right)-handed mode functions, i.e.

Jrmp (€)1 =0 Imp (ﬂf)‘x_% . (A.13)

Using this we can deduct the boundary conditions of the F functions to be

d"F}, (p,x, y)lI:% =0 d*F,, (p,z, Y)jper = 0. (A.15)

k

For the Ay, (p,x,y) propagator we note that boundary conditions of the associated mode
functions are flipped compare to the A,,, (p, z,y) case, i.e.

fom (x)‘xz% =0 Gpm (x)le% . (A.16)

This yields the following boundary conditions for the F function
F]jm (p7$7y)‘1:% =0 Fp7 (pv'ray)m:% =0 (A17)
d_F;m (p"r7y)|(1;:% :0 d+Fp_m (pa'ray)h;:% :O (A18)

Note that in the unbroken phase we the propagator The chiral components of the fermion
propagator can be written in a shorter way using the following definitions

St (pwyy,c) = Toyn (pr) Koy (py) — Koy (p2) 1oyt (py) (A.19)
S—(pwy,c) = I._1(px) K1 (py) — K. 1 (pz)I._1 (py) (A.20)
St (pyw,ye) = Loy (p2) Kooy (py) + Keps (02) L_1 (py) (A.21)
S (pa,y,0) = Loy (p2)Keps (py) + Kooy (p2) 1oy s (py) (A.22)
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which were first introduced by . With this new notation the chiral components of the A%p

propagator can be written as
ik;4xgyg§+ (p,x, %,c) S_ (p, Y, %, c)
S+ (P 1:0)
ik4x%y%5~'+ (p, Y, %, c) S_ (pmc7 %,C)
Si (P 7:0)

.4 5 5 1 ~ 1
F‘+ (p7$7y): _@(x_y) ik $2y25+~(p,a?,T7c)S+ (p,y,k,c)
+

F7;p (p,x,y) = G(Ify)

+O(y—=x

mp

1
_ by, z,C
d*F,, (pxy)= pO(z—y) by 5.

mp

ik*z3y3 S, (p.y. 7,0) S (P, 5,¢)
S, (p,%,%,C)
ik*z3y3 8, (p,a, 4, ¢) Sy (

S, (P, 73 ¢)
ik4xgygs+ (paya %70) S_ (p,:z:, %’C)
S (7 %€) .

The chiral components of A, propagator can be expressed as

+pO (y — z)

Yy £, C)

d"Ff, (pz,y)= pO(z—y)

+pO (y — z)

zk4xgygsf (p,fﬂy %; CT) 57 (pvyv %7 CT)
5 (b L)

ik4x%y%S_ (p,y, %, cr) S_ (p,a:, %, cr)

Fp_m (p7337y) = -0 (x_y)

F+ (pvxvy): @({I?—y)

pm

+O(y—= 5
5 (p b Ler)
-~ zk4xgyg ~-l,- p,x,lycr g— pay7lﬂcr
d+Fpm (p,x,y) = —pO(z—y) g T1 1) ( : )
S_ (ps s rcr)
Zk4x%ygs— p7y7laCT S+ p,x,l,CT
+pO (y — ) g T1 1 ( - )
S, (pafaﬁvcr
_ Z]f4.’15%y%5— p7$7la67a S+ p7y7l7c’r
d F;m (p,x,y)z —p@(a:—y) g Tl 1) ( ‘ )
S, vaaEch
ik'e3y2 Sy (py, 7.or) S— (p,w, ,0r
+pO (y — x) G T1 1 ( : )
S_(ps 7 goc7)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

Note that these propagators can only be obtained after performing a Wick rotation p — i pg.
For the off-shell Higgs exchange diagrams we need the zero mode subtracted brane to brane
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FEZMS (0, %, %) and Fy ;s (0, %, %) functions, where X can be E or pm. Using the
definition of F in [28] one can find

rr)i B (Rorry (B) Loy (B) + ey () Kooy (F)

F§ zus (p, T (A.31)
)y (Kepag (B) Loy (B) = Teeey (B) Kergy (8))
0) (1y ,(0) (1

_iw. (A.32)

To perform the limit p — 0 one has to use the series representation of I Bessel function. To
do this we apply first
w1y (x) — 1, (2)

Ky (o) = 5= e (A.33)

to find

1 1) . ]{)4 (Ifcr,% (%) Icrfé (%)
=1 » »
k T

it < _Icr+% (%) Iéfcr (%))
Y L Rt
EZMS T T pT4 _ (

( )Icr+%( ) Loy s (%) I oy

©) (1), (1
—igE(TzﬂgE(T). (A.34)

/N
B
Q
=
|
SIS

Then using the series representation of the Bessel functions like for example

o0

1 €T\ pt2n
L) = Z nT (p+n+1) (5) (A.35)

n=0

we find

F zus <0, ;,;) =

;(2or — DRI — (0r + 3)RIT 2
(der(cr + 1) — 3)T5 (k2er+1 — T2er+1)2
f2er+32ertl ((3 — 4er(er + 1))k + (2erT + T)z)

+i A.36
(der(er + 1) — 3)T5 (k2er+1 — T2er+1)? (4.36)
For the other two needed F functions finds the limit in the same way
11
FEZMS <O’T’ T) =
; (2¢ — 3)T2k*t* — (2¢ + 1)kST4¢
(2¢ — 3)(2¢ + 1)T5 (Tk2e — kT2¢)*
N k2T (3 — 4(c — 1)o)k? + (1 — 2¢)2T?) (A.37)
i .
(2¢ — 3)(2¢ + 1)T5 (Tk2e — kT2¢)”
11
F- — )=
pm <O7 T’ T)
ik* _ 1.2cr4+3pp—2cr—4
B —ik T
[ (A.38)

1—2cr

123



APPENDIX A. 5D FEYNMAN RULES

A.2.2 Gauge boson propagator

In this section we will derive the gauge propagator for the Zx and W;’;l’? fields, which have
(—,+) boundary conditions. The derivation stays close to [28]. We use the R¢ gauge here.
The vector part of a general gauge-boson propagator can be written as [28]

pHp” p
AMV p,z,y Am b,y v + (Am <,x,y> - A1’rL b, x,y > A39
( )= p( )n 2 P\ E p ) ( )

where the transverse part of the gauge-boson propagator A, (p,z,y) is defined by the
differential equation [28§]

1
(p2 + x@xxaw) Ay (D, 2,y) = —ikzd (z —y) . (A.40)
A complete solution can be found by demanding the boundary conditions
OB (0T, Y)jpe . =0 Ay (p,2,9) ;1 =0 (A.41)
The scalar propagator of the fifth coordinate satisfies the the differential equation [28]
1 )
4 60,007 | Aay ) = ikad o). (A42)

The solution can be easily computed by using the fifth coordinate mode functions, which
obey the equation [28]

o, ( L >) —em? S (@) (A.43)

Thus the Kaluza-Klein decomposition of Ag .,y (p, z,y) is after using the completeness rela-
tion of the mode functions

ASmp p,Z, y Z W5 mp é— fW5mp( ) (A44)

The fifth coordinate mode function fW mp (z) are not independent of the mode functions of
the vector part of the gauge-boson ﬁelds There exists the following relation between this
two kinds of mode functions [28§]

Here the vector part mode function satisfies the equation [2§]
1 n n
with the boundary conditions

Sy @ s =0 [Py (@) s = 0. (A.46)

®

Thus we find with the mode expansion of Ag .y, (p, z,y) and Ay, (p, 2, y)
mp p7xy Zmep — f‘E{/L)n@p( )
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the relation
0,0 P 1 ikx
Bsmp (0:9) + =5 By (ﬁxy) =5 SR v (@) 1 o () = S =y)
n

(A.47)
which gives us directly the solution of the scalar fifth propagator in terms of the transverse
part of the vector part of the gauge-boson propagator. Note that the delta function on
the right-handside of equation (A.47) is being cancelled by the derivatives acting on the
heavisidetheta functions of A,,, (p, z, ).
Again we only give the full solution of the free gauge propagators after wickrotation

§+ (pvxa %a %) S+ (paya %7 %)
St (P57 3)

S 9 7l7l S ) 7lul
fikey© (y - x) 2P ygT(;)l ﬁ(f)w ) (A.48)
+\ T2
S_ L,x,jlul ‘§+ L,%;y,l
Asmp (p7,y) = ikay O (z —y) <f 3 (;)1 1(1¢E 2)
+ v kYT 2
S_ L>y7%a% §+ L’%“’p’%
+ikzy O (y — ) ( : Z (p)1 T 1\/)5 ) (A.49)
+t\HE T2
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Appendix B

The bulk Higgs

For the bulk Higgs we follow [80,81]. The 5D Higgs action reads
1
Se = [ diz [ dz | g™V (Dy®) (Dy®) — S 0T
SO P P
1
5

—0(Vg55(2 = 1/T)Viyr — 6(\/955(2 — 1/k))Viy| - (B.1)
The brane potentials are
2
Vije =m0, Vijr = —mir @@ 4+ X (270) (B.2)

with my, = (24 B)k. We define § = /4 + p2. Note that in [80] the IR brane potential is,
up to normalization, written as

A Vv 1
= — |otp - ¥ :
Viyr 22 [ 5 ] (B.3)

where the coupling constant \ is dimensionless. For our purposes the form of (B.2) is more

convenient. The choice for the UV potential parameter m; ;. leads to a Higgs vacuum
expectation value (vev) that rises towards the IR brane for positive S.

B.1 Zero mode and vacuum expectation value

The zero-mode equations of motion are given by

2
<23322332 - i‘2> O (2) = —m20©) (2) (B.4)
9.0 9,0 T
—_ =my, — =Mmy/T 7 (B.5)
() 2=1/k / 2 2=1/T Tk

The boundary conditions ensure that the boundary terms arising from integration by parts
vanish. m3 is the squared mass of the zero mode in the unbroken phase. As we will see
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below it is tachyonic and of the order of the physical Higgs mass, i.e. much smaller than the

KK scale T
The general solution of the differential equation is

3O (2) = Npz? (Tp(moz) + CVs(mo2)) .
The UV-brane boundary condition can be used to determine

Tpt1(mo/k) 220
Vos1(mo/k) ~ T(1+B)(2+ 3

Observing that J5(x)/Ys(z) o< 2?2 for small arguments, we find that

C=—

jﬁ(moz) > Cyg(moz)
for my < T. We can use this approximation for the zero mode to obtain
DO (2) = Npz2Ts(moz) = Noz?*P + O(myoz) .

The overall normalization is given by

S

dz 2 2(1+ )
(0) _ ~ 3/2m1+8
/(kz)?’q) (Z) =1 = NON 71_62+25k' T .

%

Up to higher terms in mg/T the zero-mode mass is determined by the equation

Tp+1(mo/T) T
= T(2 — B —.
2=1/T (2+8)=m Tp(mo/T) T

0,
®

Expanding the Bessel function for small argument, we find
2

mg
+ higher-order terms,
201+ 9)T

T
myr T2+p8)=

which implies
m
m2 ~ 2(1+ B) (2+,6’—%)T2.

0 24203
) (?) fOr mo < k .

(B.6)

(B.7)

(B.10)

(B.11)

(B.12)

(B.13)

Note that mo must be a small compared to T, otherwise the expansions above would not

have been allowed. We return to this point below.

The 5D profile of the vev is not needed in our computation, since it is done in the unbroken
electroweak phase. The Higgs vev only enters at the 4D level in the effective Lagrangian—as
a low-energy parameter determined from experiment. Still it is instructive to see how the
vev profile arises. To this end we substitute & — %(v + h) into the Lagrangian (B.1) and

expand all terms (see [78] for a more detailed derivation). We can use that 4D derivatives

on v vanish. This leads to the equations

T
(0. + kml/T*3 )\U Jhls1r =0
(02 — ml/k)h|z—>1/k =0
T
(0. + 7T~ *)\Uz)v|z—>1/T =0

(02 —=myyp)v].1k =0
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along with the standard equation for Higgs bulk profiles. This gives the solution

v(z) = Ny22+P (B.18)
which is strongly IR localised already for moderately large, positive values of 3. The IR
boundary condition determines

N7 = (myyr — (24 B)k) %T‘Wﬁ : (B.19)

v

Equivalently, by requiring that W boson acquires the correct mass

2(1+
oo [ 1 nan

With this input we can compute the physical Higgs mass

T2
m¥y = mi+6(1+ B)?)\v(l/T)Q
T2
= 2(148) (24 B)k —mir + 3Xv(1/T)?) - (B.21)
Using
1/T)?
PN LV S (B.22)
k k
this result can be rewritten into
1/T)% 1
my = 4(1 + B)/\%Tz ~ (125GeV)? (B.23)
and
m2
mg = _TH <0. (B.24)

Thus we find |m3| < T2, which was necessary to justify the expansion in the broken phase.
We note that the requirement that my = 125 GeV implies a fine-tuning between the param-
eters my 7 and (2 + ()k, see (B.13). We further note the relations

2

1T)? = —H B.2
M/T)? = gk, (8.25)
= (24 B+ — (B.26)
yr = 4a+pr" '
—_——
<1
B.2 Higgs Propagator
The 5D Higgs propagator is determined by the equations
2
P - % +2°0.27°0. | Aa(p,2,2") = i(kz')’0(z - 2'), (B.27)
8ZA<I>(p7Z7ZI)|z:1/k = ml/kA<I>(pa l/k,Z/), (B28)
T
azA{)(paZVZ,)‘z:l/T = ml/TEA@'(Z%l/Ta Z/) ) (B29)
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which can be solved in the standard way, see e.g. [28]. After Wick rotation to Euclidean
space, the full Higgs propagator is given by

Ay(p,2,2') = O(z—2)ik32%2">
(Is+1 () Ks(pz') + K1 (B) Is(p2') (Lp41 (£) Kp(pz) + Kav1 (F) I5(p2))

Tge1 (F) Kor (£) = Ko (7) Lo (%)
+{z <2}, (B.30)

X

where K and I are modified Bessel functions. It is useful to not only have the full propagator,
but also the zero-mode subtracted propagator. We only work to leading accuracy in v/T,
that is we approximate

ml/T% — 2+ B)T. (B.31)

The Higgs zero mode is then massless, and its profile is proportional to the vev profile
derived previously. The zero mode can readily be removed from Euclidean propagator via

(=p?)

since removing the zero mode corresponds to removing the pole at p? = 0 from the full
propagator.

A (p, 2, 2) = Dy(p,2,2") = ¢ ()20 ("), (B.32)

B.3 Yukawa matrix scaling

For the bulk Higgs field the Yukawa coupling develops a dependence on the Higgs 5D mass
u or, equivalently, 5. To see how this dependence arises let us compare the situation with
the delta-regularized narrow bulk Higgs (2.64). In the latter case, we find for the 4D SM
lepton Yukawa matrix the standard expression

T3
0 0 .
Yij = éi)(l/T)gJ(Ei)(l/T)ﬁYij + higher terms

1—2¢g, 1+ 2cg,
“ViT a2\ C 61+2cJEj Yij . (B.33)

For the bulk Higgs the bulk action contains the interaction term
1

SO —/ (:55 /d"‘x Yzf Li(z,2)®(z,2)Ej(x, 2) + h.c., (B.34)

1
k

where L, E,® are 5D fields, and Y#? is the dimensionful bulk Higgs Yukawa coupling. In-
serting zero modes and integrating over z, we obtain (up to terms suppressed by powers of

€)
Yii = yﬁ\/ﬁ L+2p V20 +P)KY2 (B.35)
ij 1 o 6172CL77 1 _ 61+2CE]' 2 — CL% + CEj + /6
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1.x107°
5.x1071°

CLELE

1.x107"°
5.x107"

1 5 10 50 100
B

Figure B.1: Left panel: Diagram contributing to the matching onto L;E; Ly E;. The inter-
mediate Higgs propagator is zero-mode subtracted to remove long-distance contributions.
Right panel: Wilson coefficient CHEFE as a function of 8 for T = 1TeV, ¢z, = —cg, = 0.6
and Y = 1.

Since the SM Yukawa coupling should remain finite for large [, the bulk-Higgs Yukawa
coupling scales as

2—cp,+cp + B oo VB
jrﬂ 3j B
2(145) V2o (B-36)

Comparing the expressions (B.33) and (B.35) we identify

LQ_CLi+CE.1+ﬁ

B —
v Vi 2(1+ B)

(B.37)

B.4 KK Higgs example: Four-fermion operators

To gain some intuition for the properties of the Higgs KK modes we consider the example of
the Feynman diagram in Figure B.1, which might contribute to the matching of four-fermion
operators of the form L;E; Ly E;. The corresponding Wilson coeflicient is given by

1

Con” de [ dy L0, © (0)/ 1 .(0)
—Tr :in?YkBl/W/ R ) @)gp) (@) A (p = 0,2,9) f1,) ()ar, (y) - (B.38)
: 2

Sl

For vanishing four-momentum exchange the zero-mode subtracted Higgs propagator has the
particularly simple form

ZMS kPP s ap s 202 2\ _o\_ 2
AG 0,z,y) = 23 Ty ﬁ(T (m +y) 2) 2+ 8

+2%0(y — ) + y*70(x — y)} : (B.39)

where we dropped terms suppressed by powers of T//k. With this expression the integrals

over x and y in (B.38) are straightforward, and CéflLE can be determined analytically for

all values of 3. CZ.%ElLE vanishes as 1/ in the limit 8 — oo, as illustrated in the right panel
of Figure B.1.
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This result can be understood by looking at the defining expression. The scaling with £ is
determined by three factors: the Yukawa matrix scaling, the scaling of the Higgs propagator,
and the scaling of the integration variables x, y in the relevant integration regions. The two
Yukawa couplings each contribute a factor of v/B. The Higgs propagator is slightly more
complicated. Let us examine the three terms square brackets in (B.39) separately. The first
term (without step-functions) does not feature an immediate suppression for large 3, since
the 1/ in the prefactor of the square bracket is cancelled. The suppression arises only after
integration over the bulk coordinates. To see this, we write z and y in the overall factor
(T%xy)? as 1/T(1 — x¢/B) and 1/T(1 — yo/B), respectively, such that o and y, measure
the distance of z, y from the IR brane in units of 1/(8T), the typical scale for Higgs KK
excitations. We then find factors of the form (1 — x/8)? and (1 — yo/B)?, which behave
as e~ and e~ ¥ for large (3, respectively. Hence the first term counts as O(1) only for x
and y within 1/(8T) of the IR brane. The 5D coordinate integrals then count as 1/(8T)
each, and the contribution of the first term in (B.39) to the Wilson coefficient is of order
(vVB)? x 1 x 1/32, which vanishes for large 5. The remaining two terms in (B.39) have
different properties. There is a global factor of 1/3, but there is no requirement that x, y
are close to the IR brane. Let us focus on the second term, which is non-zero only for y > x.
It contains the factor (z/y)?, which ensures that the contribution to the Wilson coefficient
is exponentially suppressed if z < y (1 —1/3).A Changing integration variables from z,y
to y,x — y shows that the integral over x — y counts as 1/(5T), while the integral over y is
effectively unconstrained. Thus the overall total scaling isA (v/B)? x 1/ x 1/8, which also
vanishes for large 8. The same argument with z <> y ensures that the third term in (B.39)

does not contribute to C’éﬁLE for 5 — oc.

B.5 KK Higgs contributions

The contribution of KK Higgs modes to ag is proportional to the corresponding contribution

for the Higgs zero-mode for each diagram topology. It is therefore convenient to study the
ratio of the two contributions,

aH
R = KK (B.40)

Up to small corrections this ratio is also independent of the flavour of the propagating states.
The Higgs KK contribution can then be obtained by multiplying the zero-mode result by the
corresponding R. It should be noted that not all topologies shown below actually contribute
to afl in a specific RS model, either because the combination of SU(2) and U(1) group factors
vanishes or because the model does not have Feynman rules that allow for the particular
diagram to exist. Note that we do not separate contributions from wrong- and correct-
chirality Higgs couplings. The numbers refer to the sum of both type of contributions, and

are given by:
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Figure B.2: Left panel: dR/dl as a function of the loop momentum for § = 10, 20, 40,
80, 160 (curves from left to right) for the diagrams in the last line of (B.41). Right panel:
Corresponding ratio R as a function of 1/5 (no uncertainties shown).

o g g 4
R ~0.27(0.01) R~ 0.27(0.01)

&I N ; e AN ; 7/ &I
R ~0.08(0.01) R ~0.08(0.01)

- s <" R~0.77(0.08) (B.41)

Our error estimates are shown in parenthesis. It arises from the numerical integration error
and an estimate for the extrapolation error to 8 = oo, since a numerically stable evaluation
is possible only up to 8 = 200 — 300. The numerically most challenging diagrams are the
ones where the photon is emitted from the Higgs, since they contain products of KK Higgs
propagators. We also note that the KK Higgs contribution converges relatively slowly as
B — oo, if the diagrams involve an external Higgs attachment to a fermion line in the loop,
as illustrated in Figure B.2. The typical scaling with powers of 5 in the different momentum
regions discussed in the main text does not set in until 5 ~ 40. This behaviour agrees with
observations made in [79].
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Appendix C

Explicit diagram expressions

This part of the appendix is dedicated to write down the explicit analytic expressions of the
Wilson coefficients for the leptonic dipole operator. We only include the genuine custodial
protected RS model diagrams. [28]. The abelian diagrams with Z, field inside the loop
can be directly build the gauge-boson propagator Azyrg — App , As — Az and the
coupling (9’5)2 — g2 — (g’5)2 in the explicit expressions. Thus in the gauge exchange sector
we will write down only the new non-abelian diagrams appearing in the custodially protected
Randall-Sundrum model.

In all diagrams we assume that an external photon is emitted and that the external Higgs
field denoted by the grey square can be replaced by its vacuum expectation value. To
generate the incoming SM singlet it is insightful first to look at the T} triplet after setting
all other fields except the SM singlet to zero.

o E « PeY
T4|)\:N:O = ﬁ (6 L 25 2) (C].)

Thus lf we deﬁne SU(Q)R factor
. 1
\@

we are able to take the appearance of the SM singlet as the initial state into account. To
shorten the notation in some diagrams it is useful to write the Higgs vev as follows

_ 0 -1
(") e

We use the notation p = p — [ and p’ = p’ — [ for the momenta appearing in the loops.
Similar to [28] the first expression of the diagrams contains almost any simplification. The
second expression of each diagram contains some simplifications. In particular the fermion
propagators are decomposed into their non-vanishing chiral components an the SU(2) group
factors have been calculated. We only write down the analytic form of the on-shell contribu-
tion. To differentiate better between Lorentz indices and the SU (2) ;, indices we give up the
Greek notation for the SU (2); indices and use only Latin digits for those. Our convention
is Our convention is to sum over multiple SU (2) indices of the same kind. There are usually
more than two SU (2) indices of the same kind appearing in each diagram expression. For
the analytic expressions of each diagram we have also included the generation indices of the
charged leptons.

c® (691 —i5°?) (C.2)
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C.1 Gauge boson exchange diagrams

Wilec = 7/952) (—85) < \[T 5D> v (Ta)Qc (Tb)cl GdekCBEakB/ dx
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=
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&
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x L' (p)) PF,f,. (1,2,1/T) Fyp,, (1,1/T, %) [yovs]) PRE? (p)

V2 2 2

273 ay (7
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€ 1
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I3

Hl=

1 1
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/ (ky) / (k?Z)4 / (27T)4 flE ) (Z) frs/O)gEJ (m) € HASmp (paxa y) A5mp
1 1
, %

<L (o) PrysAE (1,2, 1/T) Ay (1,1/T, ) 5 PrE? (p)
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V2 (o' 2n)’
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W3ac

W3bc

dx
(kx)*

a b
Ges ( V21? 5D> v (1Y), (r )cl ¢dek e kda
13

e Y )2 2

T —

1 1

T
dy dz d*l " . VoA
/ (ky) / (k2)* / (2m)* 1(7:0) (2) f~§0)9Ej () € Asmp (D, 2, y) (_ayArAnp #,9:2)) o
' '

= 1 T} ;
x LT (p) PRaAS (1, 2,1/T) A (1, 1/T, ) v PrE7 (p)

1

BesTyP v / do /T dy /T dz / d'l
2k V2 ) (ka)t) (ky) S (k2)' ) (2m)

&

S

=

F2(2) fOgp, () € A mp (b, 2, y) (9, AN (5,9, 2)) Do
xL' (p) Fyy,, (1,2,1/T) d” Ef, (1,1)T, 2) 32/ PrE (p) (C.6)

1

a b i
—ig§€5 _27\/§T3 y?D L (T )20 (T )cl edekceGaSk / dx I
S 2 2 2 (kx)

&
1 1

dy dz d*l (0) . Yy .
/ (ky)/ (kz)4/ (2m)t (2) [V g, () € (=0, A%, (B, 2)) N5 mp (B, Y, 2)
% %
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1

+g§e5T3yij1//T dz /Tdy /T dz / d*l
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L
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fl(iO) (Z) féO)gE] (J?) 6*# (ayA»,):p (ﬁv Y, Z)) AS'mp (ﬁlv Y, Z) upm
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), e 71, @Dn (D € (11, oR
Xy ) Y XY
. \gx/ X X & \\\g// &
(HT1) (HT2) (HT3) (HT4)

m, (@

(HT6a) (HT6b)

Figure C.1: All Higgs exchange dipole topologies.

C.2 Higgs exchange diagrams

At there are only four different diagram topologies with a Higgs exchange inside the loop
possible that give rise to a O (v) contribution to the dipole operator. All possible diagrams
generated by these diagrams are listed in the tables below. The first column of each table
contains the name of the diagrams we will use from now on. The second and third column
defines the fermion multiplet in the associated part of the diagram. There is no need to
define individual particle, since this information is automatically generated after performing
the calculation of the SU(2) colour factors. We suppress in this table the generation index
for simplicity’s sake. We write down the expressions using the narrow width regularisation
of the delta function

6(2)=0 <z - 1T5> (?) : ¢4d%§. (C.20)

As discussed above the limit § — 0 has to be taken carefully, as the limit is not commutable
with the momentum integration. For all expressions the four dimensional momentum inte-
gration is written down in d dimensions for dimensional regularisation.

We can write the analytic expression off the on-shell terms in the same way as we did for
the gauge-boson propagators. The factor cpi.q contains the colour factor, that has to be
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| HT1 | X | Y [HT3 [ X[ Y |
H || 83 [6 |1
H | & || HY | & | 13
HI | & | &
(HT2 | X | Y [HT4 [ X [ Y |
H2 | & | Ty || HA | & | Ty
H6 | & | T3] HS | & | 13
| HT5 | X | Y [[HT6 | X[ Y |
HI0 | & |7 [ HIL | & | Ty
HI2 | & ||| 113 | & | 13

Table C.1: All possible combination of leptonic Higgs exchange diagrams contributing to
the dipole operators

calculated for each diagram independently.

T d 7 7\* ddl j

Y d—4 s b

HT1 = —c¢p;a /dx/ /dz/dw() / eH—
Dies (kz)” 5) ") e B

x (), (Y1), (), 12 (2) 005, () T () [d7F5 (5 2.9) By (. 2) 7,8

+Fy, (0, 2,9) d”Fy, (Byy, @) $) 4 FX, (p.a,w) PRE? (p) (C.21)
I o7 ro7 T\* i i
HT2 = - d—4 Wtk v
CDzag/ / /dz/dw((S) K /(277_)gl6 12
g O
x(Y),, (Y1), ( )y, L' () d™F (0w, @) [d7FY, (0, 2,9) FX, (B,y. ) 7P
+Fx, (0 29) d"FE, (5,y,2) F ] PrE? (0) £ (w) £V g, (x) (C.22)
T T T T T 4 ddl
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0 (2m) !
e S
< (V). (v (), 1O w) fOgp (z) — !
( )za( ab( )bj fll ( ).f’y gE]( )(p/_l)Q (p_l)2
xL' (p")d"Fy (I, 2,%)d” F¥, (p,z,w) PRE’ (p) (C.23)
T T T T T 4 d
HT4 = ¢piag dx dy / dz/dw <) /ﬂ_4/d7lde*“ (p+p —2l)
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' ) () £ g (1) ‘
< (V)50 (V) (Y)bg hi () F ffg( >(p’—l)2 (p—1)°
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[ [ [ / \* d—4 ', /
HT5 = ¢piag [ dz | dy [ dz [ dw|—= | € (p+p' —20)
J (2m) "
S
’ "t (0) (0) i i
x (Y )’La (Y ab (Y)bj fli (Z) f'Y gEJ (l‘) (p, _ l)2 (p _ Z)Q
xL' (p')dFy (I, z,%)d” F¥, (I,z,w) PRE (p). (C.25)
T T T T N 2
HT6 = ¢piag / dz / dy | dz dw () ud_4/ J€H (p—i—p/—QZ)#
0 (2m)
1-5 1=8 1= 1=s
T T T T
< (YY), (v (Y),. fO () fOgp (z) — "
( )m( )ab( )bjflz: (2) £57 g, ( )(plil)Q (p—1)°
x L' (p) d7F£ (1,z,x) dfF;b (1, z,w) PRE (p) (C.26)

The 5D Yukawah coupling Y’ equals A\*5p for the diagram H9. For all other diagrams we
have Y/ = Asp. In order to compute the correct sign for the general diagram topologies HT3
and HT4 the SU(2) flow has to be considered carefully here. Splitting the Higgs bi—doublet
fields for these diagram topologies leads to the obvious conclusion, that the photon—Higgs
vertex is always a ¢~9,AY¢T for both topologies. Thus the SU(2) and therefore the sign
remains the same for HT3 and HT4. The off-shell expressions for the four topologies is
obtained by the following replacement rules

A, <p,x7y>+l%fl§°> @ L0 () A (pxy) = —Lge, (@) g8, (v)  (C27)
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for the external propagators. Then the off-shell expression for the Higgs exchange topologies
can be written as

HT1

HT?2

HT3

HT4

S f e e

Ny V), 17 (2) £ Vg8, (w) L (9) [d7F (5, 2,9) d* Fy, (9,9, 2) 30

~cDiag / /
(v

< (Y),,

+Wﬁvw@ﬁ%@ﬁﬂgﬁ(ﬁ@w&ﬂ@ (C.28)
1 1 dy kS T T 3 . o *Li
_fmwn/dx/kkw4/n”~/dw<5) “d4/<%y”‘p

1-6 1 1-6 1-6

1
Bl
1
i

s

< (Y),, V1), (), L' (@) ;%QEQ (0) gr, (2) [dFFy, (7', 2,9) d* F, (b, y, %)

VY, (0 29) FE (0,y,2) Byvud) PRE? (0) £ (w) Vg, (2) (C.29)

T T T T T\ 4 s 24 y /
CDiag | dv [ dy [ dz [ dw| <) p i (p+p —20),
T

xﬁ@ﬂywmﬁ%9m<WM&W@ (C.30)

<L'(p') ——-gp. (0) g5, (2) Ff, (1, 2,2) PrE? (p) (C.31)

Note that one has to include the initial fermion propagator before chiral decomposition for
the determination of the cp;qq factors of the diagrams H1-H9, because these propagators
(A.2, A.4) depend on the SU(2), xSU(2) indices. To calculate the cpj.y factors we write
down the SU(2), xSU(2), dependent part of the diagram expression. In the first step the
SU(2), xSU(2), dependent expression is written out based on the Feynman rules of the RS
model with custodial protection, In the second step the final results of the evaluation of the

SU(2),

xSU(2) factors is presented. Then the cpjqy equal the part of the final answer,

which comes before the part containing the Dirac spinors. The part with the Dirac spinors
determines, which F functions have to be inserted into the explicit form of the associated
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topology. In the expressions below we suppress the generation indices.
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3 v
o (i ) T on e 2.

k4 V2 2
L' () PRAT, (0w, 2) AS! (I, 2,2) PrE (p)
17° v,
- —iﬁesﬁL (p") PrRAE (p',w, 2)
xAp (I, z,2) PRE? (p) (C.34)

The computation of the group factor is straightforward for the other diagrams. We only list
the final results in table C.2 for the ccoefficient cgiqg
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HAMILTONIAN AT THE SCALE uxxk

)
U
S
N

Q

Cdiag
H1 77 v H H ‘ T° v
@ﬁe5 5 W7265
H2 | Imtes H6 0
9 )
H3 7%%%65 H? 7%%%65
T° v
H4 —fn s HS q 0
H9 | ymlzes || HIO ,{—12%65
T v
H11 0 HI2 | -fm e
)
H13 | -5 Fses || Hl4 = ses

Table C.2: Table of cpjqq for the Higgs-exchange diagrams in the lepton sector.

C.3 Wilson coefficients of the extended electroweak Hamil-
tonian at the scale i

In the following we collect the coefficients of the various four-fermion operators in (3.44).
To this end we first map each operator in the dimension-six Lagrangian unto operators in
the broken electroweak theory and extract the Wilson coefficients by comparing with (3.44).

For brevity, let us first introduce the abbreviation V = ZLGL\/;V”’
U L 7 =
b2 Qv T4QiU, TAU; — By . 59"T* Prb quyuT* Prau =

1 N N 1 _ _
= 5 Psbaua. 5v" PLb quy" Prqu + 3 Bsbun 507" Prbg (qu) V" Pr(qu)a

1 1
= _TMﬂSbQu(IU 0(21" [L, R] + i/BSbQuQu 0(11“ [L, R] (0-35)

gives

VACqu [L R] (I’LKK) 2T2 /Bsbquq VAOgu [L7 R} (I’LKK> 2N T2 Bsbq qu (036)
bZDDw“TAD-DﬂMTADj —
5sbdd O3[R, R] + B4k OY[R, R] — Bsddb 02 (R, R] + BLEL, Od (R, R
(C.37)

ﬂebbb OQ[R R] ﬂsbbb Ob[R R] B@b@eOQ[R R] ﬂs‘bse OS[R R] (038)
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gives
VAGHR, Ri(ucxc) = 7555 VAGSIR. Rl(pscic) = = 73 P52
VAC%[R R](MKK) = % 575) VACS[R, R](MKK) = —ﬁ sDbb%
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gives

151
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